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Aunekceit [Tomepanies

B 9T0i1 TI1aBe paccMOTpPEeHbl OCHOBHBIE METOJIbI, MPUMEHsIEMbIE ISl PEIICHUs 3a7ad Kaluo-
POBKH (HA3BIBAEMOM TaK)Ke TPayHPOBKOii). 371€Ch HHTEHCHBHO HUCIIOJIB3YOTCS TTOHATHS U METOBI
MaTPUYHON aireOpbl — BEKTOP, MATPHIIA, U T.I1. YUTATEISIM, KOTOPBIC IJIOXO 3HAKOMBI C 3TUM arl-
napaToM, pEKOMEHIYETCS U3yUUTh, UJIH, XOTs OBl IIPOCMOTPETh, TIaBy 5.

W3noxkeHue WILIIOCTPUPYETCsS TpHMEpaMH, BBIMOJHEHHBIME B paboueit kuure Excel
Calibration.xls, kotopas mosicasier Beruuciienus. [1o ¢opme 3TH mpuMepsbl UMEIOT aOCTPAKTHBIMH,
MOJIENTbHBIN XapaKTep, OJHAKO, 10 CBOCH CyTH, OHU TECHO CBS3aHBI C 3a7[auaMy, BCTPEUAIO IIUMUCS
Ha npakTrke [Ipeamonaraercs, 4To yuTaTe b HMEET 0a30BbIe HABBIKK paboThI B cpere Excel, ymeer
MPOBOUTH MPOCTEHUIIINE MATPUYHbBIC BHIYUCICHUS C MCIIOJIb30BaHHEM (DYHKI[HH JICTAa, TAKAX KaK
MYMHOX, TEHIOEHIIMA u 1.11. OCBEXXUTH 3TU 3HAHUSI MOYKHO C IIOMOIILIO TJIaBEI /.
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10.1. basoBble cBeaeHUs

10.1.1. MocmaHo8Ka 3adayqu

CyTtb 3amauu kaaubpoeku cOCTOUT B cienyrouieM. Ilycte nmeercs HekoTopas NepeMeHHast
(CBOMCTBO) Y, BEIMYMHY KOTOPOH HEOOXOAUMO YCTaHOBUTH. OJIHAKO, MO Py OOCTOSITENLCTB (He-
JOCTYMHOCTh, JOPOTOBHU3HA, JAIUTENBLHOCTD), MPSAMOE U3MEpPEHHE BEJIMYMHBI Y HEBO3MOXKHO. B TO
K€ BpeMsi MOYKHO JIETKO (OBICTPO, JCHIEBO) U3MEPUTh IPYTHe BETHUUHBL: X=(X1, X2, X3,...), KOTOpBIE
CBSI3aHbI C HCKOMOM BEIMYMHOM Y. 3a7aua KanuOpPOBKH COCTOUT B YCTAHOBJIEHUU KOJUYECTBEHHOMN
CBSI3U MEXNY HepeMeHHbIMU X U OMKIUKOM Y —

y=f(X1, X2, X3,...| a1, @z, as,...) +¢

Ha npaxTtuke 310 03HavaeT:

(1) moxbop Buaa 3aBucumoctH f, u ...

(2) o1leHKy HEM3BECTHBIX TapaMETPOB a1, a2, 83,... B ITON KaJIHMOPOBOYHON 3aBUCUMOCTH.
Pazymeercs, kanmuOpOBKY HENb3sl MOCTPOUTH a0COIIOTHO TOYHO. B nanmpHeiieM Mbl YBUIIUM, YTO
3TO HE TOJBKO HEBO3MOXKHO, HO U ONacHO. B kannOpoBOYHOM 3aBUCUMOCTH BCErja MPUCYTCTBYIOT
MOTPEIHOCTH (OUIMOKH) €, HICTOYHUK KOTOP bIX — IPOO00TOOOP, H3MEPEHHSI, MOJIETTMPOBAHNUE, U T.JI.

[Tpocreiimmii mpuMep KaJIMOPOBKH JaeT OOIIEU3BECTHBIM MPUOOp, Ha3bIBAEMBIH O0E3MEHOM,
T.€. IPYKUHHBIE Bechl. VIckoMasi Beln4uHa Y — 3TO Bec oOpaslia, a X — 3T0 YAJIMHEHUE TPYKUHBI
BECOB.

3akoH ['yka —

y=ax + e,

CBSI3bIBAET Y U X uepe3 KOAI(PPHUIMEHT KECTKOCTU IMPYXKHUHBI @, KOTOPBIH alpuoOpy HEHU3BECTEH.
ITpouenypa kaanOpPOBKK O4YEHBb MPOCTA — B3BEIIUBAEM CIMAHOAPMHbIL 06pasey BECOM B 1 Kr U OT-
MedyaeM Ha IIKaje yIJIMHEHUE NPYXKHUHBI, 3aTeM HCIOoJb3yeM oOpasel B 2 Kr, U T.1. B pe3ynbraTe
3TOM KaIMOPOBKH (TOUHEE, TPAyHPOBKH) MMOy4aeTCs MIKaja, 0 KOTOPOH MOXKHO OINPEIENUTh BEC
HOBOT'0, HECTaHAAPTHOI 0 0Opa3ia.

OTOT 3JIEMEHTapHbIH IPUMEp IEMOHCTPUPYET OCHOBHBIE YEPThI MPOLEAY Pl KAIHOPOBKH, KO-
TOpbI€ NOAPOOHO OYIyT pacCMOTpPEHBI Janee. Bo-nepBbIX, 1 KaaIuOPOBKU HEOOXOAUMBI HECKOJIb-
KO CTaHAAPTHBIX 00PAas3IIOB, IJIsi KOTOPHIX BEJIMYUHBI Y M3BECTHHI 3apaHee. Bo-BTOpHIX, AManas3oH, B
KOTOPOM MPEIOoJaraeTcss U3MepsATh MOKa3aTelb Y, TOMDKEH IOJTHOCTBIO MOKPHIBATHCS STUMH Ka-
auOpoBOYHBIMU OOpa3uaMu. JlelcTBUTENbHO, HENb3sI U3MEPSITh 00pa3iibl BecoM Oosee 5 Kr, eciu B
KaJIHOPOBKE MCIOJIb30BAINCH 00pa3Ibl, BECOM MEHEE UEM 5 K.

Pa3zymeercs, Ha pakTUKe Bce OOCTOUT HE TaK MPOCTO, KAK B 3TOM 3JIEMEHTapHOM IIpUMeEpE.
Hanpumep, B kaauOpoBKe MOXET y4acTBOBATh HE OJMH IOKa3aTesb Y (OTKIMK), a HECKOIBKO OT-
KJIMKOB Y1, Y2,..... YK, KOTOpBIE HAacC HHTEpECyl0T. Bce BO3MOXHBIE OCOOCHHOCTH, pa3IMUHbIC TPY/I-
HOCTH, COIIyTCTBYIOLIME MpoLeaype KaauOpoBke OyayT paccMoTpeHsl nanee. Ceifuac xe Mbl IO~
BEJIEM IIE€PBBIE UTOTU U CPOPMYIMPYEM 3a7auy KaTuOPOBKH B 00IIEM BUJE.
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[Tycth uMeetcs matpuia Y, pasmepHoctsio (1XK), rae | — 310 uncio ctaHgapTHBIX 00pa3IoB
(cpaBHEHU:), UCHOJIL30BAHHBIX B KaauOpoBKe, a K — 3TO 4KCI0 OJHOBPEMEHHO KalIUOPYEMBIX OT-
KIMKOB. Matpuna Y cOaepKUT 3HAUE€HUsI OTKJIMKOB Y, U3BECTHBIE U3 HE3aBUCUMBIX IKCIIEPUMEHTOB
(pebepeHTHBIE MM CTaHAApTHBIE 3HaueHus ). [lycTb, ¢ Ipyroil cTOpOHBI, UMEETCS COOTBETCTBYIO-
mas Matpuna nepeMeHHbIx X pasmepHoctbio (1xJ), rae | — 3710, ecTecTBeHHO, TOXE YHCI0 00pa3-
1I0B, @ J — 3TO YUCIIO HE3aBUCUMBIX IIEPEMEHHbIX (KaHAJIOB), MCIIOJIb3YEMBbIX B KaluOpoBke. Mat-
puna X COCTOUT U3 albTEePHATUBHBIX, KaK IIPABUII0, MHOI'OKaHAJIbHBIX (J>>1) n3mepenuii. Mcnos-
3ys KaauOpoBouHble AaHHbIE (X, Y), TpeOyeTcs NOCTPOUTh (PYHKIIMOHAIBHYIO CBSI3b Mexay Y U X.

K J

11‘{' I :x:

Puc. 10.1 KannbpoBoyHbIi Habop AaHHbIX

Wrtak, 3aga4a KamMOpPOBKU COCTOUT B MOCTPOCHUM MAaTeMaTHUECKOW MOJEINH, CBA3bIBAIOIIEH
6s0ku X 1 Y, C MOMOIIBIO KOTOPOH MOYKHO B JaJbHEWIIEM IMpeacKa3blBaTh 3HaUEHUS MTOKa3aTelen
Y1, ¥2,.-... YK, IO HOBOM CTPOKE 3HAUEHU aHAIUTUYECKOr0 CUTHaja X.

10.1.2. JluHeliHasi u HesluHelliHasi Kanubpoeku

Teopetndecku (QyHKIIMOHAIBHAS CBSI3b MEXKJY MEPEMEHHBIMU X U Y MOXKET ObITh CIIOKHOM,
Hanpumep,

y=bo exp(bx+bx?) + € .

OnHako Ha MpaKTUKE OOJBITMHCTBO MCIOJB3YEMbBIX KaJTHOPOBOK SIBISIFOTCS IUHEUHBIMU, T.€. HMEIOT
BHJ —

y:bo + bixy + boxo+...+ byxyg+ €.

3amMeTuM, YTO TEPMUH "THMHEHHOCTH" YMOTpeOsieTcs B KOHTEKCTE ITOro Mocodusi BMecTo Oornee
IPaBUJIFHOTO TepMUHA "OWIMHEHHOCTH", O3HAYAIOUIETO JIMHEHHOCTh KaK M0 OTHOILICHHUIO K Tepe-
MEHHBIM X, TaK ¥ B OTHOIICHHH K03 (uumeHToB b. [Toatomy, kamuOpoBka

y=bo+ bix + byx? + ¢

SBJISIETCS HEJTMHEWHOM, HECMOTpPS Ha TO, YTO OHA JIETKO "NMMHeapu3yeTcsa' BBEJACHUEM HOBOM Iepe-
MEHHOU X2=X2.

['maBHOE MpenMyIIeCTBO OMIMHEHMHONW MOJIENH — 3TO €AUHCTBEHHOCTh, TOT/1a KaK BCE MPOUUE
KaJIMOPOBKU 00Pa3yr0T 0€CKOHEYHOE MHOXECTBO, BBIOOP M3 KOTOPOTO 3aTpyAHUTENEeH. B aTOM Mo-
co0uu paccMaTpPUBAIOTCS TOJIBKO JHHEHHBIE KaTMOPOBKU BHIA —

Y =XB+E. (10.1)

YuraTenu, 3aMHTEPECOBAHHBIE B M3yYEHHM HEIMHEWHBIX METOJ0B aHAJU3a JaHHBIX MOTYT o0pa-
TUTHCA K OIKMCAHUIO IIPOTrPaMMBI Fitter™.

L http://polycert.chph.ras.ru/fitter.htm
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[Ipennoutenue (Ou)IMHENHHBIX, HOPMATBHBIX MOJIENEi, HE OTATOLIEHHBIX JOMOJIHUTEIbHBIM
(U3UKO-XUMUYECKUM CMBICIIOM, SIBJISIETCS MAaruCTPajJbHBIM HAMpaBJIEHUEM DPa3BUTHUS XEMOMETPH-
ku. Takoll moaxos MO3BOJIAET MCKIIOYHUTH BIMSHHE CYOBEKTHUBHOIO (paKkTopa, MPOSBIIAIOLIETOCs
pu BeIOOpe KaauOpoBOYHON 3aBUCUMOCTH. OJTHAKO 32 3TO MPUXOJUTCS pacljauuBaThCs — BCE JIU-
HEHbIE MOJIEN UMEIOT OTPaHUYEHHYIO0 00JIaCTh MPUMEH EHUSI.

y

Puc. 10.2 JInHeapu3aums kanmbpoBKu

Cytp nena unmoctpupyer Puc. 10.2, rae moka3zaHbl yeTbIpe ydyacTKa, Ha KOTOPBIX CIOKHAS
HeNMHEeHHas 3aBUCHMOCTh MPUOIMKAETCA MPOCTHIMU IMHEHHBIMU MoaenaMu. Kaxnaas u3 s3Tux mo-
neneil paboTaeT TOJIBKO Ha CBOEH 00JlacTu MEPEMEHHOM X U BBIXOJ 3a €€ IPAHMIIBI IPUBOAUT K Ipy-
0bIM ommbKkaM. [IpuHIIMIHATBHBIM MOMEHTOM 3/1€Ch SIBJSIETCS TO, KaKyI0 00JIaCTh MOXKHO CUUTATh
JIONyCTUMON — MHauye IOBOpS, HACKOJBKO IIMPOKO MOKHO IPHUMEHATh KaJIUOPOBOYHYIO MOJEINb.
OTBeT Ha ATOT BOMPOC JAIOT METO/bI nposepKy (BaTUAALINH).

10.1.3. Kannubpoeka u nposepka

[Tpu HamyexalieM MOCTPOEHUU KaIMOPOBOUHOM MOAENM MCXOIHBIM MacCHB JTaHHBIX COCTOUT M3
JBYX HE3aBHCHMO MOJYYE€HHBIX HAOOPOB, KaKIbI M3 KOTOPBIX SBIISETCS NOCTATOYHO MPEACTaBH-
TenbHbIM. [1epBriit HAOOP, HAa3BIBAEMBIN 0OYuarWuM, UCTIONB3YETCS AN UACHTU (PUKAIIMH MOJENH,
T.€. JUI OLICHKHU ee mapaMmeTpoB. BTopoii Habop, Ha3BIBAEMBI npo6epoUHbIM, CIY)KUT TOIBKO IS
MPOBEPKU MOJEIH.

K J

Y, | X

~
»]

00YHalLUHH HADOP

C

Y, Xy

Puc. 10.3 O6yyatowymin 1 NpoBEPOYHbIN Habopbl

MPOBCPOYHBLIH HADOP
D~
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[TocTpoeHHast MOJIEITb TPUMEHSIETCS K JJAHHBIM U3 TIPOBEPOYHOr0 HAbOpa, U MOJTyYEHHBIE Pe3yIIbTa-
Thl CPAaBHUBAIOTCS C MPOBEPOYHBIMHU 3HAYEHUSMU. TakuM 00pa3oM MPUHUMAETCS PEIISHHE O Ipa-
BUJIBHOCTHU, TOYHOCTU MOACIIMPOBAHUA METOAOM TCCT-BaJIUJAlIUN.

B HekoTophIX ciiydasx o0beM JaHHBIX CIMIIKOM Maj Julsd Takoi mpoBepku. Torna npumeHs-
10T JIPYTOM METOI — nepekpecmuoli nposepku (Kpocc-BaaMaanus, CKOJb3sAIIas mpoBepka). B atom
METO/1€ MPOBEPOYHBIE 3HAYECHHUS BEIYMCIIIOT C TOMOLIBIO CIEAYIOIIEH TPOLEIYPHI.

Hekotopyio dukcupoBanuyio noio (Hampumep, mepbie 10% 00pa3iioB) HCKIIOYAIOT U3 HC-
XOJHOTO HAa0opa JaHHBIX. 3aTEM CTPOSAT MOJENb, UCIOIb3Yys TONbKO ocTaBimecs 90% maHHBIX, U
IMPUMCHSIOT €€ K UCKIIIOUCHHOMY Ha60py. Ha CICAYyIOmEM NUKIIC MCKIOYCHHBIC JAaHHLBIC BO3Bpa-
HIAIOTCS, U yJaseTcs yxKe apyras nopius nanasix (ciaemyromue 10%), 1 onsTh CTPOUTCS MOAECID,
KOTOpasi MPUMEHSETCS K MCKIIFOUEHHBIM JTAaHHBIM. DTa MpOIeLypa MOBTOPSAETCS 10 TEX IMOp, MOKa
BCE JJaHHBIE HE MOOBIBAIOT B YHCIIE MCKIIOYEHHBIX (B HamieM ciydae — 10 mukinos). HauGonee (HO
HEOIPABIaHHO) TOMYJISIPEH BaPUAHT IIEPEKPECTHON TPOBEPKH, B KOTOPOM JaHHbBIE UCKIHOYAOTCS
no ogaomy (Leave-One-Out wiu cokparentao LOO).

Puc. 10.4 MeToa nepekpecTHoI NpoBepKu

Hcnonp3yercs Takke MpoBepKa METOAOM KOPPEKTUPOBKHU pazmaxom, CyTh KOTOPOW Mpearaercs
U3YUUTh CAMOCTOSITENILHO 110 KHUTaM.

