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OLUEHKA TOYHOCTN METOAOB OBPABOTKN OAHHBIX B
MHTEP®EPOMETPUI BEJZIOIO CBETA

Kuncenes Wnbsi BukToposuy, BpaiTmairiep MeccTexHuk, FepManus, D-76275 OTTTTreH,
SHrnepwTpacce 24, e-mail: kiselev(a),breitmeier.de

Kucenes Erop Wnbu4, TexHonormyeckuin WHCTUTYT Kapncpys, WHCTUTYT  Pusmkuy,
MepmaHug, D-76131 Kapncpys

AHHOTauma. B aToli cTaTtbe Mbl BbIABWraeM METOA KOppenauuyu KOppenorpamm Kak
Hanmbonee TOYHbIA W YCTOWYMBLIA Ccpean METOAOB MHTepepomeTpun 6Genoro  ceeta.
XapakTepucTuKoli TOYHOCTM MeTofa ABMAETCH AUCMNepcus OnpeAensemMoro napametpa Mog
Bo3geicTBmemM 6enoro wyma. Mbl BbIBOAUM aHanUTUYECKN BblpaXeHWs [Ana  Aucrnepcuil
MPUMEHAILWNXCA B HacToslee BpemMs W BblABUraeMoro metofoB. CpaBHeHWe [ucrnepcui
Mo3BO/SeT CPaBHUTbL METOAbl U YKa3blBAaET Ha MPEBOCXOACTBO METOAA KOPPeNsALMM KOppenorpamm.
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KnwoueBble crioBa. Tonorpagua MNOBEPXHOCTU, HEKOrepeHTHad WHTepgepomeTpus,
YCTOMNUYMBOCTb K LUIYMY, BO/IHOBOW NakeT, MeToAbl 06paboTKN cUrHana.

PRECISION ESTIMATION OF EVALUATION METHODS IN WHITE LIGHT
INTERFEROMETRY.

Kiselyov llya Viktorovich, Breitmeier Messtechnik GmbH, Englerstr. 24, Ettlingen, D-76275,
Germany

Kiselyov Egor llyich, Physikalisches Institut, Karlsruhe Institute of Technology, Karlsruhe
D-76131, Germany, Corresponding author: kiselev@breitmeier.de

Abstract. In this paper we promote a method called correlogram correlation as the most
accurate and stable for white light interferometry. Variance of the parameter being determined is the
characteristics of method. We obtainanalytical expressions for the variances ofavailable methods.
Comparison shows the superiorityof correlogram correlation method.

Keywords. Surface topography, coherence scanning interferometry, noise stability, wave
packet, signal processing methods.

BBegeHune

N3mepeHne mMukKpo-tonorpauu nrpaet 60/bLWY N BCE BO3PACTalOLWY PO/ib B OTpacifx
TEXHUKN WMMeKLWnX [eno C NOBEPXHOCTAMMU BbICOKOrO KayecTBa, TaKMX KakK MallMHOCTPOeHWe
(n3MepeHMa  LWepoxoBaTOCTM MOBEPXHOCTEN), 3NeKTpOHMKa M MeauumHa (penbedy). Bepgyuiee