10.1.4. "Kayecmeo" kanubpoeku

Pe3ynbpTaToM KanuOpOBKH SIBIISIFOTCS BEITHMUMUHBI \?C — OYeHKU CTaHJAPTHBIX OTKJIHKOB Y,
HaWIeHHbIC TI0 MOJIENH, TOCTPOECHHOM Ha o0yuaromieM Habope. Pe3ynbTaTtoM mpoBepKU CiIyxaT Be-
JTUYUHBI ?t — OLIEHKH MIPOBEPOYHBIX OTKJIMKOB Y, BEIYUCICHHBIEC MO TOM ke Moaenu. OTKIOHEHH e
OLIEHKU OT cTaHAapTa (IPOBEPOYHOr0 3HAUEHUS) BHIYMCISIOT KaK MAaTPUILy OCTAaTKOB: B 00y4eHUU
E. :YC—\?C,HBHpOBepKe E. =Y, -Y,.

O603HaYNM € NIeMEHTHl MaTpHI] ocTaTKoB. Clenyrolye BeJIMUYMHbI XapaKTepu3yloT "kade-
CTBO" KQJIMOPOBKHU B CPETHEM.

e [lonnas oucnepcus ocmamros B ooyuennu (TRVC) u B mposepke (TRVP) —

K I K It
TRVC =i22e§i TRVP = iZZeﬁi (10.2)
ch k=1 i=1 Klt k=1 i=1

OTH BENMYUHBI BRIYUCISIOTCS 110 popmyde (6.10) rnaser 6, amst m=0.

151



Pab6ouas kHura: Calibration.xls
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Puc. 10.5 OcTaTtku B 06ydeHnn 1 B NpoBepke

e Obvsacuennas oucnepcus ocmamkog npu ooydennu (ERVC) u npu nposepke (ERVP) —

ERVC =1- ZZek, ZZyk, ERVP =1- ZZek, ZZyk, (10.3)

k=1i=1 k=1 i=1 k=1 i=1 k=1 i=1

e (Cpeonexeaopamuunvie ocmamiu kamuopoku (RMSEC) u nposepku (RMSEP) —

RMSEC(k) = —Zek, RMSEP(k) = Zek, (10.4)

c i=1 t i=1
Bennunnabl RMSE 3aBucsT ot kK — HOMepa OTK/IHKa.

e Cmewenue B kasmbpoBke (BIASC) u B mposepke (BIASP) —

BIASC(k) = Zek, BIASP(k) = Zek, (10.5)

c i=1 t i=1
Bemuunnbsl BIAS 3aBucsar ot K — Homepa oTkinka.

e Cmanoapmmuvie owmudOku B kanuoposke (SEC) u B nposepke (SEP) —

Ie It

SEC(K) = \/Iiz(eki —BIASC(K) SEP(K) = \/ |1 S (e —BIASP(K)f (10.6)

c i=l ti=l
Bennuunst SE 3aBucsat ot K — Homepa oTkimka. OHM BRIYUCIIAIOTCS 110 dopmyte (6.9) u3 riaser 6.

2 "
o Kooppuyuenmor xoppenayuu R” MexXTy CTaHIAPTHBIMH Ykj M OLEHEHHBIMU Y, OTKJIMKAMH
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liZym?ki —iZykiiZ%
() 1250

RAK) = (10.7)

2
Bemmuunsl R” 3aBucar ot K — Homepa oTkimka. OHM TaKkKe BBIYUCISIETCS OTIACIBHO IS 00Y-
YaroIIEro RC2 (k) 1 mpoBepoYHOTO th (k) HabGopos.

Bo Bcex 3TuX (opmynax BEIHMUMHBI €k — 3TO AeMeHThl Matpull E¢ wim Ei. Jlnsg xapaxktepu-
CTHK, HAMEHOBaHUE KOTOPbIX okaHuuBaercs Ha C (Hanmpumep, RMSEC), ucnonsiyercs matpuna
E. (oOyuenue), a 1s TeX, KOTopble okaHunBatoTcs Ha P (Hanmpumep, RMSEP), 6epercs matpuna E;
(mpoBepka).

10.1.5. HeonpedesneHHOCMb, MOYHOCMb U 80CNPOU3800UMOCMb

Takoe 0oJbIIIOE YHCIIO TIOKA3aTeNel, XapaKTepU3yIoINX Ka4eCcTBO KaTMOPOBKH, O0BSCHIETCS
HE TOJBKO UCTOPUYECKHUMH MPHUUYMHAMHU, HO ¥ TE€M, YTO OHU OTpPakaroT pa3jMyYHbIe CBOWCTBA HEOI-
PENeIEHHOCTH Mpu OOY4YEHUH, U MpHU IpoBepke (mporHose). s oObsiCHEHUs ATHX TOKa3aTesen
HEOOXOAMMO BBECTH ITOHATHUS BOCIIPOU3BOANMOCTH (IIPEIU3UOHHOCTH ) U TOYHOCTH.

Bocnpouszsooumocms (Precision) xapakrtepusyeT TO, HACKOJbKO OJM3KO HAXOMATCS APYT OT
Jpyra He3aBHCHUMBIE TOBTOPHBIE U3MEPEHHUSI.

Tounocms (accuracy) ompenensier CTerneHb OJM30CTH OICHOK K UCTHHHOMY (CTaHIapTHOMY)
3HAYEHUIO Y.

G0N (N (6
Z

N
Z

Puc. 10.6 TOYHOCTb M BOCNPOM3BOANMOCTb

Puc. 10.6 o0wsacHser cyTh nena. ['paduku a) u b) NpeacTaBiIsiOT OIEHKH C XOPOIIeH BOCIIPOU3BO-
IUMOCThI0. BapuaHT a) , kpoMe Toro, 061afaeT U BbICOKONW TOYHOCTBIO, UTO, Pa3yMeeTcs, HENb3s
cKazaTh o rpaduke c). B mocneqnem ciydae v BOCIIPOU3BOAMMOCTD, © TOUHOCTh OCTaBJISIIOT JKeNaTh
JTy4UIEro.

[Tokazateru SEC u SEP xapakTepusyloT BOCHPOM3BOAMMOCTh KaJIMOPOBKH, TOTAAa Kak
RMSEC u RMSEP noka3ssiBatot ee Tounocts. Bemmauasr BIASC u BIASP onpenenstor cmenienue
KaJTUOPOBKH OTHOCHTENIbHO HCTHHHOTO 3HaueHus (Puc. 10.6b). B pasnene 6.4.2 mokasano, 4to —

RMSE? = SE? + BIAS?. (10.8)

Takum 00pa3om, IpH MOCTPOEHUH KaTUOPOBKU MPEANOYTEHHE CIEAYET OTAaBaTh 0Ka3aTeIsIM
RMSE, a me SE.

ITokazaten TRV u ERV xapakrepusyroT cutyanuio "B nenom", 6e3 pasinuueHus kanuopye-
MBIX OTKJIUKOB, T.€.

K
TRV = %Z RMSE? (k) (10.9)
k=1
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10.1.6. HedoouyeHka u nepeoyeHKa

IIpu nocTpoeHnH KaauOpOBKU UCCIEN0BATENb YaCTO UMEET BO3MOXKHOCTb IIOCIIEI0BATENbHO-
ro ycnoxHeHus moaenu. [IpusenemM npocredmmii npumep, WILIHOCTPUPYIOIIHM 3TOT IPOLECC.

N3 kypca mKoabHON (pU3MKKU U3BECTHO, UTO paccTosiHUE L, Ha KOTOpoe JIeTUT CHaps[, BhITY-
IIEHHBII CO CKOPOCTBIO V U3 OPYAMsl, HAKJIOHEHHOI'O I10J] YIJIOMO K TOPU30HTY, PABHO —

L=v?sin(2a)/g.

[IpenmnonoxuMm, 4TO y HaC UMEIOTCSI KCIIEpUMEHTAJIbHBIE JaHHbIE L(a ).

o L

1 0 0

2 5 1.8525

3 10 3.8964

4 15 4.0166

- 5 20 7.681
e 6 25 6.0134
§ 7 30 8.8099
o 8 35 10.068
T 9 40 7.6277
ol 10 45 11.266
11 50 8.1213

12 55 7.4764

13 60 9.2182

14 65 7.5216

15 70 6.0098

— | 16 75 4.7233
S 17 80 44673
i 18 85 0.7638
19 90 0.7246

Puc. 10.7 JaHHble Anst apTUINepUiickoro npumMepa

3abyznem o ToM, uTO GYHKUIHOHAJBHAS CBSI3b MeXay L (T.e., Y) u a (T.€., X) HAM U3BECTHA, U MOIPO-
OyeM nocTpouTh (GOpMaIbHYIO OJMHOMHAIBHYIO KaJHOPOBKY —

L=bo+ byo+ b +.... by "+ &

I10 3TUM JaHHBIM.

L RMSE ——RMSEC
12 A g - = RMSEP
6 4
8 -
4 4
4 -
2 .
—n=3
n=5 o — .
0 . . 0 . . Moglel comlplexny,ln
0 30 60 90 0 1 ) 3 4 :

Puc. 10.8 ApTunnepuinckmin npumep.
a)Kanubposka, b)CpegHekBagpaTuuHble octaTkm 06ydeHms (RMSEC) n nposepkn (RMSEP)

154



10. Kannbpogka (F'pagyvpoBka)

Ha Puc. 10.8a moka3aHo, kak OMUCHIBAIOTCS oOydaromnue (m) U mpoBepouHbie (O) AaHHBIC
monensimu ripu N=0, 1, .., 5. BugHo, 4yTo npu HegocraTouHOM cinoxxknoctu mogenu (N = 0, 1) o0y-
Yalouue JaHHbIe JIeKAT AalleKO OT MOJeIH. JTO — ciiydail Hedooyenku. Korna cioxkHOCTh MOJIENN
YBEJIMYUBACTCSI, TO COTJacue MEeXIy OOyJaroluMMH JaHHBIMH M MOAENbI0 ymyumiaercsa. OmHako,
py U3MUIIHEH cnoxkHocTH (N = 4, 5), MoAenb Bce Xyxe paboTaer mpu MPOTHO3€ Ha MPOBEPOUHBII
Ha0op. OT0 — ciny4yail nepeoyenku.

Ha Puc. 10.8b moka3ano, kak uzmenstorcs nokazarenn RMSEC u RMSEP npu yBenmmuennn
CIIO)KHOCTH MOJI€TH. DTO — TUIHYHBIN rpaduk, B koropoMm RMSEC MoHoTOHHO nanaet, a RMSEP
IPOXOAUT uepe3 MUHUMYM. MIMeHnHo Touka MuHuMyMa RMSEP no3Bossier onpeaenuTs onTuMalb-
HYIO CJIO)KHOCTh Mojienu. B Hamem ciydae — 3to 2. Tenepb Mbl MOKEM BCIIOMHHUTBH O COJEpKa-
TeJIbHOU MOJIEIH, KOTOPAasi XOPOILIO AlIPOKCUMHUPYETCS TOJIMHOMOM BTOPOM CTENEHU @ —

L=v%g sin(2a) = Const a(o — nt/4)

B 3amauax MHOroMepHoil KaquOpOBKU HETOOIIEHKA U TIEPeOolleHKa MPOSBISIOTCS Yepe3 BbIOOp
YHClia CKPBITHIX, TJIABHBIX KOMIOHEHT. Korjga ux 4mcio mano, MOJenb MI0OX0 MpUOIHKaeT 00y-
yaroumii Habop u npu yBenudeHuu cioxxHoctd moaent RMSEC monoToHHO ymenbmaetcs. OnHa-
KO Ka4eCTBO MPOrHO3a Ha IMPOBEPOUHBIA HAOOP MOXKeT mpHu 3ToM yxyamatecs (U-obpa3Has Gpopma
RMSEP). Touka muanmyma RMSEP, wim Hauano miato, COOTBETCTBYET ONTUMAIBHOMY YHCIY
IJIaBHBIX KOMMIOHEHT. [Ipobiiema cOanaHCMPOBAHHOCTH OINMCAHHS TaHHBIX PACCMATPUBAETCS BO
MHOTHX paborax A. XOCKIJICCOHA, KOTOPBIA B 1988 T0y BBEN HOBYIO KOHIIEHITUIO MOJIETHPOBA-
HHS — Tak HaspiBaeMblii H-mpurimpm?. COrgacHo 5TOMy MNPHHIMITY TOYHOCTh MOJICIHPOBAHHS
(RMSEC) u tounocts nporno3upoBanusi (RMSEP) cBszanbsl mexny coboit. Ynyumenne RMSEC
HEeMHHYeMO BieueT yxyamenne RMSEP, mostomy ux Hy»HO paccMaTpuBaTh COBMECTHO. VIMeHHO
10 ATOW MPUYMHE MHOKECTBEHHAs! JIMHEIHAsL PErpecCHsi, B KOTOPOM BCET/Ia yU4acTBYET SIBHO M30bI-
TOYHOE YHCJIO TTapaMeTpoOB, HEN30EKHO MPUBOIUT K HEYCTOMYMBBIM MOJIEIISIM, HEMTPUTOIHBIM IS
MPAKTUYECKOTO MTPUMEH CHUS.

10.1.7. MynbmukonnuHeapHoOcCmMb
PaccMmoTpum 3a1auy MHOKECTBEHHOM JIMHEHHON KaTMOpOBKH

Y = XB. (10.10)

Pazymeercs, 31ech Mbl UMeeM €0 ¢ 00ydaromyM HaOOpoM JaHHBIX. MBI HE MUIIEM WHICKC Y

matpuil (Y., X¢) TOJBKO JUIS IPOCTOTHI 0003HaueHnil. Kiaccuueckoe perieHue 3Toil 3ajaum Haxo-

JUTCS C TOMOIIIBIO METO/Ia HAMMEHBIINX KBaJpaTOB, PEICTABICHHOIO B pasnene 6.7.2.
MuHEMH3UPYSL CYMMY KBaJpaTOB OTKIOHEHUU

(Y — XB)(Y - XB),
IOJIy4aeM OL€HKU HEU3BECTHBIX Kod(puiuenTos B —
B =(x'x) Xty (10.11)
Janee HaxonuTcs —
Y = XB (10.12)

— OIIEHKAa MCKOMBIX OTKJIMKOB. I 1aBHas npo6neMa IIpHU TaKOM KJIACCUYCCKOM IIOAXO0AEC — 9TO 06pa—
t
IMCHHUC MAaTpPUIIbI XX . O‘ICBI/I,Z[HO, 4TO €CJIM YHUCJIO CTaHIAapPTHBIX O6p33HOB MCHBIIC, YEM YHCJIIO

2 A. Hoskuldsson. Prediction Methods in Science and Technology, vol. 1, Thor Publishing, Copenhagen 1996
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nepeMmeHHbIX (1<J), To oOpaTHOH MaTpuubl He cymecTByer. boiee Toro, maxke mpu 10CTaTOYHO
Oonbiiom uucie odpasuos (1>J), oOpaTHON MaTpHULbl MOKET U HE ObITh. PaccMoTpumM mpocTei mmit
IpuUMep.
Click here — £ ?
Collinearity o= 55°
X4 X2 y
1 0240 0.760

2 0.760 0.240
3 1.000 1.000

| 1.6355 1.3645
X'X= 153 1osed
det(X'X)= o013

A_ 20118 -1.678
Xy '=[as 2]

Puc. 10.9 MpuMep KoNNMHEapHbIX AaHHbIX

Ha Puc. 10.9 npencraBneHsl JaHHBIE, B KOTOPBIX Bcero Tpu odpasa (I=3) u nBe nepemeHHbIe
(J=2). Wcnonp3yst akTuBHBIN a5meMeHT Ha jgucte Multicollinearity, yron mexny Bektopamu 1 u 2
MOXHO H3MeHATh 0T 90° 10 0°. UeM MeHbIIle YroJ, TeM MeHbIIe JeTepMUHAHT MaTpuibl X X U TeM
xyxe onpenensiercs marpuna (X'X)™. B npenensrom caydae, KOraa yroia Mex/Iy BEKTOPAMH PaBeH
0°, matpuna XX He MoxkeT GBITH oGpanieHa. [Ipu 3TOM BeKTOpH! | M 2 KOIHHEAPHBI, T.€. OHH JIEXKAT
Ha OJHOW MpsAMOH, coBmanatomnieii ¢ BekropoM 3. Puc. 10.10 mmumocTpupyeT cyTh nmpoOiieMsl — He-
BO3MOYKHOCTb ITOCTPOEHMSI KaTMOPOBKH KJIACCUYECKUM CIIOCOOOM, KOTla JaHHBIE KOJIMHEAPHBI.

y y y

X4

Puc. 10.10 Npumep KonnanHeapHbIX AaHHbIX

B mHoromepnoii kanuOpoBke (T.€. mpu J>> 1), Mbl BCe BpeMsl CTAJIKUBAEMCS C MYIbIMUKOILIU-
HeapHOCMbl0 — MHOKECTBEHHBIMU CBSI3AIMU MEXKIY BEKTOpaMH X-TIEPEMEHHBIX, MPUBOISIIIUMHU K
TOl e TpobiIeMe — HeBO3MOXKHOCTH obpamieHust Matpuipsl X' X. Jlanee Mbl YBHIMM, UTO MOMKHO
ClienaTh B cllyyae MYJIbTHKOIJIMHEAPHOCTH JaHHBIX.

10.1.8. [Tod2comoeka GaHHbIX

BaxxHbIM ycClIOBUEM NMPaBUIIBHOTO MOJEIMPOBAHUS U, COOTBETCTBEHHO, YCIIEIIHOTO aHAJIN3a,
SBISIETCS TPEIBAPUTENbHAS MOArOTOBKA JaHHBIX, KOTOpasl BKJIIOYAET pa3IMuHbIe IPeoOpa3oBaHUs
UCXOJIHBIX, "CBIPBIX" 3KCIIEpUMEHTANbHBIX 3HaueHui. [IpocreiimmMu npeodbpazoBaHUSAMU SBISETCS
[IEHTPUPOBaHUE U HOpMHUpoBaHKe. [Ipomenypa moAroToBKM JaHHBIX omHcaHa B paszaene 8.1.4.

156



10. Kannbpogka (F'pagyvpoBka)

10.2. MogenbHble AaHHble

10.2.1. MMpuHyun nMuHeuHocmMu

JUis MIUTIOCTpalluy U CPAaBHEHUS Pa3JIMYHBIX METOJ0B KaJIMOPOBKU OyAeM HCIOJIb30BaTh MO-
JENbHBIM MpUMEpP, B KOTOPOM "IKCIEpUMEHTalbHble" AaHHbIE MBI co3AaauM camu. [IpooGpazom
AJIL 9TOTr0 MpUuMEpa CIYXXKUT MOMYJIApHAasa 3aada aHaJi3a CIICKTPAJIbHBIX JaHHBIX. I/I3B€CTHO, 4qTO B
TaKUX SKCHEPUMEHTAX XOPOIIO BINOJHAETCS MPUHIMI JUHEHHOCTH. I1ycTh nMeroTCs J1Ba BellecT-
Ba A u B, cMemaHHble B KOHIIEHTpALUAX Ca U Cp. Torja cnekTp cMecu ecTb —

X =ca'Sa+ Cg'Sg,

re Sa ¥ Sg — CIIEKTPBI YUCTHIX BEIIECTB. 3aMETUM, YTO TOT K€ MPUHIUT JTUHEHHOCTH BBITOTHSET-
cs U B XpomaTtorpaduw, rie B poiu "CIeKTpoB" BBICTYMAIOT XpoMaTorpaduieckue npoduium duc-
TBIX KOMIIOHEHT CMECH.

10.2.2. "Hucmbie"” cnekmpbl
st MogenupoBaHust "9UCTBIX" CIIEKTPOB S(A) MBI UCITOIH30BAN TayCCOBBI TUKH —

2
S(A) =S, exp —(}”_ij

rae So, M, V — 310 mapameTpsl criekTpoB, a A = 0, 1, 2, ..., 100 — 310 yCcIoBHBINM HOMEp KaHama (JIH-
Ha BOJHBI, BpeMs yaepxkuBanus, u T.11.). Ha Puc. 10.11 moka3aHbl ciekTpsl Tpex BemecTs: A, B u
C, xoTopble yyacTBYIOT B ipuMepe. BemectBa A u B — 310 rickoMble BeTMYHHBI (OTKIUKH), @ KOM-
noHeHT C 1o0aBiieH B CHCTEMY Kak LIyM, T.€. He)KenaTeNbHas IPUMECh.

A—>
S m v 0 1 2 3 4 5 &
A 1 45 40] 0.282 0.298 0.315 0.332 0.350 0.368 0.386

B 0.909 55 50] 0.271 0.283 0.296 0.308 0.321 0.334 0.348
C 1.053 40 15/ 0.001 0.001 0.002 0.002 0.003 0.005 0.006

— N\
1.0 1

— B

—

0.8 1

0.6 1

0.4 1

0.2 1

Channel

0.0 T T T v J
0 20 40 60 80 100

Puc. 10.11 Yucrble cnexkTpsbl

BunHo, 4TO CHEKTPHI CUIIBHO MEPEKPhIBAOTCS, 0COOEHHO A 1 B, y KOTOpBIX HET y4acTKOB, Iie Obl
IPUCYTCTBOBAJ TOJIKO OJIMH CUTHAJL. DTO 0OCTOSATENBCTBO CUIIBHO MEIIAET MOCTPOCHUIO KaauOpo-
BOK KJIACCUYECKUMH CIIOCO0aMH.
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HucTtble CIEKTPHl MOKHO M3MEHUTH, 3aJ1aBasi HOBbIE BETUYUHBI B stueiikax B4:D6, xoTopsie
COOTBETCTBYIOT NapamerpaM (opMbl rayccoBbix nukoB. Hampumep "pactammrts" cnektpsl A u B
TaK YTOOBI OHU MaJIO TIEPEKPHIBAIMCH U IOCMOTPETh, YTO U3 ITOT'0 MOTYUUTCS.

10.2.3. "CmaHOapmHbie" obpa3ubli

JIJist co3/laHusl MOJICIILHBIX TAHHBIX MBI JOJDKHBI 33/1aTh KOHIICHTPAIIMH BCEX KOMIIOHCHTOB B
CHCTEeMeE JIJI pa3InIHbIX 00pa3ioB. bygem cumrath, 4To y Hac uMeercsi 14 00pa3noB, U3 KOTOPHIX
JICBATh — 3TO OOydaromuii Habop, a MATh — 3TO MPOBEPOUYHBIH HAOOP. 3HAYCHHS KOHIICHTpAIU
npeacrasieHsl Ha Puc. 10.12.

1.4 1 |
A et mA mB @C
0.90] 0.85] 0.15 l
0380| 035 025 12 L
0.70| 025| 010 calibration |

060 095 015 . test

0.50| 045 020 L= 5
040 015 015
020 055 010
030| 065 025
010 075 020
T0] 055] 070 025
11| 075| os0| 015
12| 025| 030| 020
13| 03s| oso| 015
14| 145] 020 020

calibration
00 =~ O L £ L N =

-]

Concentration

test

mean | 050 055 017

Sample

Puc. 10.12 KoHueHTpauum B obyyatoLeM 1 NpoBEPOYHOM Habopax

3ameTuM, UTO Cpeau ATHX 00pa3loB HET HU OJHOr0 "4UCTOro", T.€. TAKOrO B KOTOPOM BCE KOHIIECH-
Tpamuu, KpoMe ofaHou (Hampumep, A) , paBHBI HYJIIO0. DTO TOXe "MemaeT" UCIoIb30BaHUIO TPAIH-
[IUOHHBIX METO/I0B KaJTMOPOBKH.

10.2.4. Co30aHue X OaHHbIX

Jlis monydeHus: "dKCHEpUMEHTAIbHBIX CIIEKTPOB" HaJo MaTpuily KoHieHTpanuii C ymHO-
KUTh HA MATPHILY YHACTBIX CIIEKTPOB S M JOOABHUTH K PE3yibTaTy ClIydailHbIe ONMOKH (TTOTPENTHO-
CTH) —

X = CS+E . (10.13)

Ha Puc. 10.13 npeacraBieHbl MOTy4YEeHHBIE CIIEKTPBI B 00yJYaroIIeM U poBepodHoM Habopax. [1o-
IPEIIHOCTH MOJEIMPOBAIUCE CO CTaHAApTHBIM OTKI0oHeHHeM 0.015.

I'enepauust cimyyaliHbIX OMIMOOK HPOM3BOAMTCS C HoMoupto mpoctoro VBA Makpoca
(cM.paspmen 7.3.3), KOTOpBHIii 3amyckaeTcsa kHonkoii | Add New Error | BenmuuHa senaeMoii morpen-
Hoctu (CKO) npensaputenbHO 3a1aeTcs B siuelike E18 ¢ umenem RMSE, o3arnasnennoi Designed
error. [lorpemHocTh, KOTOpask MOMYYHIACh B pe3ybTaTe FeHEPalluy CIIy9aiiHbIX YHCEN BBIBOJIUTCS
B siueiiky J18, o3arnasiennyto Obtained error.

I'enepupys HOBbIE JaHHBIE MOXKHO Y3HaTh MHOT'O MHTEPECHOI'O O METOAAX KAJTMOPOBKHU.
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207 Calibration 2.0 7 Test

Signal
Signal

Channel
0.0 : . . ; )

0 20 40 60 80 100

Puc. 10.13 MopenbHble AaHHble

10.2.5. JeHmpupoeaHue OaHHbIX

B cootBercTBHE ¢ KOHIeMIMeH, n3noxkeHHord B pasnene 10.1.8, naHHbIe HYXKHO TTPABUIBHO
MOJITOTOBHUTh. B paccmaTpuBaeMOM MOJEIBLHOM IMpUMEpE HET HEOOXOAMMOCTH B BhIPABHHUBAHHUH
MEPEMEHHBIX — BCE CIEKTPaATbHBIC KaHAIBI UMEIOT CXO0XKHE BEJIMUYMHBI CUTHAJIOB. A BOT LIEHTPUPO-
BaHHE, KaK CIIEKTPOB X, TaK U OTKJIMKOB Y , ObIBACT HEOOXOIUMO JIJIsi TOCTPOCHUS HEKOTOPHIX MO-
JIeTICH.

[ neHTpupoBaHUS KOHLIEHTpAuil Y BBIUHCIAIOTCS CPEAHME 10 00ydaroieMy Ha0opy. DTu
CpeIHUE 3aTEM BBIYMTAIOTCS M3 BCeX 3HAYeHUH Y. AHAJIOTMYHO MPOBOIUTCS M IEHTPHPOBAHUE B
JaHHBIX X — BBIUHUCIISIOTCS CPEIHME 3HAUSHUS JIJIs KaXKI0ro KaHasa 1mo o0yJaromeMy Habopy U 3a-
TEM 3TH 3HAUYEHHUS BLIYUTAIOTCS U3 BCEX BEINUYMH X — [0 CTOIOIaM.

10.2.6. O630p GaHHbIX

Nrtak, Ml mocTporsin MojienbHble gaHHble (Y, X): KOHIIEHTpaluu — mMaTpuily Y pa3zMepom
(14%2) u criextpsl — Matpuity X pasmepom (14x101). Mccaenyst atu gaHHble, MbI "3a0ymeMm" (T.e.
He Oy/eM MCIONb30BaTh B pacyeTax) TO, YTO B CHCTEME MPUCYTCTBYET €Ile OHO "CKphITOe" Bele-
crBo C. MHTepecHO, cMOXEM JIM Mbl OOHApYKUTh ero npucyrctsue? Kpome Toro, He Oyayr uc-
MOJIb30BaThCS U CIIEKTPhl YUCTHIX BelecTB A u B, mpuMeHeHHble AJi MOCTPOSHUs JaHHBIX. MBI
1ocTapaeMcs UX BOCCTAHOBHUTD U CPABHHUTH C UCXOAHBIMU CIIEKTPAMHU.

Bce nannble MBI pa3enuin Ha ABa OJ0Ka: 00yJaronuil (UM KamuOpoBOUYHBI) — 9 00pas3Ios.,
U MIPOBEPOYHBIN (UJIM TECTOBBIN) — 5 00pa31ioB. Mbl OyZieM CTPOUTh KaJIMOPOBKU C ITOMOIIBIO pa3-
HBIX METOJ/IOB, MCIIOJIB3Ysl TOJIBKO MEpBBIN, oOydaronii Habop. BTopoii, mpoBepounbiit HabOp Mo-
CITY’)KUT JJI OLICHKH KauecTBa MOJy4aeMbIX MOJIETIEH.

JlaHHBIE MCIONB3YIOTCA IS MIUTIOCTPAllMU U CPAaBHEHUS pa3JIMYHbIX METOJOB KaauOpOBKH.
Onu pasmerensl B paboueii kuure Excel ¢ umenem Calibration.xls.Ota kaura Bkimrouaer B ce0s
CIIEA YOI E JIUCTHI:

Intro: kpaTkoe BBeeHUE

Layout: cxemsl, 0OBSICHSIFOLIas KMEHA MACCHBOB, HCIIOJIb3YEMbIX B TIPHMEpPE

Gun: wuToCTpanus mepe - U HEOOIECHKH B KaTMOPOBKE

Multicollinearity: umtroctparust mpo0daeMbl MyTbTHKOUTHHEAPHOCTH B KajnOpOBKe
Pure Spectra: ucTuHHBIE YUCTBIE CIIEKTPHI S

Concentrations: ucTHHHBIE KOHLIEHTpaUUOHHBIE Tpodu C
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Data: monenbHbIE JaHHBIE, HCIIOIb3yEMbIE B IPUMEPE.
UVR: ogHokaHasIbHas KaJauOpoBKa

Vierordt: kamu6poBka Metogom dupopara

Indirect: Henpsimast kamuOpOBKa

MLR: mHOXXEeCTBEeHHAs TUHEIHAs perpeccust

SWR: xannbpoBka momaroBoi perpeccuei

PCR: perpeccus Ha riaBHbIE KOMITOHEHTHI

PLS1: meron mpoekuus Ha JaTEHTHBIE IepeMeHHBbIE |
PLS2: meTon mpoeKIus Ha JTJaTCHTHBIC TTIEpEMEHHBIE 2

Compare: CpaBHCHHUC pPa3JINIYHBIX METO10B

10.3. Knaccunyeckasa kanmopoBka

Knaccuueckast kanuOpoBka OonMpaeTcss Ha MCIOJIb30BAHUM TOTO K€ MPUHLIUIA JUHEHHOCTH,
110 KOTOPOMY CTPOMJIMCh MOJICIIbHBIC IaHHbIE, T.€. Ha ypaBHeHue (10.13)

X=CS (10.14)

3nece X=X; u C=Y; — 310 0o0y4aromnias 4actb HCXOAHBIX JJAHHBIX (HE IICHTPUPOBAHHBIX), & S — 3TO
MaTpula "YUCTBIX CIIEKTPOB" (OHA K€ MaTpHIla YyBCTBUTEIbHOCTH).
Ecim matpunia S u3BectHa anpruopy, TO KOHIICHTPAIMH OMPEEISIOTCS TaK

C=XS"

+ _ ot ty—1 %
rae S° = S(SS) - a1o nceBaoodOpaTHas Matpuia (paszaen 5.1.15). Dtor ciayvait Ha3bIBaeTCs npsi-
Mot xkanuOpoBkoii. OHaKO, HA MPAKTHKE MATPUIlAa YUCTBIX CIIEKTPOB, KaK MPaBUIIO, HEU3BECTHA U
€€ MPUXOANTCS BOCCTAHABIMBATH U3 00YJAIOIINX JTaHHBIX.

10.3.1. Kasiubpoeka no oOHomMy kaHany (0OHOoghakmopHasi)

DTO caMblii MPOCTOW, HAMBHBIN BUJ KamuOpoBKU. Ecim miis Kakaoro aHaiauTa U3 BCEX JIaH-
HBIX X BBIJCIHUTH OAWH KaHAT (JUIMHY BOJIHBI), TO TMOJYYUTCS HECKOJIBKO BeKTOpoB X. Torna, mc-
MOJIb3Yys 00y4aroInue JaHHbBIE, MOKHO IMMOCTPOUTH JIJIsI KAXKIOr0 BEIIECTBA MPOCTEHIITYI0 OJHOMED-
HYIO PETPECCHI0 —

X=sc+b ,

onHy aus BertectBa A (C=Ca), a apyryio s B (C=Cg). ®opmyiibl 1is orieHuBaHus KO3(QDHUIIHEHTOB
S (makson)u b (orceuenue) mpuseeHsl B pasaene 6.7.1. B Excel aTo mpoime Bcero caenarsb ¢ mo-
Moo Gynkinuu JMHEMH (LINEST), onucannoii B pasgene 7.2.7. ITocie Toro, kak 5ta Kodpdu-
[IUEHTHI HAMICHbI, 3HAYEHUSI KOHIIEHTPAIIUA MOKHO BHIYUCIIATH M0 YPABHEHUIO

c=(x-b)/s

Ha Puc. 10.14 npuBeneH npuMep MOCTPOSHUS JABYX ITUX perpeccuit s kanaiaos 31 (A) u 98 (B).
I'paduk moxaspiBaeT, Kak IPOXOAST JUHUU perpeccuil 1is Bemects A u B.
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201 ® Calibration
c oA mB
o
7
51 y=084x+055 ¢
R2=0.55 [
1.0 1
°
y = 0.45x + 0.08
R2=0.86

Concentration
0.0 ; : . ; ,

0.0 0.2 0.4 0.6 0.8 1.0

Puc. 10.14 Kanubposka No 04HOMY KaHany

OOpatuTe BHUMaHUE, YTO B Ka)KJJOM KaJIMOPOBOYHOM YPaBHEHUHU IPUCYTCTBYET CBOOOIHBIN UileH
b. Oto mpotuBopeunt ncxoaHomy ypaBHenuto (10.13), HO 3aT0 MO3BONSAET y4ecTh BIMSHHUE (POHA,
WM, KaK B HallleM cily4ae, IPHCYTCTBUE MOCTOpoHHEH npuMecH (BemectBa C). Bemmumnbl kodd-
¢unreHTOoB S (HAKJIOH) COOTBETCTBYIOT 3HadeHUsM "4ucThiX" cnekTpoB. Ha Puc. 10.15 moka3ansr
"yucteie" criekTphl BemecTB A u B u cooTBeTcTBYOIME 3HaUeHUS KO3 (PPUITMEHTOB M.

e A\
1.2 A1

—B

Signal

0.6 1

0.4 1

Channel
0.0 : . . ; s
0 20 40 60 80 100

Puc. 10.15 "YucTble" cnekTpbl U UX OLEHKU (TOYUKWU) AN BbIBpaHHbIX KaHanos

JUis BU3yanbHOM OLIEHKM KadecTBa KaJIMOPOBKHM TPAIUIIMOHHO HUCIOJB3YIOTCS Tpapuku "u3-
MEPEHO-TIPEICKa3aH0", B KOTOPBIX MO OCH a0CIIMCC OTKJIAJBIBAIOTCS M3BECTHBIE (CTaHIApPTHBHIC)
KOHIIEHTPAIUK Y, a TI0 OCH OpAHHAT COOTBETCTBYIOIIME MM BEIMYHHEI OLEHOK Y, HaiijeHHbIE
(npenckazaHHbIE) C MOMOIIBIO MOCTPOEHHOM KanmuOpoBku. Takue rpaduku mokazaHel Ha Puc.
10.16. [ToMuMO BBIICYTTOMSIHYTHIX TaHHBIX (TOYKHM), HA TAaKUX Tpadukax 0OBIYHO IMOKA3bIBAIOT JIH-
Huu perpeccun kKy+b. Koaspduuuents: K (Hakimon) u b (oTceuenue) xapakrepusyroT "KauecTBo" Ka-
mubpoBku. B uneansHoMm cirydae k=1 u b=0. Uem nmanbiie ot uzjeana, TeM xysxe kaimnopoBka. Kpome
TOr0, Ha TakuX rpauKax OOBIMHO MPHBOANTCS 3HAUCHHE KodbduimenTta koppensuun R® Mexy Y
uy.