MONOXEHME Cpean TeXHOMOrMin OeCKOHTaKTHOro M3MepeHus MUKpopenbeda
nurpaet WHTeptepometpua 6enoro ceeta (MBC). Wmetowmeca MeTonbl
06paboTKM fAaHHbIX [fendAtca Ha HekorepeHTHble (Coherence Scanning
Interferometry, CSI), n @da3osblie (Phase Shifting Interferometry, PSI) [1].
Koppenorpamma - BONIHOBOW MakeT asaswowninca curHanom UBC - wumeet
MPOTSHXXEHHOCTb nopsagka 1-5mMkm (cMm. pucyHok, [1]). SCI ucxoauTt m3 akTa,
4YTO MOJIOXKEHME OTpaxarled MOBEPXHOCTM COOTBETCTBYET MaKCUMyMy
WHTEHCMBHOCTWU CUrHana, NnoaToMy uuieTca orubarolias naketa u MosoXeHUIO
ee MakcMmyma npunucbiBaeTca MOMOXKEHME OTpaxaroleil nosepxHocTu. [pu 3Tom asoas
NH(opmaLma nonpocty Tepsetca. PSI, HanpoTus, nccnegyeT a3y BOJIHbI KOppesnorpaMmmbl, Tepsas
MH(OpMaLMIO O nmakeTe. FCHO, 4YTO BTOPOM MOAXOL AO/MKEeH Obl 6bITb HAMHOIO TOYHEe MepBoro:
BMECTO MOJIOXEHUA MOM0rol ornbaroLLein NWeTcs NoioXxKeHre OCTPbIX Nepenagos UHTEHCUBHOCTMW.
YTo 1 noaTBepXKAaeTcs npakTukon. OfHaKo cABUT (ha3bl CMHYcOoMAbl Ad npu M3MeHEeHWUW BbICOThI
MOBEPXHOCTU, OMpefefieH C TOYHOCTbIO [0 Mnepuoja: MosBAAETCA OWWOKM B BMAE 2M-CKaykos. U
nepBbili U BTOPOM MOAXOAbl TEPSIOT YacTb MHGOpPMaLMK, cofepKalleinca B Koppenorpamme. Mol
npegnaraeM nckatb NOMOXKEHWe He ornbaroLLein 1 He BblLeNEHHONW CMHYCOMAbI, HO MOMHOMO MakeTa
- YTO IOTUYHO W B CXOXMX CUTyaLMAX LUMPOKO MCMOMb3yeTca B APYrnx obnactax. ECTecTBeHHO,
Takol nogxon otMmeyanca u B UbC (Hanp.[2], [3]), HO He NOAyYMN LUIMPOKOTO NPUMEHEHUS, NOTOMY
4TO aBTOPbI MPUMEHSANN €ro ANSA paspelleHns crneunanbHblX CUTyaLusaX, He 0CO3HaBas, YTO MeTo[
mMaTeMaTu4yeckn [oKasyemo 0653aH OblTb Hambonee TO4uHbIM. Llenbio gaHHOU paboThl ABNAETCA
nosyyeHnWe OLEHOK LYMOBOW MOrPewHOCTN OnpejenieHns MOJIOKEHUA MOBEPXHOCTU  ANid
pas3nyHbIX MeTofoB 06paboTku curHana MIbC n cpaBHeHMe ux.
PacueT nokanbHOW BbICOTbI MOBEPXHOCTU: BapuaLnm OLEeHKN NMeLWwnMncs
MeToAaMu.

1. Metog koppensuum koppenorpam (KK). Metog BMosHe MNOHATEH WHTYWUTUBHO.
[Burasacb B rpouecce CKaHMpoOBaHMA BOGAM3N TOUKM paBeHCTBA ONTUYECKUX MNyTen nyuyein
NHTEep(epoMeTp BbiJaeT XapaKTepHblA CUMrHan - BONHOBOW nakeT. [103ToMy Touka zO0 Ha nyTu
CKaHMpOBaHWA, rae 06HapyXWBaeTCA MakeT, W ecTb BEPTUKANbHOE MOJMIOXEHNE OTpaxaroLlein
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MOBEPXHOCTM C TOYHOCTbIO [0 WM3BECTHOW A/IMHbLI MYTU OMNOPHOro nyya. Ecnv wym B M3mMepeHum
OTCYTCTBYET, BO/IHOBOI MakeT UMeeT (hOpMy, XapakKTepHyl [ KOHKpPeTHOro npubopa. Takoi
CUrHaN Ha3blBAETCH 3Ta/IOHHON Koppenorpammoi (0603Haunm ee 1). B pAgoBbIX M3MEPEHUAX Ha
(hOHe WyMma, [NS HaxXOX[AEHWA TMONOXKEHUA MakeTa Mbl MPOCTO MNPUMEPSEM 3Ta/lOHHYIO
KoppenorpaMMy K pasHbiM MecTaM [MOJlyYeHHOro CUrHana - W3MepeHHON Koppenorpammbl J.
MecTo, rae 3TasloHHas Hauaydlw M 06pa3oM «BMUCbIBAETCA» B M3MEPEHHYH KOppenorpaMmmy u
ecTb z0. «BnuceiBaeTca» 3Ha4MT MMeeT HaMeHbLUNE OTK/IOHEHUS, B CMbIC/1e METOAA HaMEHbLUIMX
kBagpatoB (MHK). To ecTb Mbl ULLEM NOMOXEHUE, B KOTOPOM (/- HOMep TOUYKU CHATUSA MOKazaHUS
Kamepbl Ha NyTW CKaHMPOBaHWA)