161



Pabouas kHura: Calibration.xls

57 32 Calibration 513 Test
k3] °
g kS
x ® x
1.0 A y=X &, = 1.0 A
Ri=055 ® @/ ¥y2X* 00 y=0.81x +0.10
' R2=10.84
@) y=0.61x + 0.24
o oA eB R2=0.61
0.5 T “ . 05 4
o
° EHA EB
0
00 @ Measured = Measured
T T ! 0.0 T T 1
0.0 0.5 1.0 15 0.0 05 10 15

Puc. 10.16 Mpacdmkm "n3mepeHo-npeackasaHo” ans ogHohaKTOpHOM KaiMbGpoBKU.
O6yuatoLmin M NPOBEPOYHbIN HabopbI

B Ta6x. 10.1 npuBeneHbl XapakTEPUCTHKN KauecTBa 0JHO(AKTOPHOU KaarnOpoBku BemiecTB A u B,
BBIYUCIICHHBIE B COOTBETCTBHUE C hopmynamu paznena 10.1.4.

Tabn. 10.1 XapakTepuCTuKu kayecTBa 0AHOhaKTOPHOM KanMbpoBKM

A B
R2= 0.549 R= 0.862
RMSEC= 0.234 RMSEC= 0.103
BIASC= 0.000 BIASC= 0.000
SEC= 0.234 SEC= 0.103
Ré= 0.842 Ré= 0.609
RMSEP= 0.173 RMSEP= 0.151
BIASP= -0.032 BIASP= 0.050
SEP= 0.170 SEP= 0.151

TRVC= 0.033

ERVC= 0.905

TRVP= 0.026

ERVP= 0.994

Pazymeercss onmHOMEpHYIO KalMOpOBKY MOXKHO NMPOBOJUTH IO JH0O0OMy KaHamy. Ha mucre
UVR st 5TOro J0CTaToO4YHO M3MEHUTH 3HAaueHUs B stueiikax C2 u D2, KOTOpbIE€ COOTBETCTBYIOT
JIBYM KaHajam — 1yt BemectB A u B. 1 npoBepuTh Kak MeHsieTCS KauecTBO KannOpoBku. Tak Hau-
naydmee 3HaueHrne RMSEP=0.173 nns BemectBa A mocturaercs nmpu kaimOpoBke 1o 31 kaHamy, a
Hauxymmee 3HaueHne RMSEP=0.702 nomydaercst nph =97.CooTBETCTBEHHO IS BemiecTBa B
nMeeM: Haunmyuniee 3HaueHne RMSEP=0.151 s A =98 u nauxyamee RMSEP=0.611 misA =20.

CymiecTByeT MHEHHE, YTO KaJUOPOBKY Jydllle MPOBOAWTH B TOUKE, IJI€ COOTBETCTBYIOIINN
"qUCTBIN CIIEKTP" MMeeT MakcuMyM. M3 pacCMOTpEHHOro mpuMepa BHJIHO, YTO 3TO He Tak. B Touke
A =45 (makcumym A) RMSEP=0.205, a B Touke A =55 (Makcumym B) RMSEP=0.484.

10.3.2. Memod ®upopdma

BriepBeie 3amaya anaam3a CreKTpO()OTOMETPUYECKHX TaHHBIX ObLIa pacCMOTpeHa B pabore
Kapna ¢on dupopara (Karl von Vierordt) B 1873 r. Mccnenys u3mMeHeHHs TeMOTIIOOMHA B KPOBH,
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10. Kannbpogka (F'pagyvpoBka)

OH TNPEAJIOKHII METOJ KaauOPOBKHU, KOTOPBIA U Temneps, ciycts 140 ser, ele oueHb MOMyJIApeH y
HEKOTOPBIX AaHAJIIUTUKOB.

Meton ®upopara NOX0X Ha METOJ OJIHOKaHAJIbHOW KanuOpoBKu. B HeMm Takxke BbiOMpaercs
10 OJHOMY KaHaJly JUI KaX<J0ro BELIECTBA, HO PETPECCHOHHBIE YPABHEHHUs PACCMATPUBAIOTCS HE
HE3aBUCUMO, & COBMECTHO

31eck Matpuiia X, UMEET CTOJBKO CTOJOIIOB, CKOJIBKO OIpenelsieTcs: Bemects (y Hac 2), MaTpuiia
Y — 9TO M3BECTHBIC 3HAUCHUSI KOHIICHTpAIMi B 00y4aroniemM Habope (y Hac 2), a MaTpuma S — 3T0
Heu3BeCcTHas KBajpartHas ( y Hac X2) Ma Tpulla YyBCTBUTEIBHOCTH, KOTOPYIO HY)KHO OLICHUTH. 3a-
METHM, YTO B TpaJULMOHHOM MeTone Pupopara cBOOOAHBIN YiIEH OTCYTCTBYET B MOJIHOM COTJIa-
cum ¢ ypaBHenuem (10.13).

JlJisl OLIEHKH MaTpPUIBl YYBCTBUTEIHHOCTH S YMHOKHM 3TO ypaBHEHHE ClIeBa Ha TPAHCIIOHU-
POBAaHHYIO MaTpUIly KOHLIEHTpaluil Y

Y!X, =Y'Y,S
Torma maTpuna —

S=(Yiy, )'viX

c

OyzeT OLeHKON MaTpUIlbl YyBCTBUTEIBHOCTH.
Ha Puc. 10.17 noka3aHo npumeHeHne meroaa @upopara s MOJAEIBHOrO IpuMepa, rae 1
KaauOpoBKU BeIOpaHbl 1Ba kaHana 29 u 100.

2.0 1

Tcts T Calibration
[
2 )
wn ‘»
1.6 3 y =0.98x + 0.01
154 & =
5 R2=0.99
3 ®29 @100
1.2 £
1.0
0.8 A
0.4 - 057 y=1.12x - 0.12
Iy R2=0.98
Channel Measured (signal)
0.0 T T T T 1 0.0 T T T 1
0 20 29 40 60 80 ;0glo0 0.0 0.5 1.0 1.5 2.0

Puc. 10.17 MNpumMeHeHne MeToaa dupopara

I'paduk "npenckazaHO-U3MEpEHO" MPEACTABISET PE3yJbTaThl KATMOPOBKH CUTHasA (CIIEKTPOB X)
JUIsl BEIOpaHHBIX KaHAJIOB. DJIEMEHTHI MATPHIIBI YYBCTBUTEIHLHOCTH S COOTBETCTBYIOT 3HAYECHUSM
Mmatpunbl "ancteix" ciekrpoB. Ha Puc. 10.18 nokaszano 310 cOOTBETCTBHE.
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T — A
124 <
(@)]
%) — B
1.0 -
0.8 A
0.6 -
0.4 -
0.2 -
Channel
0.0 : . ; . s
0 20 40 60 80 100

Puc. 10.18 dneMeHTbl MaTpuLbl YyBCTBUTENBHOCTU S (TOYKM)
B MeToge ®PupopaTa u "umnctble" cnekTpbl

JI71st OLEHKH U TIpEeICKA3aHMs 3HAUYEHUN KOHIIEHTpauuu BemiecTB A u B. Hy)XHO BBIYHCIUTD
MaTpUIly OOpaTHYIO K MaTpuIle YyBCTBUTENbHOCTH S. CAenaTh 3TO MPOCTO, T.K. 3Ta MaTpUIla KBa-
patHas. Toraa matpuna V

V=51

OyzeT nuHeHHBIM "oleHuBaTeneM" MaTpulbl KoHUeHTpauui Y. g Toro, 4ToObl HATH OLICHKU
BEIMYUH KOHIEHTpalui B oOydaromiemM Habope, Halo MaTpully V YMHOXKXUTH Ha MaTPHUILy COOTBET-

CTBYIOLIUX CIIEKTPOB X —

Y, =XV
1571 ~ Calibration ol e Test
p— [
3 3
© c
S  y=1.06x-0.04 3
) R2=0.95 S y=098x+004
© 2=
10{ @ 109 8 R?=0.96
= ® S mA EB
= ©
3 ® @A B o
g o
05 - y =0.85x + 0.10 05 -
- R2=0.84 : y = 0.95x + 0.02
R2=0.97
Measured (concentr) Measured (concentr)
0.0 T T 1 0.0 T T 1
0.0 0.5 1.0 15 0.0 0.5 1.0 1.5

Puc. 10.19 MNpadukn "namepeHo-npeackasaHo” ansg metona dGupopara.
O6yyatoLLmnit 1 NPOBEPOYHBIA Habopbl

AHAIOrMYHO, JJIs OLIEHKH KOHIIEHTpAIliil B IpOoBepouyHOM Habope, MaTpuia V ymMmHoXkaeTcs Ha X —
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Y, =X,V

I'padukn "mpenckazano-u3mepeno” nokazans! Ha Puc. 10.19
B Ta6n. 10.2 npuBeneHbl XapaKTEPUCTHUKH KayecTBa KaIMOPOBKH 1Mo Metoay dupopara Be-
mecTB A u B, BeIIHCIIeHHBIE B COOTBETCTBUE ¢ (hopmynamu pazzaena 10.1.4.

Tabn. 10.2 XapakTepucTVKu kauyecTBa KanvbpoBku no mMetogy dupopara

A B

RZ= 0.844 RZ= 0.954
RMSEC= 0.104 RMSEC= 0.062
BIASC= 0.020 BIASC= -0.007
SEC= 0.102 SEC= 0.062
thz 0.967 Rt2= 0.957
RMSEP= 0.079 RMSEP= 0.053
BIASP= -0.012 BIASP= 0.023
SEP= 0.078 SEP= 0.047

TRVC= 0.007

ERVC= 0.979

TRVP= 0.005

ERVP= 0.999

KauecTBO KaJIMOPOBKH CHUJIBHO 3aBUCHT OT TOr0, KaKWe KaHaJIbl BHIOPAHBI B KaYECTBE aHAIMTHYC-
ckux. YacTo pekomMeHayercs jaeiicTBoBath TakuM obpazom. Ctpoutcs rpadux F(L)= Sa/Sg , rie Sau
Sg — 970 "uncThIe CrieKTphl". Ha HeM ompenessifoT Takue TOYKIA 1 M A2, B KOTOPBIX pasHuna |F(A1) —
F(\2)| makcumanpHa. Criocod MpaBHIIBHBINA, HO TOCTPOUTH Irpaduk F(A), He 3HAsA YMCTHIX CIIEKTPOB,
HEBO3MOXKHO.

10.3.3. Henpsimasi kannubpoeka

B Metone @upopara. 11 KaIMOPOBKH UCIOJIb3YIOTCS HECKOJIBKO KAaHAJIOB — CTOJIBKO, CKOJIb-
KO BEIIECTB HY)KHO ONpEeAeIuTh. EcTecTBEHHO 0000IMUTh 3TOT MOAXO/, 3a/IeHiCTBOBAB BCE UMEIO-
muyecs y Hac o0y4arolue JaHHbIE.

Bbynem paccmatpuBaTh OJHOE ypaBHEHUE KIACCUUECKON KaauOpOBKU

X=CS
Taxxe kak B MmeToze dupopara yMHOXKHMM €ro cjaeBa Ha TPAHCIIOHMPOBAHHYI0 MaTpuLly Y
ty _ oyt
Y. X, =Y. Y. S
Torma matpuna —
S=(vly, Jhvix
- c'C c”*C
ABJISIETCS OLIEHKON MaTpHULbl "4MCTBIX CIIEKTPOB'". 3aMETHUM, YTO ATO YK€ HE KBaJpaTHAsl MaTpuLia —
oHa uMeeT pazmepHocTs AXJ (B Hamem npumepe 2x101). CpaBHUM ee ¢ HCXOIHOW MaTpHLei Yu C-
ThIX crieKTpoB A u B.
Ha Puc. 10.20 nmoka3aHbl MCXOJHBIE U BOCCTAHOBJIEHHBIE CHEKTpbI. Pa3ianune mMexay HUMH OCO-

OeHHO 3aMeTHO B ToW oOjacTu, rie Benuk Bkiaa oT npuMmecu C. Ha kpasx — tam, rae cnektp C
crpeMuTtcs K Hymo (mph<20 u A>60) — crextpsl A 1 B BoccTaHOBIEHBI IPAKTUYECKU HJI€ATIBHO.
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K coxaiienuto, He oJj03peBasi 0 CyLIECTBOBAaHUM B cucteMe BemiectBa C, Mbl HE CMOXKEM 3aMETUTh
aTOro (axra.

Channel
0.0 : . . : .

0 20 40 60 80 100

Puc. 10.20 OueHka MaTpuvubl "uMCTbIX CNEKTPOB" B HENPSIMON KannbpoBke
[Tpomosmkas mocTpoeHUe KaTMOPOBKH, MOJ0KUM B ypaBHeHuu (10.14)
S=S=U

¥ YMHOXHM €ro crpasa Ha Matpuiy U' —

XU'=Y UU
Toraa matpuna pasmepaocthio (101x2) —

Vi=Ui(uUYy™
OyzaeT TMHEHHBIM "olleHuBaTeeM" MaTpULIbl KOHIIEHTpauil Y.

1.5 1

ki Calibration - Test
L i3]
3 B
a a
1.0 A 0 -
y=1.13x - 0.08 o0, 10
R2=0.97 y=0.82x + 0.11 y =0.91x + 0.08 HA HEB
[0} R2=0.85 R2=0.97
0.5 - oA eB 0.5 A y= 1.05x - 0.04
R2=0.96
Measured Measured
0.0 T T 1 0.0 T T ]
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5

Puc. 10.21 OueHKka KOHLEeHTpaLuii B HENPSAMOW KanmbpoBke

st Toro, 4ToOBI HAWTH OLICHKW BEJMYWH KOHIIEHTpAIMi B oOyuaromieM Habope, HaJlo maT-
puity V yMHOXKHUTB Ha MaTPUILYy COOTBETCTBYIOIIUX CIIEKTPOB X¢ —
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A

Y, =XV

c c

AHaIOruYHO, 17151 OLIGHKU KOHIIEHTPAILlMi B MPOBEPOYHOM Habope, MaTpunia V ymMHOXaeTcs Ha X —
Y, =X,V

B Ta6n. 10.3 mpuBeneHbl pa3IuyHbIe XapaKTEPUCTUKU KayecTBa HEMPSIMON KalnOpOBKH Be-
mecTB A u B, BeIUHCIIeHHBIE B COOTBETCTBUE ¢ (hopmynamu pazzaena 10.1.4.

Tabn. 10.3 XapakTepUCTUKMU Ka4ecTBa HeMNpsiMol KannbpoBKu

A B
RZ= 0.854 RZ= 0.968
RMSEC= 0.102 RMSEC= 0.064
BIASC= 0.024 BIASC= -0.015
SEC= 0.099 SEC= 0.062
RZ= 0.968 Ré= 0.960
RMSEP= 0.084 RMSEP= 0.052
BIASP= 0.024 BIASP= -0.013
SEP=_0.080 SEP= 0.050
TRVC= 0.007
ERVC= 0.979
TRVP= 0.005
ERVP= 0.999

BbeiTyer ycroiiunBoe MHEHME, 4TO KilacCHuecKas KajauOpoBka Jjydiie oOpaTHOH. s oObsic-
HEHMsI €€ MPEUMYIIEeCTBa FOBOPSAT, UTO OHA ONUpaercs Ha (pyHAaMeHTaJbHblEe (PU3NUYECKHE IPUH-
UMb, TaKKe Kak 3akoH JlamOepta-bapa. C TOukM 3peHuss MaTeMaTUKOB, BCE BBHIMVIAAUT HA00OPOT.
Bo-nepBbiX, cama kanuOpoBka siBisieTcsl "oOpaTHOH" MO OTHOIIEHUIO K MCKOMBIM BelIWYMHAM Y.
Bo-BTOpBIX, IIpoLi€Aypa, C NOMOLIBIO KOTOPOM OLICHUBAIOTCS OTKJIMKH, SIBISIETCS HEYCTOMYHMBOM.
JIeNCTBUTENBHO, €CIM MEXAY MCKOMBIMM KOHLEHTpanusMu A u B umeercs nuHeiHas cBs3b, Ha-
npumep Cg ~ 0.5Ca, To Matpuna Y'Y He umeer o6paTHOI, MM OHA oOpalaercs ¢ GoIbIIOi OG-
Koil. JIuHeliHas CBSA3b MEXJY HCKOMBIMM KOHIIEHTpPALUSIMHU 4acTO HaOI0JaeTcs Ipu aHaiu3e 00b-
€KTOB OKPY’KalOIllel cpelibl, B KOTOPBIX OHAa 00YCJIOBJIEHA €CTECTBEHHBIMM MPUYUHAMU. B-TpeThuX,
KJaccuueckas KaauOpoBKa HE JaeT HaM HUKaKUX MPU3HAKOB OTKJIOHEHHs CUCTEMBI OT €€ MJeallb-
HOIl MOjeNH, HarpuMep, He Mo3BoJsseT oOHapyx uTh npuMecH (BeuniectBo C). Hakoner, nanee mMbl
YBUAUM, YTO U KAa4ECTBO TaKOH KaIUOPOBKU (TOYHOCTb, NMPELU3UOHHOCTh) YCTYNAaeT MHOTMUM CO-
BPEMEHHBIM METOJAM.

10.4. O6paTHasa KanubpoBKa
B obOpatHoii kanmuOpoBke ocHOBHOE ypaBHeHue umeer Bun (10.10)

Y =XB
B KOTOPOM. HCKOMasi BeM4YMHA Y (KOHIIEHTpAIys) MPSMO BbIPAKAETCS Uepe3 U3BECTHYIO MATPUILY

criekTpoB X. XOTs Takoe MpeCcTaBICHUE KAINOPOBOUHOI O YPaBHEHUS U IPOTUBOPEUUT OCHOBHOMY
cootHorreHuo (10.14), Takoit moaxo/ 00eCeYrBaeT Jy4IIee KaueCTBO MOICITHPOBAHUSL.
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10.4.1. MHO)XecmeeHHasi Kannubpoeka

[IpocTeiiiiuM BapuaHTOM OOpaTHOW KaJHMOpPOBKH SIBJSIETCSI MHOXKECTBEHHAs! JIMHEWHas per-
peccust (MLR — cm. pa3nen 6.7.3). B pasnene 10.1.7 Mol yixe o0cyxaamu cBoiictBa MLR B cBsi3u ¢
po0sIeMoil MYJIbTUKOJIIJIMHEAPHOCTH. B yacTHOCTM OTMedanoch, YTO BO MHOXECTBEHHON perpec-
CHM YHCJIO IEPEMEHHbIX JJOJDKHO OBITh MEHbIllEe YMcia 00pa3loB. B HamieM MoJEnbHOM IpUMepe
YUCII0 KAIMOPOBOYHBIX 00pa3loB paBHO 9, mo3TOMYy Ui Mcnonb3oBaHuss MLR Heobxonumo orto-
Opatb u3 101 kaHama TONBKO 8 ¥ MO HUM CTPOUTH KAJIMOPOBKY. boJiblie mepeMeHHbIX B3Th HENb34,
HO MOXHO MeHbIe. Ha mucte MLR ecTh akTHBHBIN 3JIEMEHT, C OMOIIHI0 KOTOPOTO MOKHO OBICTPO
CMEHMTb NEPBBIN KaHaJ; OCTaJIbHbIE U3MEHSITCS aBTOMAaTHYECKH.

Signal

1.2 A

0.8 1

00 H— == =

Puc. 10.22 MHOXeCTBEHHas NIMHENHAs KannbpoBka

Ha Puc. 10.22 nmoka3zaHo Kak OTOMPAOTCS 3TH KaHalbl — paBHOMEpHO, ¢ maroM 13. IlepBsrii
KaHaJ MOXKHO BBIOpaTh MPOU3BOJBHO: 0T 0 10 9, TOrJa BCe MOCIEAYIONIME OMPEACISIOTCS OJJHO-
3HA4YHO. B pe3ynbTare 3TOro 0TOOpa MONyYaeTcs MaTpulla HE3aBHCUMBIX TIEPEMEHHBIX X pa3mep-
HOCThIO (14%8), cocTosiiast U3 ABYX dacTei: oOyduaromiero HabopaX8) u nposepounoro (%8).
Hcnonb3ys oOyuaromuii HaOOp MEPEMEHHBIX MOXKHO IMOCTPOMTh MHOXKECTBEHHYIO PErpecCHIo:
(10.10) mexay X u Y. [lns atoro MmoxkHo npumeHuTb Gpopmyiisl (10.11) u (10.12), Ho mporie Boc-
nob30BaThes GyHKIMer Excel TEHROEHIINS, onucaHHO# B pa3aene 7.2.7.

1.5 - . . 1.5 -
ko Calibration E Test ZA EB
° °
B B
o o
y=x-0.0 =0.82x + 0.12
1.0 1 R2=1.00 1.0 A y R2=0.78
y =x+ 0.00 '
R2=1.00
y=0.78x + 0.08
2=
@A B
Measured Measured
0.0 T T 1 0.0 T T 1
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5

Puc. 10.23 Mpacukn "n3mepeHo-npeackasaHo" anst MHOXECTBEHHOMN KannbpoBKM.
O6yuatolmin (@) n npoBepouHbIi (b) Habopsbl
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Ha Puc. 10.23 noka3zansl rpaduku "u3MepeHo-mpeacka3ano" 1Jis MHOKECTBEHHON KanOpOB-
Kku. BuaHo, yto oOyyaromuii Habop "CAMIIKOM XOpOIIO" OMMCBIBAETCS MOJENbBIO. A BOT MpPOBEpKa
HEY/IOBJIETBOPUTENbHA. 3/1€Ch 3aMETHO, M CMEIICHUE, U MaJlasi KOPP eI

B Ta6n. 10.4 mpuBeneHsl pa3iMvHbIE XapaKTEPUCTHKH KadyecTBa MPSMON KaTHMOpOBKH Be-
niecTB A u B, BBIYUCIICHHBIC B COOTBETCTBUE ¢ (hopmysamu pasnena 10.1.4.

Tabn. 10.4 XapakTepUCTUKM KaYecTBa MHOXXECTBEHHOW KariMbpoBKY

A B

RZ2= 1.000 RZ= 1.000
RMSEC= 0.000 RMSEC= 0.000
BIASC= 0.000 BIASC= 0.000
SEC= 0.000 SEC= 0.000
RZ= 0.863 R2= 0.782
RMSEP= 0.176 RMSEP= 0.112
BIASP= -0.068 BIASP= 0.033
SEP= 0.163 SEP= 0.107

TRVC= 0.000

ERVC= 1.000

TRVP= 0.022

ERVP= 0.995

BuHO, 4TO B 3TOM Cliy4ae Mbl OJYYHIIA THITMYHYIO TIepeolieHKy moaenu (cM. pasaen 10.1.6) —
YHCI0 OTOOPAHHBIX EPEMEHHBIX CIMIIKOM BEIUKO. [IONBITKM CMEHNUTh HAOOpP MEepPEMEHHBIX CUTYa-
U0 HE yIy4maroT. Takum o0pa3oM MHOXECTBEHHAs! KaIMOPOBKa SIBJISIETCS] HEMPUEMIIEMBIM METO-
oM. OHa NPUBOJIUT K IIEPEOLIEHKE MOJIEIN U AT HEY10BIETBOPUTENBHBIE PE3YJIbTAThl IPU U C-
MOJIb30BAaHUU HAa HOBOM (ITPOBEPOYHOM) HabOpe 0O Pa3IoB.

10.4.2. lNowazoeast kanubpoeka

Kak MBI TOIEKO 4TO BHUJCJIN MHOXECTBCHHAA JIMHEelHas KaHI/I6p0BKa HCYOOBJICTBOPUTECJIbHA —
OHa TIPECTABIISCT SIBHBIA MIPUMEP MEPEOLECHKU. B 3TOM pasjenie Mbl paCCMOTPUM NOULA208YI0 Ka-
aubposky (stepwise regression, SWR), B koTopoii 0TOOp MEpEeMEHHBIX SBISETCS CIIOCOOOM CIpa-
BUTCSI C IIEPEOLIEHKOM. M 1est MeTo1a COCTOUT B CIIEAYIOLIEM.

1.6 A

1.2 4

0.8 1

0.4 1

0.0

20 40 60 80
Channel

100 0 20 40 60 80 100
Channel

Puc. 10.24 Mowarosast kannbpoBka
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ITycts mMeercss kamuOpoOBOYHAsE MOJENb, OCTpoeHHast 1o M oToOpaHHBIM KaHanaM. Jloba-
BUM K HUM ele oauH M+1-p1if kaHan. BeiGop 3TOro 10mMOJHUTENBHOIO KaHajla OCHOBAH Ha Ipo-
CTOM IpHHIMIE — A00aBIIeTCs TOT, KOTOPbIi naeT MuHuMyM BennunHbsl RMSEC. /lo6aBiieHne Ho-
BbIX KaHAJIOB ITPOJOJKAETCA 1O TEX MOp, T0KAa HE HACTYNAeT PUCK MEPEOLIEHKH, T.€. JO Hayasia poc-
ta BenmmuuHbl RMSEP (cm. pazgen 10.1.6).

OueBuAHO, YTO HAMJIYYIIUH pe3ynbTaT Ui BemecTB A u B nocturaercs amnst pasHbIx KaHa-
noB. [Toaromy "ontumaneHbie" HaOOps! Wit A u B otmuuarorcst. nst A — ato xananer 24, 86, 11,
30, ..., a g B — sto xananst 100, 10, 95, 39,57, UMeHHO B TaKOM MOPSAKE KaHAIBI 10OABISIOTCS B
COOTBETCTBYIOLIME HAOOPbI. OTOOP ATUX KaHAJIOB — MPOCTast, HO TPYAOEMKas MPOLeaypa, KOTOPYIO
MOHO YIPOCTUTh, HalucaB HeboIbIoi Makpoc B Excel.

B momraroBoii perpeccuu CymiecTByeT MHOIO CIOocoO00B 0oTOOpa "ONTHMalbHBIX'" TepeMeH-
HbIX. TOT, KOTOPBIN UCIIOIB30BAH 3/1€Ch, CAMbIil IPOCTON — BBIOMPATh TOT KaHaJl, HA KOTOPOM J0C-
TUTAETCsl MUHUMYM CpelHeKBapaTUyHON ommbku B o0yuenuu, RMSEC.

0.3 1 RMSE A 0.3 1 RMSE B
——RMSEC —RMSEC
—— RMSEP — RMSEP
0.2 A 0.2 -
0.1 A 0.1 -
0.0 T T T 1 00 T T T —
1 2 3 4 5 1 2 3 4 5
Number of channels Number of channels

Puc. 10.25 CpegHekBagpaTuuHble octaTkn obyyeHns (RMSEC) n nposepku (RMSEP)
B MOLLAroBON KanmbpoBke

Ha Puc. 10.25 moka3zaHo, KaKk HW3MEHSIIOTCS CpPEIHEKBAJIpaTHUYHBIE OCTATKH B OOY4YCHHH
(RMSEC) u B npoepke (RMSEP) npu yBenmuuyenuun uucia kaHaaoB B SWR. B coorBerctBHEe ¢
npuHuunom Mmuaumyma RMSEP, ontumanbHoe uncio kaHanoB A BeuiectBa B — Tpu. D10 yeTko
BUJHO Ha rpaduke. A BOT BbIOOp 4McCiIa KaHAIOB [l BeulecTBa A 3aTpynHureneH. Ha coorercr-
BytomieM rpaduke kpuBas RMSEP He umeer MunumyMma. Tak yacTo ciydaeTcst IpU aHAIU3€ CIOXK-
HBIX TaHHBIX. B paccmaTtpuBaeMoM mpumepe OnTHMalbHbIE KaHAIbBI JJIs BemecTBa A pacrnosaramT-
sl IO KpasiM "CreKTpalibHOU" 00acTH — TaM, T/ie BIUSHUE CKPbITOl pumecu C He CYIIECTBEHHO.
CpaBaute Puc. 10.11 u Puc. 10.24. [Tosromy SWR kanuOpoBka i1 BemectBa A HUKaK HE MOXKET
"3ameTuTh" Hajmmuue BemecrBa C. B TakoM COMHHMTEIBHOM Cilydae ClielyeT BBHIOMpATh TOUKY H3-
noma Ha rpaduke RMSEP. iMeHHO 03TOMY MBI BHIOMpaeM TOJIBKO J1Ba KaHaa JUIs BeliecTBa A.

Ha Puc. 10.26 moka3ansl rpaduku "H3MepeHO-TIpeacKa3aHo" I MONIaroBoid KaauOpOBKH.
31ech 3aMETHO, UTO OMUCaHUE cOANTaHCHPOBAHO YXK€ ropaslio Jydlle — OTIMYHMe TOYHOCTH o0yde-
HUS OT IPOBEPKH HE TaK CYIIECTBEHHO, KAK BO MHOYKECTBEHHOM KaJINOpPOBKE.
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271 3 Calibration 1573 Test
S =
g B
o y = 1.00x + 0.00 Q
o
a R2=1.00 y = 0.99x + 0.02
R2=0.99
1.0 1 1.0 1
%) y = 0.96x + 0.02 y=0.91x + 0.06
R2=0.96 R2=0.95
> 05 1 EA EB
oA eB
Measured Measured
0.0 - - - 0.0 ; . ,
0.0 0.5 1.0 15 0.0 0.5 1.0 1.5

Puc. 10.26 Mpadukn "namepeHo-npeackasaHo" ans NoLWaroBoi KannbpoBKu.
O6yyatoLwmin M NPoOBEPOYHbIA HAabOPbI

B Tab6x. 10.5 nmpuBeneHsl XapakTepHUCTUKU TOMIArOBOM KaauOpoBkH BemecTB A u B, Bbrunc-
JICHHBIEC B COOTBETCTBHE ¢ (hopmynamu paszaena 10.1.4.

Tabn. 10.5 XapakTepuCcTUKM KayecTBa MoLLAroBoin KannbpoBKu

A B
RZ= 0.961 RZ= 0.996
RMSEC= 0.051 RMSEC= 0.015
BIASC= 0.000 BIASC= 0.000
SEC= 0.051 SEC= 0.015
R2= 0.989 R2= 0.954
RMSEP= 0.031 RMSEP= 0.052
BIASP= 0.013 BIASP= 0.013
SEP= 0.046 SEP= 0.050

TRVC= 0.001

ERVC= 0.996

TRVP= 0.002

ERVP= 0.995

ITonBoas UTOr MOYKHO 3aMETUTBh, YTO IOLIATOBAs perpeccus Aajla HaAWIy4dlIMi pe3yibTaT
cpenu Bcex UCCIIeIOBaHHbIX HAMU METOA0B KanuopoBku. Ho ecTs 1 6osee TOUHbIE METOIBI.

10.5. KanubpoBKa Ha faTeHTHbIX NepeMeHHbIX

10.5.1. lNpoeKkyuoHHbIE MEMOObI

B mMeroze nomaroBoit KaauOpOBKH UCIIOIB30BATUCH TOJIBKO J1BAa WM TpHU (Haubosee uHbOp-
MaTHBHBIX) KaHana U3 101, ¥ 3T0 MO3BOJIMIIO TOCTHYb MPHUEMIIEMOrO pe3yibraTta. [Ipoune kaHabl
ObUTM OTOpOILIEHBI KaK "W3JMIIHUE", He HyKHble. Takoil moaxos mpencraBiseTcss HECKOIBKO pac-
TOYUTEIbHBIM — Be/lb OTOPOLIEHHBIE JaHHBIE COJEPXKAIU MOJE3HYI0 MHPOPMAIUIO, KOTOPYIO XO-
pouro Ob10 OBl McHONB30BaTh. B wacTHOcTH, mpuMmeHsst SWR, Mbl He 3aMeTH/IM NPUCYTCTBHE
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TpeTbero BemecTBa — npumecu C, KOTopas CUIBHO MPOSBISIETCS KaK pa3 B 3TUX MCKIIOYEHHBIX Ka-
Hanax. [Ipo6nema, KoTOpyIo MBI ceiiuac OyaIeT UCCIeN0BaTh, COCTOUT B ciemyromieM. Kak ucnosb-
30BaTh BCE UMEIOMIMECS JaHHBIE (KaHAJBI), U, B TO K€ BpeMs, H30eKaTh MEPEOLICHKH U MYJIbTUKOJI-
JMHEAPHOCTH, HEM30EKHBIX TIPU OOJIBIIOM YK CIIE PErPEeCCHOHHBIX TTEPEMEHHBIX.