2 (j-1)2" min> um E @j2- 2Jjlj +1j2H min’ (1)
MocKONbKY B MpoLecce «MpUMeEpKWU» Mbl He MEeHsieM pa3MepoB KOppenorpaMm, nepsblii 1
MocneAHWIA YneHbl BO BTOPOI cymme (3) NOCTOSIHHbI 1 YC/IOBME HAaW/yYLLEro coBnageHus

EJJjE)" maxe ()

J
Mpouenypa noucka (4) o3HavyaeT NOMCK MaKCUMyMa B3aUMHON KOPPENALMOHHON (hYHKL MW,
3710 1 ecTb MeTof KK. He cnefyet gymats, 4To B (4) MakCUMYM WULLETCA TOJIbKO Ha TOYKAX CETKU |,
HanpoTMB, Z0 HaxoAuTCcA C /060K TOYHOCTbKO MOC/Me  [O/MDKHOTO0  UHTEeprnosnMpoBaHus
Koppenorpamm. MOXHO noka3aTb, 4YTO HalAeHHOE MONOXEHUE 3Ta/lOHHOW KOppesnorpaMmbl

SBNAETCA Haubonee BepOSTHbIM B Clydvyae HOPMasibHO pacnpefeneHHOro HeKOppPesMpoBaHHOIO
Lwyma.

2.N'paHnua Kpamepa-Pao gns gucrnepcum oueHKU BbicoTbl KK meTogom. Kputepwuid
Kpamepa-Pao onpegenser HWKHIOK rpaHuLy AUCNEPCUM  CTATUCTUYECKM  ONpeaensieMoro
napameTpa [4] - B HaweM cfiyyae, BbICOTbl NMOBEPXHOCTU. ECNN M3BECTHA BEPOATHOCTL MOABNEHUA
N3MepeHHON KoppesiorpaMMmbl, AUCNEepCUs BbICOTbI Y0BNETBOPAET HEPABEHCTBY:

var(z0) >-1/000 2Inp/°°), 3)

E - matemartnyeckoe oxwugaHve. Jlorapudpm BepoATHOCTb Inp 415 HE3aBUCUMbIX HOPMasibHO
pacnpefeneHHbIX C gucrnepcuein 020TKNOHEHU § =Jj-lj C BEPOATHOCTAMM P sj PaBeH:
1 \N ( N N
inp =in psp=in exp -E N 2/2ct2 = -js1/ 2a2tc.
j=i V /=1 3 1
[na BTOPOi Npon3BOAHONM norapudma BepoATHOCTY TOrAa BbIMOHAETCA

A2Inp dlj/ zo) dljj zo) 021 /1) |
—yY -2 +£
50 & jo 7 dz° &0

roe C NOCTOsSIHHAA M yuTeHo, YTo S/ He 3aBucAT z0. [lanee, TonNbkKo S/ ABNAOTCA CnyYaliHbIMK
BEIMYMHAMMU, MPUUYEM C HYNEBLIM CPEAHUM, MO3TOMY

N, OKOHYATENLHO,

dij/z) 2 5 2 (z) /1 ., 5 dlj(z0) (4)
&0 — ] * L "7 2 _ dz0

var(z®) =c12 2

Mo Kpamepy-Pao, (4) - 3TO HWXHAA rpaHuula, HO OUEHKAa 3(h(eKTMBHA W BbINOMHAETCA
PaBEHCTBO.

3. OueHka gucnepcun CSI metogos. MeTof annpokcumaummn ormbarowein napabonoii.
Kopenorpamma I, ee conpsxeHHasa n ornbatowas EQz) sanuceiBatotcsa Kak (CM., Hanpumep, [6])

[(2)=f ¥(K)cos@kadk, /(2)=F Kjsmka)dk n EJz) =312() +1 2(). (5)
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[ns namepeHHol koppenorpamMmmbl J =1j+Sj,J§ =1§+S§. Cuntaa S manbiMu, nonyyaem
T.K. a2gucnepcus Sj, To, cnegosaTenibHO, U gucnepcua Ss, Torga gucnepcusa orubatoluen

)]

Ej) =

To ecTb ornbaroLas Tak xxe MMeeT HOpMasbHOe pacnpejefieHne ¢ gucnepcuein a2.