Pemenne stoit qutemmbr 0b110 nipeniiokeHo K. IMupconom (Karl Pearson) B 1901 rony — Ha-
JI0 MCIOJIb30BaTh HOBBIE, JIATCHTHBIC TIEpeMeHHbIC 1y, (a=1,...A), sSBIsIOIUECS JTUHEWHOW KOMOM-
HaIMel HCXOAHBIX TepeMeHHbIX X (j=1,...J) —

ta=PaiX1t... PaiXs

HJIM B MATPUIHOM BUIIC

A
X=TP'+E=)t,p, +E (10.15)

a=1

B sTom ypaBuenun T Ha3bIBaeTCst MaTpulleit cuetoB (Scores). Ee pasmeprocts — (I1XA). Matpuia P
HasbpiBaercst Matpuiiei Harpy3ok (loadings). Ee pasmeprocts (AXJ). E — 3T0 maTpuIla 0CTaTKOB,
pasmepHocThiO (1XJ).

HoBble naTeHTHBIC TIepeMeHHbIe t; Ha3biBarOTCs riaBHbIMUA KommoHneHTamu (Principal Com-
ponents), mo3ToOMy M caM METOJ Ha3bIBaeTCs memodom anasuvix komnonenm (PCA). On moapobHO
onucad B raase 9. Unucno cronbuos — t; B marpune T, u Pa B MaTpuiue P — paBHO 3¢ dhekTuBHOMY
(xumu4eckoMy) paHry matpuibl X. OTa BelIM4MHAa 0003HauaeTcst A Ha3bIBAETCS YMCIOM TJIaBHBIX
koMmnoHeHT (PC). OHa 3aBe1oMO MeHbIIIE YK clla NEPEMEHHBIX J 1 uncia o0pa3uos |.

Jna unmoctpauuu meroga PCA, Mbl onaTh BepHEMcs K TOMY, KaK CTPOUJIMCH MOJEbHbIE
nannbie (pazgen 10.2.4). Matpuia criekTpoB cMeceld X paBHa MPOM3BEACHUIO MATPHUIIbI KOHIICH-
tpauuid C ¥ MaTpUIlbl CIEKTPOB YMCTHIX KOMIOHEHTOB S — (opmyina (10.13). Yucno cTpok B Mart-
punie X paBHo yucity oOpasuoB (l), u kaxmaas ee CTpoka COOTBETCTBYET CIIEKTPY OJHOro oOpasia,
cHsTOMY s J AyiH BoJH. Yucno crpok B Matpuiie C Takxke paBHO |, a BOT yucio cTonad1oB coot-
BETCTBYET YUCIY KOMIIOHEHTOB B cMecu (A=3). Y MaTpullbl YUCTHIX CIIEKTPOB S YUCIO CTPOK PaB-
HO YHCy KaHaJoB (IJWH BOJH) J, a uncno cronbioB paBHo A. Ilpu aHanm3e sKcriepuMeHTalIbHBIX
JTaHHBIX X, OTATOLICHHBIX MOTPEIIHOCTSIMHU, pencTaBieHHbIME B Gopmyie (10.13) matpureit E,
3¢ deKTUBHBII paHT A MOXKET HE COBIAJaTh C PealbHbIM YUCJIOM KOMIIOHEHTOB B CMECH.

a) 06 7 Xz b) 0.6
PC1
0.4 -
A )
[ )
021 o .0: *
o
o d X1
06 04 00 P 02 04 06
® o
.: 0.2 -
"
o®®
0.4 -
PC2
0.6 - 06

Puc. 10.27 Mpacdmnyeckas unnocTpaums METOAA FMaBHbIX KOMMOHEHT.
a) AaHHbIE B UCXOAHbIX KOOPAMHATAX, b) AaHHbIE B KOOpPAMHATAX INABHbIX KOMMOHEHT
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Mertoz TIaBHBIX KOMIIOHEHT 4acTO NMPUMEHSETCs IIPU MCCIe0BaTENbCKOM aHAIM3€e XUMHUYe-
CKUX JaHHBIX. B o0meM ciydyae maTpulbl cueToB T U Harpy3ok P yke Henb3si HHTEepIpeTUPOBATh
KaK CHEKTPbl U KOHLIEHTPALUH, & YUCNO 2NA8HbIX KOMNOHenm A — KaK YHUCII0O XUMMHUYECKUX KOMIIO-
HEHTOB, NMPUCYTCTBYIOIIMX B HcCleayeMol cucreMe. Tem He MeHee, Jaxe (popMajbHBIA aHANIN3
CUETOB U HArpy30K OKa3bIBAaeTCs OYEHb IOJIE3HBIM JJI MOHMMAaHUS YCTpOWCTBa NaHHBIX. [laaum
IpoCTeiIyto IByMepHYyo minnocTpanuio merona PCA.

Ha Puc. 10.27 noka3aHsl JaHHbIE, COCTOSIIME TOIBKO U3 JIBYX NEPEMEHHBIX X1 U X2, KOTOpbIE
CBsI3aHbI CHJIBHOM Koppensiuueid. Ha cocenHeM pucyHKe Te )K€ JaHHbIE IPECTaBIEHbl B HOBBIX KO-
opauHaTtax. BexTop Harpy3ok P; mepBoii riaBHoi komroHeHTHl (PC1) ompenensier HampaBiieHue
HOBOM OCH, BJ0JIb KOTOPOM IPOUCXOAUT HauOoblIee U3MEHEeHNe JaHHbIX. [Ipoekinn Bcex ucxon-
HBIX TOUEK Ha 3Ty OChb COCTaBISIOT BeKTOp t1. BTOpas riaBHas KoMIOHEHTa P; OPTOrOHaJIbHA Tep-
BOM, n ee HamnpasieHue (PC2) coorBeTcTByeT HanOOJIbIIEMY U3MEHEHUIO B OCTATKaX, TOKa3aHHBIX
OTpEe3KaMHM, MEepHEeHAUKYISIPHBIMU OCH Pi. DTOT TPUBMAJIBHBIA NpPHUMEp IMOKA3BIBAET, YTO METO[
IJIaBHBIX KOMIIOHEHT OCYILECTBIISIETCS IOCHIE10BaTEIbHO, ar 3a maroM. Ha kaxxnoM mare uccie-
nyroTcs octaTku E,, cpenn Hux BbIOMpaeTcst HanpaBjieHue HauOOoIbIIEro H3MEHEHMs], TaHHbIE Po-
SLUPYIOTCS Ha 3Ty OChb, BBIYMCIAIOTCS HOBBIE OCTaTKH, M T. . OTOT aJrOPUTM Ha3bIBaeTCS
NIPALS. On npexncrasieH B pa3zaene 15.5.3.

MerTon rIaBHBIX KOMIIOHEHT MOXKHO TPaKTOBaTh KaK NMPOELMPOBAHME JAHHBIX HA IMOJIPO-
CTPaHCTBO MeHbLIeH pa3MepHocTH A. Bo3HuKaromme npu 3ToM octaTtku E paccmaTpuBaroTcst Kak
IIyM, HE cOoZiepKalmid 3HauuMoi xuMudeckoil nHdopmanmu. Ha Puc. 10.28 npencraBnena rpadu-
yeckas MIITIOCTpaLlis 3TOr0 Te3uca.

RC2

t1-- ‘Samplei
. & | ®

p

Puc. 10.28 MeTog rnaBHbIX KOMMOHEHT — KaK MPOEeKLUMa Ha NoANpOCTPaHCTBO

B ciyuae, korma Meron TJIaBHBIX KOMIIOHEHT MPHMEHSETCS Ul PEUICHUs KaTuOpOBOYHON
(perpeccroHHOI) 3a7a4u OH HOCUT Ha3BaHHE pecpeccuu Ha nasnvle komnonenmuot (Principal Com-
ponent Regression, PCR).

B merone PCA mpoekiusi cTpouTCs: TOJBKO 1O JaHHBIM X. 3HaUeHHs OTKJIMKOB Y HHKaK HE
ucnosb3yroTcs. O6o0menuem merona PCA sBisercst memoo npoexyuti Ha 1amenmHvle CmMpyKmy-
pot (Projection on Latent Structures, PLS), koTopslii ceiiyac sBJISIETCS CaMbIM MOMYJISIPHBIM METO-
JIOM MHOTOMEPHOW KaJMOpOoBKU. DTOT MeToa onucaH B pasaene 8.1.3. PLS Bo MHOrom moxox Ha
meron PCR, ¢ TeM cylecTBEHHBIM OTIIMYKHEM, 4TO B PLS nmpoBoauTCS 0JJHOBpEeMEHHas! IEKOMITO3H -
st Matpuil X u Y

X=TP+E Y=UQ“F T=XW+G (10.16)

[Ipoekiust CTpOUTCS COrIacOBaHHO — TaK, YTOOBI MAKCHMHU3UPOBATH KOPPEISLIUIO MEXKTY COOTBET-
CTBYIOIIIMMU BEeKTOpaMH X-cueToB t; U Y-cueToB Uy. [ToaToMy PLS nexkommo3sunus ropa3fo jgydiie
OIMCBIBAET CIIOXKHBIE CBSA3H, UCIOJbB3YsI IPU TOM MEHBIIIEE YU CIIO I'JIaBHBIX KOMIIOHEHT.
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| |

| |

| |
o o
=~ =

—~ M

Puc. 10.29 Mpacdmnyeckoe npeactaBneHe METOAA NPOEKLMI Ha NAaTEHTHbIE CTPYKTYpbI

B tom cimywae, korma mMeercs HECKOIbKO OTKIUKOB Y (T.e. K>1), MOXXHO MOCTPOUTH IBE
NpoeKInH HCXOAHBIX naHHbIX — PLS1 u PLS2. B mepBoM ciydae uisi KaXa0ro U3 OTKIMKOB Y
CTPOUTCSI CBOE MPOEKIIMOHHOE ToaAnpocTpancTBo. [Ipu stom u cuera T (U) u Harpysku P (W, Q) ,
3aBUCST OT TOT0, KAKOM OTKJIMK MCIOJb3yeTcs. DTOT moaxo ] Ha3zbiBaercs PLS1. Jlng metona PLS2
CTPOHUTCA OAHO 00IIee MPOEKIIMOHHOE MPOCTPAHCTBO, KOTOPOE SIBISIETCA OOIIMM I BCEX OTKIIU-
KOB.

Crnenyet o6patuth BHUMaHuE Ha TO, uTo U PCA, n PLS mMeTonbl HE yunThIBalOT CBOOOJHOIO
YJIeHA TP pa3iiokeHnu Matpuisl X. 1o BuaHo u3 popmyn (10.15) u (8.1). McxonHo npeamnonara-
€TCsl, UTO BCe CTOJIONBI MaTpull X U Y UMEIOT HyJIeBOE€ CpelHee, T.¢.,

| |
ZX"— =0u Zyik =0 mm Beex J=1,...,Juk=1,..., K
i=1 i=1

DTOro JIerko MOXKHO JIOCTUYb, TIpoBeAs meHTpupoBaHue manHbix (pasgenst 10.1.8 u 10.2.5). Ho,
MOCTPOUB KaJMOPOBOYHYIO MOJENb Ha IEHTPUPOBAHHBIX JNAaHHBIX, HAJI0 HE 3a0BITh MEpPECUYUTATh

MOJIYYCHHBIC OIIEHKH Y centre , TOOABUB K HUM BEKTOP CPEIHUX 3HAUCHHI.

.. 14
Y =Yecentre + My 1, m, = TZ Yik
i1

[IpuBenemM HEKOTOpBIE MOJIE3HBIE POPMYIIbI, T0KA3aTEIHCTBO KOTOPHIX MOKHO HAWTH BO MHOT'HX
y4eOHUKaX 10 aHAJIM3y MHOTOMEPHBIX JIaHHBIX.
Bo Bcex meTonax —
T'T=diag(As,..., Aa)
B metone PCR -
P'P=I=diag(1,...,1)
B merone PLS —

W'W=l=diag(1,...,1)
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10.5.2. Peepeccusi Ha 1TameHMHbIX MepPeMeHHbIX

[Tocne Toro, kak naHHbIE X CIPOCHUPOBAHBI HA TIOATIPOCTPAHCTBO Pa3MEepHOCTH A, HCXOmHAs
kanuOpoBoyHas 3anaya (10.10) npeBpaiaercsi B CEpUI0 perpeccHii Ha JJaTCHTHBIX TEPEeMEHHBIX | —

Ty, k=1,..,K (10.17)

3neck uHIeKC K HymepyeT oTkiuku B Matpuiie Y. 3amerum, uro B Metogax PCR u PLS2 umeercs
TOJILKO OJIHA MAaTpHIIA JIATCHTHBIX MepeMeHHbIX 1=T1 = ...= Tk. Bekropsl by — 310 HensBecTHbIC
KO3 (pPUIMEHTHI, a T¢ — MaTpulLpl cueToB. X obmas pa3MepHOCTh A CyIIECTBEHHO MEHBIIIE YHcia
TnepeMeHHBIX J, TT03ToMy MaTpuna Ty Ty ofpamiaercs yCTOHUMBO U Npo6IeMa MyJIbTHKOJLIHHEAp-
HoctH (pazmen 10.1.7) He cymecTtBeHHa. Ho BOT apyrasi TpyIHOCTh — BO3MOXHOCTh IMEPEOIICHKH
(pa3nen 10.1.6) ocraercs, v ¢ HEll HY)KHO YMETh CIIPaBJISTHCS.

JIji IpOEKIMOHHBIX METO/0B CIOKHOCTh MOJENH IEIMKOM ONPEIENIAEeTCS YUCIOM TJIaBHBIX
KOMIIOHEHT A U BBIOOp 3TOM BEIMYMHBI SBJSIETCS OCHOBHOW TPYAHOCTBIO B NMPOEKLMOHHBIX METO-
nax. CyiiecTByeT MHOI'O METOJIOB OIpe/iesIeHUs] BEIUUnUHbl A — 3QPEKTUBHON pa3MEepHOCTH MHO-
TOMEPHBIX JaHHBIX. BBIIIE MBI YK€ OTMEYasH, YTO 4YacTO OHA CBSI3aHA C XUMHUYECKHUM PaHTOM CHC-
TEMBI, T.€. C UACIIOM BEIIECTB, IPUCYTCTBYIOMUX B cucTteMe. OTHAKO caMbIM YHHUBEPCAIbHBIM CIIO-
co0OM OIIGHKH pa3zMmepHocTH A siBisieTcs uccienoBanue rpadgukoB BesmuynH RMSEC u RMSEP,
TaK Kak 3To ObUI10 yxe caenano B paznenax 10.1.6 u 10.4.2.

0.6 7 PC2 O.&' PC3
® 9
e | 13 °: @ 10
8 ® 9
Y 1PC1 ®>
. : 8-6 : ; , ®
4 812, ‘e 210 4 6 i
P ®: @ 11 PC1
r T 06 T T ]
-4 2 m 13 2 o 4- 14 6
® 6
06141 @2 !
m 1l L
@ calibration ¢ @ calibration
Btest m 14 @3 mtest
1.2 - -0.2 -

Puc. 10.30 MNpadmku T cyetos B MeToe PCR

ITpu nocTpoeHMM MHOIOMEPHBIX KaJIMOpPOBOK, 00JIbIII0E BHUMAHUE yAENsAeTcs TpadukaM cue-
TOB U Harpy3ok. OHu HecyT B cebe nH(OpMaIuio, MOJE3HYIO JJIs1 TOHUMAHUS TOTO, KaK YCTPOEHBI
nannsle. Ha rpaduke cueros (Puc. 10.30) kaxsiii oOpasen nzodpaxaercs B koopauHartax (ti, tj),
yame Bcero — (t, tp). bim3ocTe nByX Touek O3HayaeT MX cXokecTb. OOpa3ilbl, PacroNOKEHHbIE
OJIM3KO K Havalmy KoopauHaT (Hampumep, oOpasusl 5, 11), sBASIOTCS caMbIMU THIIMYHBIMH — 00pa3-
1oBeIMH. HarmpoTus, 00pas3iisl, KOTOpbIE HAXOAATCA Jajieko (Hampumep, o0pasisl 1 u 14), sBistorcs
NOJ03PUTEIbHBIMU MapruHallaMu, U, MOXKET ObITh, 1a’ke BHIOPOCAMH, O KOTOPBIX UAET PeUb B pas-
nene 6.3.2.

Ecnu rpaduk cueTroB mcmosib3yercs Ui aHAIM3a B3aMMOOTHOIIEHHI 00pasloB, TO rpaduk
HArpy30K IpUMEeHseTcs I uccnenoBanus poiau nepeMennbix. Ha Puc. 10.31 mokazaHo kak MeHs-
IOTCSI HATPY3KH B 3aBUCHMOCTH OT HOMepa KaHaja . Mo)HO oOpaTUTh BHUMAHUE Ha CICYIOIILYHO
3aKOHOMEPHOCTh. UeM Ooiblie HOMEp IJIaBHOM KOMIIOHEHTHI, TeM 0o0Jiee 3alIyMJIEHHBIM BBITJISIUT
COOTBETCTBYIOIIMI Harpy3ku. ['pacuk nmepBoit KOMIIOHEHTHI Mo4TH raaakuil. [To popme oH moxox
Ha cnekTpbl yucThX BemecTB A u B (cm. Puc. 10.11). Bropas u TpeTbs riaBHbIE KOMIIOHEHTHI OT-
auyaroTcs 6olee CIOKHOM (OPMOIA, HO OHU BCE €IlE UMEIOT HEKOTOPhIe CUCTEMAaTUYECKUE TPEHIBI.
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A BoT YCTBCPTAasA U IIATBIC KOMIIOHCHTBI MPCACTABIIAIOT IIPOCTO CJ'Iy‘-IElfIHI:IfI myMm. TaK, ucciaenys
Fpa(l)I/IKI/I Harpysok, MOXHO YCTaHOBUTD, UTO B HAIICM ITPUMEPEC HYKHO UCIIOJIL30BATh TOJILKO 2 UM
3 rIaBHEIC KOMIIOHCHTBI, HO HU HUKaK HC OoubIie TpEX.

0.3 1 i
Loadings PC1 PC2 PC3 PC4 PC5

0.2 1

0.1 A /_,/"’Ml ‘;;-l—\;: ’Vad
i

‘ ,N\\/'

ARV VY,

i

0.0 17,/ Nv " /,' v\ /v

Channel
-0.3 T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Puc. 10.31 N'pacpukmn P Harpy3ok B metoge PCR

10.5.3. lMpakmu4yeckoe npumMeHeHuUe KanubpoeKu Ha 1JameHMHbIX MepPeMeHHbIX

KanubpoBka Ha JATEHTHBIX NEPEMEHHBIX OOBIYHO CTPOUTCS Ha LIEHTPUPOBAHHOM 00ydaro-
miem Haoope (X, Y¢). st Toro, 4ToObI OMIYYUTh POTrHO3a HA TIPOBEPOUYHBIN WM HOBBIA HAOOP
o0pasnoB (Xt, Yt), UX HAJO TaKXkKe CHEHTPUPOBATH M CIPOCHUPOBATH HA yKe UMeEIoIIeecs MOIIpo-
cTpaHcTBO. IHBIMU clIOBaMu, HY>KHO HailiTu cueta T HOBbIX 00pa3uoB. B meroxe PCR 3to nemaer-
Csl O4EHB MPOCTO —

T=X;P,

rae P — 3To maTpuiia Harpy3ok, MoCTpoeHHas Mo odydvaroniemy Habopy.

s meronoB PLS neno oGcrout ropasno crnoxkHee. BeruncauTenbHbIe aceKThl MHOTOMEpP-
HOW KaJIMOPOBKM BBIXOJSAT 3a Mpeebl HacTosmero nocodus. IlogpodHoe nznoxeHune Bcex HE00-
XOAMMBIX aJrOpUTMOB, a Takxke cooTBercTByromue MatLab xonet s PCA, PLS1 u PLS2 npuse-
neHsl B rinase 15.

s paGoThl ¢ MPOEKIMOHHBIMH METOJaMH CYHIECTBYIOT Pa3HOOOpa3HbIE MPOrpaMMbl (CM.
pazzaen 4.4), ¢ ToM 4yucie 0oJIbIIIMEe KOMMEpUECKUe akeThl, HarpuMep, The Unscrambler, Simca-P,
KOTOpBbI€ MPEACTABISAIOT CIEUATIbHYIO CPeAy IJsl MPOBEAEHUS Pa3IMYHbIX MAaHUMYISAIUI ¢ MHO-
TOMEpPHBIMHU JaHHBIMH. B 4acTHOCTH, B HUX peaNm30BaHBl U BCE 00CYKIaeMble METOBI KaJIHOPOB-
ku. Cpean cBOOOTHO pacrpoCTpaHsIeMbIX MporpaMMm MokHO oTmetuth Multivariate Analysis Add-
in — maxacTpoiika st Excel, paspaboranHas B XeMOMETPUYECKOM IIeHTpe BprCTOIBCKOro yHUBEp-
cuTeTa 1moJ| pykoBogctBoM npod. P. bpeperona.

B 3ToM mocobuu Bce mpoekunonHsie Beraucienus (PCA/PLS) npoBoasitcs B pabouelt KHUTE
Calibration.xls ¢ momormibto crieranbaoi Hagctpoiiku (Add-In) xk mporpamme Excel, koropoe Ha-
seiBaeTcss Chemometrics.xla. Ono momosHsieT cnucok craHaapTHbIX GyHKIMA Excel u mo3Bossier
IPOBOJUTH Pa3lIOKEHHE Ha JHucTax paboueil kuuru. OT TOM Kak ee yCTaHOBUTH HAIlMCaHO B TJaBe
3, a 0 TOM KaK ee UCIO0JIb30BaTh, PACCKa3aHO B TJiaBe 8.
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10. Kannbpogka (F'pagyvpoBka)

10.5.4. Peepeccus Ha enagHble KoMnoHeHmbI (PCR)

Paccmotpum, kak npumensiercss PCR B MmozenbHoM npumepe. Bee BbhlUuMClIeHUs] TPUBEIEHbI
Ha ucte PCR.

CHayana, o oOy4aromuM JaHHBIM X, HaxoautTcst maTpuna PCA cuetoB T, pazMepHOCTBIO
(9%5). OHa cocTOUT M3 MATH CTOJOIOB — TJIABHBIX KOMIIOHEHT ty, a=1, 2, ..., 5. C perpeccuoHHOi
TOYKHU 3pEHUs |, — 3TO MaTpulla MPEIUKTOPOB, T.€. HE3ABUCUMBIX IEpEMEHHBIX. J[ByMs OTKIMKaMu
OyIoyT LEHTPUPOBAHHBIE 3HAUYCHUsI KOHIIeHTpanui BemectB A u B. 3arem, ¢ momonsio GyHKINHA
TEHIOEHIMA (TREND) , 11s KaXJI0ro OTKJIMKA CTPOSITCS MO MATh perpeccuid. B aTux perpeccusx
y4acTBYIOT, COOTBETCTBEHHO, OfHA, JBE, ... , IATh TMaBHbIX PCA xommoneHT. Tak crpoutca PCR
KaInOpoBKa Ha oOydatonieM Habope. B 3THX MPOCTBIX BRIYMCICHUAX €CTh OJHA TOHKOCTBb. Perpec-
CHsl CTPOMTCS Ha LIEHTPUPOBAHHBIX JaHHBIX A U B¢ Tonpko moromy, uto B Bepcuu Excel 2003
UMEeTCsl KpUTHYeCKasi OIMOKa, MCIpaBlICHHAs B MOCIEAYIOIINX Bepcus, HaumHas ¢ Excel 2007,
Ota ommbka obcyxaaercs B pazaene 7.2.8.

[TpoBepouHble AaHHBIE TOXKE MPOCHUPYIOTCS HA MPOCTPAHCTBO TJIABHBIX KOMIIOHEHT W JUIs
HuX Toxe onpexnensaorca PCA cuera ty, ..., ts. K 3TumM cueram npuMmeHsieTcs IOCTpOeHHas Kanuo-
POBKA, M HAXOIATCS OLCHKH LEHTPUPOBAHHEIX KOHIEGHTPALMII Ac ™. OKOHUYATEILHBIE OLCHKH OT-
KkoB A™' 1S KaXKI0r0 9KCIa IIABHBIX KOMIIOHEHT @ MOydJaloTesl ITOCIE ydeTa [IeHTPHPOBAHMS
110 KOHIICH TPAIHsIM

COOTBETCTBYIOIIME 3HAYCHHUS CPEIHEKBaApaTHYHbIX octaTkoB oOyueHus (RMSEC) u mpo-
Bepku (RMSEP) moka3zans Ha Puc. 10.32.

0.3 1\ RMSE A 0.3 1\ RMSE B
— RMSEC — RMSEC
e RMSEP e RMSEP
0.2 A1 0.2 A1
0.1 A1 0.1 A
0.0 T T T ] 0.0 T T T Y
PC1 PC2 PC3 PC4 PC5 PC1 PC2 PC3 PC4 PC5

Puc. 10.32 CpeaHekBaapaThyHble octaTkn obyyeHnst (RMSEC) n nposepku (RMSEP)
B perpeccum Ha rnaBHble KOMMOHEHTbI

W3 Puc. 10.32 BuaHo, uto ans odoux BeriectB MuHuMyM RMSEP nocturaercs nis tpex PC (A=3).
Takum o0pa3om, npumeHuB PCR, MbI JIErko CMOIJIM YCTAHOBUTb, UTO B UCCIIEAYEMON CHCTEME
HPUCYTCTBYIOT HE JIBa, @ TPH BEIL[ECTBA.

Ha Puc. 10.33 nmokasansl nonHas (TRV) u o6bsacaennas (ERV) nucnepcun octatkoB. O1h
rpadMKi TaKKe CBHJIETEIHCTBYIOT O TOM, YTO 3(eKTuBHAsS pa3MEpPHOCTh CHCTEMBI — TpH. s
tpex PC oObsicHeHHas nucnepcus MpakTUYEeCKU paBHa 1, a mojHast qucnepcus O6au3ka K Hymo. B
TOXE BpeMs, BUJHO, 4TO Ipaduku cpeqHekBagpatudHbix octaTkoB (Puc. 10.32) mo cpaBHeHUIO €
rpadukamu qucnepcuii (Puc. 10.33) Gonee HarasaHbI.
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12 1 ERV mERVC ®mERVP 0.10 1 TR mTRVC ®=TRVP

1.0 A1

0.8 A

0.6 A 0.05 A

0.0 - 0.00 -
PC1 PC2 PC3 PC4 PC5 PC1 PC2 PC3 PC4 PC5

Puc. 10.33 MonHasa (TRV) n obbsicHeHHas (ERV) aucnepcmm octaTkoB
B PErpeccumn Ha rnaBHble KOMMOHEHTbI

Ha Puc. 10.34 nokazansl rpaduku "uzmepeHo-npenckasano” mis PCR mpu Tpex riaBHBIX
KOMIIOHEHTaX. Pe3yabTaT BBIMISIUT MPOCTO HCATBHO — BBICOKHE KOI(PPHUIIMSHTH KOPPEISINH,
MaJible CIBHMIH, KaK B 0OydarolieM, Tak U MPOBepOUYHOM HaOopax. CpaBHHBaAsl 3TH rpaHKH C UX
aHajoramu B npyrux meroga — Puc. 10.16, Puc. 10.19, Puc. 10.21, Puc. 10.23, Puc. 10.26— moxHO
YBUACTh OUYEBUIHBIC TPEUMYIIECTBA PETPECCHH HA TTIABHBIE KOMITOHEHTHI.

51 3 Calibration | eaA eB 513 Test A mB
k= o
© °
o o
a a
=0.98x + 0.01
1.0 { y=1.00x + 0.00 1.0 ~ y R2= 1.00
R2=1.00 ’
y=0.98x + 0.01
y = 1.00x + 0.00 R2=1.00
0.5 1 R2=1.00 0.5
Measured Measured
0.0 T T d 0.0 T T d
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5

Puc. 10.34 N'padpmkm "n3mepeHo-npeackasaHo" B perpeccumn Ha rnaBHbIE KOMMOHEHTHI.
O6yualoLLKnit 1 NPOBEPOYHbI Habopbl

B Ta6n. 10.6 nmpuBeneHbl XapakTepUCTHKN KauyecTBa KaauOpoBku BemecTB A u B, mocTpoeH-
HOW METOJIOM TJIaBHBIX KOMIIOHEHT. Bce 3T 3HaueHUs ObLIN BBIYHCIICHBI B COOTBETCTBUE C (OP-
Mmynamu pasgena 10.1.4.

Takum 00pa3zoMm, Mbl TIOJIYYWIH, YTO perpeccusi Ha riaBHble KoMrnoHeHThl (PCR) umeer sB-
HbIe IIPEUMYIIECTBA B CPABHEHHH C METOJAaMHU KJIACCHMUYECKON KaauOpOBKU. DTOT cocod MOAenu-
pOBaHUs TOYHEE, UMEET MEHbIIee CMelleHne. JTO 0OBICHSAETCS TeM, YTO B MHOTOMEPHON KaJno-
POBKE MCHONB3YIOTCS BCE MMEIOIIMECs dKCIIepUMeHTalbHble JaHHbIe. [Ipu aToM oHn Moauduuupo-
BaHBI TaK, 9YTOOBI H30EKAaTh KaK MYJIbTUKOJUIMHEAPHOCTH, TaK U MEPEOICHKH.
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Tabn. 10.6 XapakTepuCTVKu kayecTBa perpeccum Ha rfaBHble KOMMOHEHTDI

A B

R:2= 0.997 RZ= 0.998
RMSEC= 0.013 RMSEC= 0.012
BIASC= 0.000 BIASC= 0.000
SEC= 0.013 SEC= 0.012
RZ= 0.999 R2= 0.999
RMSEP= 0.015 RMSEP= 0.010
BIASP= -0.003 BIASP= 0.004
SEP= 0.015 SEP= 0.009

TRVC= 0.002

ERVC= 1.000

TRVP= 0.000

ERVP= 1.000

10.5.5. Peepeccusi Ha nameHmMHbie cmpykmypsbi -1 (PLS1)
Perpeccust Ha narentHbie cTpykTypbl (PLS1) ouens moxoxa Ha meton PCR. Otimmnuune cocro-

UT B TOM, YTO IIPH MOCTPOCHUU MPOSKIIMOHHOT'O TPOCTPAHCTBA YUYUTHIBAIOTCS HE TOJBKO 3HAYCHUS
NPEeIUKTOPOB X, HO U OTKJIUKOB Y. B pe3ynbTare mosydaercs He O/lHA, a IBE MAaTPUIIBI | CUETOB —
JUIS Kaxkoro oTkianka (A u B) B oTnenbHOCTH.

@ calibration 1.2 7 PC2 A 0.6 1 PC2 B @ calibration
14
Wtest . ®9° m 13 Etest
@ 7
® 4
8
L 1
0.6 —= 06 . . .
o> ML ‘® m,10 4U .
@5 ®: B 1 PC1
o3
@6 m
i ® = 10 1pc1
B i : ®* -0.6 e 2
-4 2 ° 2 4 6
7 ® 4
® e E 13
m 14
-0.6 1.2 -

Puc. 10.35 Npacpukm T cyeToB B MeToge PLS1

Ha Puc. 10.35 noka3ans! rpaduku nepBsIx AByX T cueToB B perpeccuut PLS1 s oTKIMKOB
A u B. Ilpn xaxymeMcs pa3iu4uu, OHU OYEHb CXOXKH MEXIY COO0OW M C aHAJIOTMYHBIM I'paduKkoM
PC1-PC2 na Puc. 10.30. YUToOBI 3TO MOHATH, JOCTATOYHO M3MEHUTDH 3HAKH Y MEepBOM riaaBHOM PLS
KOMIIOHEHTHI [t oTkianka A. Takoe mpeoOpa3zoBaHuE TIaBHBIX KOMIIOHEHT BIIONHE 3akoHHO. Kak
oobsicasiercs B 9.2.11, u PCA, u PLS nekomMmo3unuu onpenensiroTcsi HeoJHO3HauyHO. B 3TH pasio-
JKEHHUs BCET/[a MOKHO BCTABHTh IIPOM3BONBHYIO, JOMONHATENbHYI0 MaTpuny O, Takyio, uto OO'=I.
JIelCTBUTENBHO —

X =TP'=TIP' =T (00" P'=(TO) (PO)'= (Trew) (Prew)".
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0.3 7 WLoadings A

PC1 PC2 PC3 PC4 PC5

oW AT
AL MUl
k/g Y \V \/‘/‘[\‘\f\}"

-0-1 | ” V\J\
| My
\/V\f/\/\j\

-0.2 1

Channel
0.3 : : : . . . ; ; ; ;
0 10 20 30 40 50 60 70 80 90 100

Puc. 10.36. Npacukm BecoBbIx Harpy3ok W ana otkamka A B Mmetoge PLS1

AnanornyHas kapTuHa HaOmogaercs u s Harpy3ok. Ha Puc. 10.36 moka3aHbl BeCOBbIE Ha-
rpy3kn W s otkiamka A. Mbl ucnosnb3yeM BecoBble Harpy3ku W, a He mpocTo Harpysku P, moto-
My, YTO OHH, IO CBO€H CcyTH, Onmxke K P Harpy3kam B metone PCA.

Kamu6poska mo metony PLS1 crpoutcs Bmonne ananoruyHo merony PCR, Tonbko B 3TOM
cllydae JJis KaKJ0ro OTKJIMKA UCIONIb3YEeTCsl CBOSI MAaTPHIlA CUETOB.