OO6blYHbIM  CMOCOO6OM OMNpefenieHns MOJMIOKEHMUA MakCMMyMa orubarouein asnseTcs
annpokcumauma ee napabonori. Mbl 3aMeHUM ero NOMCKOM MOJIOXKEHUA 3TaIOHHOW orubatoLei
E0(zQ, patouiero Hauvnyuwee npubavmdKeHWe; HalWfeHHas AUCNepcus LaeT HUDKHIOW rpaHuly K
mMeToda napabonbl. [1OCKOAbKY MOWMCK MOMIOXEHUA HaWyyllero MoN0XKEHUSA MOMHOCTbIO
aHanornyeH W3n0XEHHOMY B 2., HO B MPUIOXEHUWN K ormbaroLiein BMECTO KOppenorpaMmbl, Mbl
MOXeM NPUMeHUTL (4), Toraa:

sk i(z0) °
dzn (6)

OueBMAHO, YTO NPOU3BOAHbIE OrMbalOLLEN MHOrO MEHbLIe, YeM KOpesnsorpammbl, nNo3Tomy
ancnepcnsa oueHkn KK (4) MHOro MeHblue gucnepcum meTtoga napabonsl (6).

var(z0) =cr

4. [dvcnepcma oueHKM MeToga UeHTpouga orubatowieii. AnbTepHaTUBHbLIM
MeTOLOB oOrubarowiert ABNSeTCA MeTof MOMcKa nosuummn ee UeHTpouga. B npocTtedwem u3
BapuaHTOB MeTOofa NOJIOXEeHWe MOBEPXHOCTU OLLEHNBAETCA Kak:

(34eCb U HWXe Mbl WUCNOMb3YyeM WHTepBan AUCKPeTM3auMn NYyTU CKAHUPOBAHUA KaK efuHULY
N3MEPEHUA OUHbI, T.e., Az = 1; 4 =j). Ecnn z0- nctuHHaa nosumuma, z0=EJEGEEQ, To

2 X IX
N NOrpewHOoCTb OUEHKN BbICOTbI N3-3a LyMa paBHa

U-ZONj /' ZEj - (7)

OTKNOHEHW ornbatrowelii Sj He He3aBUCUMbI - 3TO OTK/IOHEHUS TOYeK orubatouiein - Ho
NONIOXUTENbHO KOPPennpoBaHbl ¢ 6amsnexawyummn. Mo CBOMNCTBY AUCMNEPCUMM CYMMbl CyYallHbIX
BenuuuH [8], ancnepcua Sz0nonydvaetcs u3 (7) Kak

o’ 22 (j-z02+2 (j - 20)(k - ZO)KK
j j g

MpeHebperas kosapuauusimy Kk, 4YTO BO3MOXHO BC/MeACTBME TOrO, 4TO MakeT

KOppenorpaMmbl COAEPXUT Masioe YACNO0 ANINH BOMH, HUXXHAA OLEHKa zqgMeToa Mony4vaeTcsa Kak:

var(z0)=caz0="2X 0'-a)2/(1 X T - (.8)
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5. Aucnepcus OUEHKW BbICOTbl B (ha3oBOM MeTode. [ucrnepcus OLEHKU BbICOTHI
nosepxHoctn and PSI nonydeHa B [5], [7] kak rpaHuua Kpamepa-Pao no pacnpegeneHuio

BEpPOATHOCTeN (a3 B pasnoxeHun Pypoe (LLMND) aTtanoHHOW Koppenorpammbl |; K- Homep
rapMOHUKMN:
N-Lo onilk
var(zo)=a2/ | JF\~ ] Xk I, = N
Kklx ! \ N )

J =1..N,N- uncno toyek nsmepeHus; Xk- komnnekcHole, AK< N/2-nHTepBan crnekrpa.

PaccmMoTpuM Kak gucrepcus oueHkmn (9) oTHocuTcs K nony4veHHon ana metoga KK(4). B (4)
(OUrypupyroT HenpepbiBHbIEe NMPOU3BOAHbIE |, MO3TOMY Ham Hago onpegennTbl(/+a), 0 <a< 1, B
MPOMEXYTOYHbIX TOYKaxX. Mbl MCNONb3yeEM VMEKLWUACA AUCKPETHbIA CNEeKTP U COOTBETCTBEHHO
cmellaeM (asbl; Heobxoanmoe ceolicTBo LIM® Yk= YNK coxpaHseTcs, (9) nonyyaetca npna =0:

1 N‘]l 2n,+\|| FIJJ* —2nia(NNK) (10)
1(j+a):Ni 't ; Y_=Xfe M. npu k<N/2; Yk=Xke , Npn K>N /2.
0
Torpa d_ N‘lY 20

da, NS5, da .,

k=0

MpuHumad, uto dl/dz\j B (4) paBHa dl/da\j u noacTaBnsem 3HameHatenb (4) (L), nonyyaem:

N N N-1 - il (1) 11 _
o N2y A Al = YRy o m D N g 1N gy
woraeap ow g B N2 da Y0 Nj«\=o k) da da Nti 9@ .
I=0 o

Mbl M3MEHWIM MOPAJOK CYMMUPOBAHMUA N YUnun, YTO NPOM3BOAHbIE | BellecTBeHHbI. Kpome
TOro, Mbl ucnonb3oBanu cumeon KpoHekepa S(j= O,k @ I, b((= 1, ykasbiBawowWwwuii Ha
OpPTOroHasbHOCTb rapmMoHuK. MNogctasndas (10) nonyvaem BbipaXeHUA ANA NPOU3BOAHbIX Y(:

dy( dYN-k 29K

da da N

Moactae npousBogHble (Npuk = 0 OHM WKc4ye3alT) B BbipaxeHue Anda L, nonydvaem
OKOHYaTe/IbHO

XK|2 npn k<N /2.

N/2-1 2 -
1 2 1 21~ 1 2a('2
LAY dYNR2 1 2a( 2] Pil\/’h&Nb\z.

N gy da "N da -Nk 1111
JTa (hopMyna MoKa3biBaeT 3KBUBANEHTHOCTb (4) n (9), ecnn BennMuMHOW Xn/2l MOXHO
npeHebpeyb. Mbl NOAYYMAKN, YTO MOFPELIHOCTH (ha30BOro MeToda MOryT BbiTb B MAeaNlbHOM Ciyyae
paBHbl norpewHocTn metoga KK. TemM He MeHee, 3Ta TOYHOCTb He jJocTuraetrcs (hasoBbIMU
mMeToLaMu nocnefylowmM npuynHam. Bo-nepsbiX, (as3oBbli MeTOh MNOABEPXEH 2N CKaykam,
HeyuTeHHbIM B (9); BO-BTOpbIX, Ha MpakTuke pna onpegeneHuna [X( B (asoBom MeTofe
ncnonb3yeTcd He aTanoHHas Koppenorpamma | kak B (9), a Tekywas J, nHopmaLma 0 TOM «Kak
[O/MKHO OblTb» CHOBA TEPAETCA U MOTPELLIHOCTb, KaK MOKa3aHo HVKe, CTAHOBUTCA GO/bLLe.
da3oBblii MeTof [7] onupaeTca Ha HOpMasbHOe pacrnpejeneHne BepPOATHOCTU (ha3
(hKrapMOHUK J:

(11)

B " . A AZFIK
P= wpoac 1 exp N~4o

K=1

0(2:0.5Na2/X Y pucnepcua ¢k [7]. Hanbonbliyto BepoATHOCTL faeT zO0onpegensemas MHK:
(s3 %21 (20Vs:0)=0
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min 50
P = »HD—- = =0, =
dzn (12

dxu X\ BapbMpyOTCS LWIYMOM; Npejnonaras He3aBUCUMOCTb UX Bapuauuii 1 CyMMMpys mx

Aucnepcun, Mbl NONy4Yaem NOTPeHOCTb NPU ONpeAeneHnm zq ha3oBbIM METOAO0M
2

& 0 (cpm\ x N, meas) & 0 meas /1
| am+ X ALY
d(P,n d\Xm

v S m oy meas j

s UV W g w

CpaBHuBaa ¢ (11) mbl o6HapyxuBaem B (13) JOMONHUTENbHbIA 4fieH. Ha npakTuke OH
OKa3blBaeTCs 3HAYUTEbHbIMWU TOYHOCTb (ha30BOr0 MeToAa, XOTA M 3HAUYUTE/IbHO MPeBbILaLLas Ha
rnafiKux noBepxHOCTAX TOYHOCTb MeTofa ornbaroLei, meHblue TouHocTn KK.

a? =

3aK/iroyeHune.
lMony4yeHbl OUEHKU MOrpewHOCTM pacyeta Tonorpamum MNOBEPXHOCTU  Pas3IMUHbIMK
metogamn WBC n mnx cpaBHeHue. [10Ka3aHO, YTO METOJ KOppenauuu kKoppenorpamm ob6nagaet
HaMMeHbLLEeN MOrpewHoCcTbi0. Takum 06pa3oMm, 3TOT MeTOo[ MOXeT OblTb PEeKOMeHAOoBaH K
LWMPOKOMY BHEAPEHUIO B NPAKTUKY M3MEPEHWIA.
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