03 7\ RMSE 0.3 1
A ——RMSEC RMSE B
——RMSEP
0.2 02
0.1 A 0.1 A
0.0 T T T d 0.0 T T y 1
PC1 PC2 PC3 PC4 PC5 PC1 PC2 PC3 PC4 PC5

Puc. 10.37. CpeaHekBagpaTuydHble octaTku 0byyenns (RMSEC) u npoBepku (RMSEP) B perpeccumn PLS1

Ha Puc. 10.37 mokasansl cpenHekBaapatndabie ocratku o0ydenns (RMSEC) u mpoepku
(RMSEP) B perpeccun PLS1. DtoT rpaduk moxox Ha cBoi ananor B meroge PCR (Puc. 10.32).
3neck To)ke oueBHIHO, uTO MUHUMYM RMSEP nocruraercs aist tpex PC (A=3). HexoTopoe oTnu-
YHe MOKHO 3aMETUTh ToJIbKO B oBeqeHuu RMSEC — rpaduk He BbIXoquT Ha mpeaen npu tpex PC,
a IPOJOJDKAET MajaTh ¢ POCTOM YHCIa KOMIIOHEHT. B 3TOM mposBisiercs 0COOEHHOCTb METOoAa
IPOEKIUI Ha JIATEHTHbIE CTPYKTYphl — HALIEJICHHOCTh Ha MOAJEpKAaHUE MAaKCUMaJIbHOU KOppess-
nuu Mexay T u U cueramu.
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1 Calibration | ea @B 157 o Test EA mB
= =
e o
o Q
o o
=0.98x + 0.01
104 y=1.00x+0.00 104 Y R 100
R2=1.00 '
y =0.98x + 0.01
y = 1.00x + 0.00 R2=1.00
0.5 1 R2=1.00 0.5
Measured Measured
0.0 T T 1 0.0 T T 1
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5

Puc. 10.38 Npacukm "namepeHo-npeackasaHo” B PLS1 perpeccum.
Obyyatowmii 1 NPoOBEPOYHLIV HAaBbOPbI

EctectBeHHO, uTO M rpaduku "U3mepeHo-npeackazano” nis kaumbposku merogoMm PLS1 mo-
X0XU Ha aHaynornyHble rpaduku st Merona PCR (Puc. 10.34). To ke MOKHO cKa3aTh U O Xapak-

TEpUCTUKaX KauyecTBa KaauOpOBOK, MOCcTpoeHHbIX MeTogoM PLS1, koTopsie npuBenenusie B Tabu.
10.7.

Tabn. 10.7 XapakTepuctuku kavectsa PLS1 perpeccuu

A B

RZ= 0.998 RZ= 0.998
RMSEC= 0.011 RMSEC= 0.010
BIASC= 0.000 BIASC= 0.000
SEC= 0.011 SEC= 0.010
RZ= 0.999 Rt2= 0.998
RMSEP= 0.015 RMSEP= 0.010
BIASP= -0.003 BIASP= 0.003
SEP= 0.015 SEP= 0.010

TRVC= 0.001

ERVC= 1.000

TRVP= 0.000

ERVP= 1.000

Takum oOpa3zoMm, kamuOpoBka merogom PLS1 mig paccMatpuBaeMoro MoaeinbHOro mpumMepa
O4eHb OJIM3Ka M0 CBOMM CBOMCTBaM K kannopoBke MerogoM RCR.

10.5.6. Peepeccusi Ha nameHmMHbie cmpykmypsbi -2 (PLS2)

Ecmm meron PLS1 6bu1 moxok Ha meton PCR, To ormuume mexay PLS1 u PLS2 B Hamem
prUMepe ele MeHee 3aMETHO.

ITpu nocTpoeHnn NpoeKIOHHOro npocTtpancTBa PLS2 Ttakke yunuThiBaroTcs 3HaueHus u X, U
Y. OngHako Bce OTKIMKH Y PaccMaTpUBAIOTCS COBMECTHO, MOJTOMY ITONYYAIOTCS HE HECKOJBKO
(xax B PLS1), a onHo oOmiee npoekinuoHHoe noanpocrpaHcTBo (kak B PCR) B pesynbTate mMbl
uMeeM napy Matpuil cueroB T u U, u Tpu maTpuiisl Harpy3ok P, Wu Q.

Ha Puc. 10.39 nokasansl rpaduku nepBbix Tpex | cuetoB B perpeccuu PLS2. CpaBHuBas ux
¢ aHanmornyHbiMH rpadukamu Ha Puc. 10.30 u Puc. 10.35, nerko 3ameruth cxoactBo. To ke camoe
BuHO U st W Harpy3ok, npeacraBieHHbIX Ha Puc. 10.40.
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®calibration 1.2 7 PC2 0.2 7 PC3 @ calibration
| 14 ® 3
mtest Btest
e 7
1
@ 11 )
0.6 A 2
¢ @6
@ 13 [ ) 4. 14p01
®6 @3 m 11 -4 2 ' 2 4 6
® @ 10 1 pC1 m 12
—B 12 = 56 ; : - ®
-4 -2 P 2 4 6 ®5
@2
e ¢ m 10
@ m 13 8
-0.6 - 09
Puc. 10.39 N'pacpukm T cyeToB B MeToae PLS2
0.3 1 i
WLoadings PC1 PC2 PC3 PC4 PC5
0.2 A
01 M ﬂr
A !.\ _-‘ﬂ 'a’ \)V Vv ; [ “k / va R AN
0.0 44\ \ \
\ \v\-‘;\ J\, J f\‘\‘ /
M / v
-0.1 1 \
V\ AN
. 4'%
Channel
'03 T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Puc. 10.40 MNpadmkn BecoBbIx Harpy3ok W B meTtoge PLS2
03 1\ RMSE 03 1\ RMSE
A —RMSEC B
——RMSEP
0.2 1 0.2 1
0.1 T 01 4
0.0 : : . . 0.0 : . . .
PC1 PC2 PC3 PC4 PC5 PC1 PC2 PC3 PC4 PC5
Puc. 10.41 CpeaHekBaapaTuyHble octaTki 0bydeHuns (RMSEC) n nposepku (RMSEP) B MmeToae PLS2
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[Tocne Toro, xkak mocrpoeHa npoekuus Ha PLS2 moampocTpaHcTBO, KannOpoBKa CTPOUTCS TaKxke
kak B metone PCR.

ITo Puc. 10.41, Ha KOTOpOM TOKa3aHbI CpeAHEKBaApaTH4HbIe ocTaTki o0ydeHust (RMSEC) u
npoBepku (RMSEP) B perpeccun PLS2, nerko omnpeaenuTh HY’)KHOE YUCJIO TJIABHBIX KOMITOHEHT
A=3. Otimnuus ot aHasioruaHoro rpaduka Ha Puc. 10.37 B meTone PLS1 rna3zom He pa3muduMsl.

13 Calibration | ea B 157 o Test EA mB
S S
o o
o o
o o
=0.98x +0.01
10{ y=1.00x +0.00 101 YT Reo100
R2=1.00 '
y =0.98x + 0.01
y = 1.00x + 0.00 R2=1.00
0.5 1 R2=1.00 0.5 -
Measured Measured
0.0 T T | 0.0 T T |
0.0 05 1.0 15 0.0 0.5 1.0 15

Puc. 10.42 Mpacukn "nsamepeHo-npeackasaHo" B PLS2 perpeccun. O6ydatolmii M NpoBEPOYHbIN Habopbl

Taxke HeoTnMuuMBI U Tpaduku "uzmepeHo-npenckazano” mis PLS1 (Puc. 10.38) u PLS2
(Puc. 10.42). Xapakrtepuctuku kadectBa PLS2 kanuOpoBku, koTopbie mpuBeneHsl B Tabma. 10.8
COBIMaJAIOT ¢ aHamoruyubiMu it PLS1 (Taom. 10.7).

Tabn. 10.8 XapaKTepucTMKKn Kkadyectsa PLS2 perpeccum

A B
RZ= 0.998 RZ= 0.998
RMSEC= 0.011 RMSEC= 0.010
BIASC= 0.000 BIASC= 0.000
SEC= 0.011 SEC= 0.010
RZ= 0.999 RZ= 0.998
RMSEP= 0.015 RMSEP= 0.010
BIASP= -0.003 BIASP= 0.004
SEP= 0.015 SEP= 0.010

TRVC= 0.001

ERVC= 1.000

TRVP= 0.000

ERVP= 1.000

MoxeT cioxuThbCsl BredatieHue, uto PLS2 perpeccust He naeT HUYEro HOBOIO IO CpaBHE-
Huto ¢ PLS1 perpeccueii. JleiicTBUTEIHHO, B OOJBITUHCTBE CIy4aeB TaK U MPOUCXOoauT. boiee To-
o, €CIIM MEX/1y OTKIMKaMU B MaTpule Y HeT Koppensaiuu, To PLS1 06br4HO aeT myyiue pesysib-
taThl, Hexxenu PLS2. Jlng nposicHenust 3Toil cutyanuu ObiBaeT nojie3Ho nocrpouts PCA nexommo-
3unMI0 A8 MaTpubl Y. Eciu 310 pasnoskeHne oOHapyXUBAeT CBA3U MEXIY OTKIMKAMH, TO METOJ
PLS2 moxer oka3aTbcs oueHb MOJe3HbIM. JlanbHellnee 00cyK1eHne 3TOi HHTEPECHOW poOsIeMbl
BBIXOAMT 32 PAMKU HACTOSIILEr0 OCOOUS.
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10.6. CpaBHeHMe pa3fU4HbIX MeToA0B

ConocTaBieHHE Pa3IMYHBIX METO/IOB HauHeM ¢ xapakTtepuctik RMSEC u RMSEP (pa3nen
10.1.4), koTopbie HanboJIee MOJTHO OTPAKAIOT KAU4E€CTBO MOJICIIMPOBAHHMS.

RMSE A mRVMSEC RMSE B 2 RVISEC
BRMSEP BRMSEP

0.2 -

0.1 -

0.0 -
[ad = o o a4 i N [ad = o [ad o [ad i N
> £ 8 2 £ 6 9 9 2 5 g 2 2 9 9 9
> 5 5 2 o & @ & S5 5 5 2 © & @ &

s = S =

Puc. 10.43 CpegHekBagpaThuHble octaTkn obyyeHns (RMSEC) n nposepku (RMSEP)
B pa3nnyHbIX MeTodax kannbposku Bewects A u B

Ha Puc. 10.43 moka3aHbl CpeHEKBaAPAaTUYHbIE OCTATKH OOY4YEHUS U MPOBEPKH, BHIYUCIICH-
HBIC [T PAa3IUYHBIX METOAOB KaauOpoBku. [lepBoe, 4TO MOXKHO 3aMETUTh HA ITUX TpaduKax — sSB-
HOE TIPEBOCXOACTBO KaTMOpOBKM Ha JaTeHTHBIX nmepemeHHbiX: PCR, PLS u PLS2, nepen Tpanumu-
OHHBIMHU TIOJIX0JaMU. BTopas nHTEepecHass 0COOEHHOCTh COCTOUT B TOM, 4TO, 4acTo, RMSEP 601b-
e, yeM RMSEC. D10 TUNHYHO A NMpaBUIIbHOM KaJIMOPOBKM, €CIM TOJBKO PA3IUUUE MEXIY
RMSEP 1 RMSEC He Tak pa3uTenbHO, Kak B cllydyae MHOXKECTBEHHOM KamnOpoBku (pasaen 10.4.1)
WM romaroBoi perpeccuu (pazaen 10.4.2) Bemecrsa B.

0.04 ~ 0.04 1
BIAS A BBIASC BIAS B mBIASC
EBIASP WBIASP
0.00 A 0.00
=
o
£
k=
-0.04 + -0.04 A
-0.08 - -0.08 -

Puc. 10.44 Cmewlenune B obyuenun (BIASC) u B nposepke (BIASP) ans pasnuMyHbiXx METOAO0B KanmbpoBKu
BewectB An B

Ha Puc. 10.44 npencraBnenbl BenuuuHbl cmemienuii (10.5) , momydeHHble Ha oOyuaromiei

BeIOOpKe (BIASC) u Ha npoBepounoii (BIASP) BeiOopke. 31ech OnsiTh MBI BHIUM IPEBOCXOJICTBO
MPOEKITMOHHBIX METOJIOB, KOTOPBIE JAIOT 3HAYMTEIHLHO MEHBIIHNE BEIHYNHBI CHCTEMATHICCKHX OT-
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10. Kannbpogka (F'pagyvpoBka)

KJIOHeHuH. Anamornyno, moutd Becerna BIASC menbiie, wem BIASP, a ans UVR (pasnen 10.3.1) u
MLR (paznmen 10.4.1) otnuuue oOydeHHs OT MPOBEPKH OCOOCHHO 3aMETHO.

R? A | mcalibration mtest | R? B | wmcalibration mtest |
1.0 - 1.0 A
0.8 0.8
0.6 1 0.6 1
0.4 1 0.4 1
0.2 1 0.2 1
0.0 - 0.0 -
xr £ v r x o = o r 8 § @ x o = o
2 5 &£ 4 2 9 4 ¢ > 5 2 4 29 8 9
S = > =

Puc. 10.45 KoadduumeHTbl Koppensummn B 06y4eHun 1 B NnpoBepke
AN pa3nn4yHbIX METOAOB KanmMbpoBky BelecTs A 1 B

Ha Puc. 10.45 noka3anbl BenuuHbI K03 GuinenToB Koppessiuun (10.7) Mexay craHaapTHBIMH U
OLIEHEHHBIMU OTKJIMKaMH. BHIHO, YTO IPOEKIIMOHHBIE METO/IbI HE TOJIBKO AIOT JTy4Ilne 3HAUCHUS
R? (6imsKe K eMMHULE), HO U , KPOME TOTO, IIPSACTABISIOT IPABUIIBHBIN GalaHc MLy 00ydeHneM
Y IIPOBEPKOM.

SE A WSEC SE B mSEC

mSEP
0.2 1 WSEP 0.2 -

0.1 1
0.0 -
@ 5 o © 2 o — N @ 5 ° nd o @ — N
> 5 & 2 2 9 9 9 2 5 & 2 29 9 9
S = > =
Puc. 10.46 CtaHgapTHble owmbkn B 06yyeHun (SEC) n B nposepke (SEP)

ANS pa3nn4YHbIX METOAO0B KanmbpoBku Belects A 1 B

Ha Puc. 10.46 noka3zanbl ctangaptabeie omuOku (10.6) B oOyuenun (SEC) u B mpoBepke
(SEP). 13-3a Toro, yTo B HalleM MpUMEpe BCE CMEIIeHHs Mabl 1o cpaBHeHUI0 ¢ RMSE, stu rpa-
(buKU He JOOABIISIOT HAM HOBBIX OTKPBITHI 1O CPAaBHEHHIO C y)K€ UCCIICIOBAHHBIMUA 3aBUCHMOCTSI -
MU Tioka3zaHHbIMU Ha Puc. 10.43.
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Pab6ouas kHura: Calibration.xls

0.04 A

TRV BTRVC o ERV BERVC MERVP
ETRVP
0.8
0.6 1
0.02
0.4
0.2
0.00 - 0.0 -
x 8 5 x g @ = o x 8 5 @ g @x = o
> 5 &£ 2 2 9 94 9 > 5 &£ 2 2 9 9 9
> 53 85 2 ®» . @ & > 53 85 2 » o @ &
S = S =

Puc. 10.47 MonHas ancnepcms octatkoB B 06yueHnn (TRVC) n B nposepke (TRVP)
Ob6bsacHeHHast aucnepcus octatkoB B 06yyeHumn (ERVC) u B nposepke (ERVP)
ANS pa3nnyHbIX MeTOA0B Kanmbposku Belects A n B

Ha Puc. 10.47 cnesa npuBenena nonxas aucnepcus (10.2) ocratkos B 00yuenuu (TRVC) u B mpo-
Bepke (TRVP), a cnipaBa — o0bsicuennas aucnepcus (10.3) ocratkoB B 00yuenuu (ERVC) u B mpo-
Bepke (ERVP). Ha stux rpadukax Mbpl CHOBa BHAMM T€ K€ 3aKOHOMEPHOCTH, YTO U paHee — METO-
JIbl KaNMOPOBKH Ha JIATEHTHBIX MEPEMEHHBIX Jy4lle TPAIUIIMOHHBIX. MOXKHO TaKkKe OTMETUTh, YTO
rpaduku ERV HeynoOHbI U1 aHanu3a KauecTBa MOJCIMPOBAHUS — HA HUX IJIOXO 3aMETHBI HEJ0C-
TaTKU WJIM IPEUMYIIECTBA Pa3IMYHbIX METOIOB
[TonBenem uTorn McciaenoBaHMs PA3IMIHBIX METOIOB KaMMOpoBKH. VITak, MBI BUIENH, YTO —
e KaJMOpPOBKa 10 OIHOMY KaHaJly IPUBOAUT K HemooneHke — BenuunHbl RMSEC u RMSEP
CITUIITKOM BEIIUKH;
e MHOXXECTBEHHas KalMOpOBKa, HAIIPOTUB, BelleT K nepeorienke — BennunHa RMSEC 3naun-
TeNnbHO MeHbIe, yeM RMSEP;
e HaWJy4YIllMe Pe3yJbTaThl JaeT KaauOpoBKa Ha JaTeHTHBIX nepeMeHHbIX (PCR u PLS) — noc-
TUTaeTCsl IPaBUIbHBIN Oananc Mexy BenmunHamMu RMSEC u RMSE
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