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—— ——FECHNFCAL—FI ELD OF THE | NVENTI ON The present invention
in general to the field of data processing
|mmm"mﬁﬁu@“$ﬂe specifically to a 5 system and net hod for
ng and processing conplex imges. BACKGROUND

166" THE | NVENT| ON Hol ograns_captured with a digita
acquisition system JHHEPR FAR oPHBYIBANG t he
mat eri al char act erpigddEss v ded@POERIYMREEEhE obj ect
bei ng viewed. By capturing sequential hol ograns of
di fferent instances of the sane object, changes

3%&‘1’%&&&@_ 503 BEHTRRRMIG 'ﬁ‘thze‘ég[g'gra% 15

[ a di rect, conpari son of the actual inage
rves 5 RSB ocrYeThage Mg Sivds SO h o8 the

sikgBil i eantdata PO el BlHP ke %Eﬂ&iﬂeéa?‘l'ii than
conventional non- hol ographi c i mages, because t'he

> i AHgEephasd meftdodatioon acasimsing e iprades il gremsl ex
bg% I%%t i n conventional 20 inmages. The end goal of a
sys?gn1fhat conpares hol ographic imges is to
guantify the differences between objects and
determine if a significant difference exists. The
pBACESROUNDC OFp SHENGNNENGFgICahs is a difficult task
because of the variables involved in the -hol ogram 25

generation process_and obje handl i ng.. I n.particul ar,

oo AP PSR e EeEeP By bl & Co ot o1 o dysten
10 hebaghaphii g friREesn bWeu®l tHY endt O PIHGddBdeSstics

nmust. be acquired and registered or "matched" such

t AR EReCraYesickbsePPiecsr hesmendieasd + iBshatagturing
aEESEeEQﬁaHO%%Q%QQQh% LHP%9¥ ferent instances of the same

object, changes between objects can be measured in

several dimensions. Digital processing of the holograms

15 allows for a direct comparison of the actual image waves
of the object. These image waves contain significantly
more information on small details than conventional non-
holographic images, because the image phase information
is retained in the holograms, but lost in conventional

20 images. The end goal of a system that compares
holographic images is to quantify the differences between
objects and determine if a significant difference exists.

The process of comparing holograms is a difficult

task because of the variables involved in the hologram

25 generation process and object handling. In’particular,
in order to effectively compare corresponding holographic
images, two or more holographic images must be acquired
and registered or “matched” such that the images closely

correspond. Additionally, after the holographic images
_
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i mges are conpared to determ ne differences between
the images. Existing techniques for registering and
conparing corresponding imges often requires
significant processing and tinme. 5 Such tinme and
€ eSSdnr £ € athd epBgi stkirett, e 1hﬁ@ﬁﬂghﬁN§ é&ﬁbared to
overal |l efficiency of digital holographic imaging
SRR NBREER pESeRE PTPERWERTTHREDRAAGSS 1 E¥A iomo

d t h r
o S RoE EPEL BB ol B SR H Wit
timag®$l@ﬂme@ ﬁequﬁrasiemghaEe@ant pregasciticpmnd tdime .

e acco i,ng drawi ngs, in which |like  reference
wb%r*'sﬂp P3G BT PPRESAEg: Hﬁé{éllrﬁﬁl?%?er]é“ﬁt 15| GURE
lehSodghpew £h@osear-ahoWLRg ;3R Jn ﬂ%ﬁ%ﬁholographlc

registration nmethod; FIGURE 2 is f om; I agr am

shoad heg asymigams ude based registration nethod; Fl GURE
3 is a flow diagram showi ng a regi stration- 20 nethod
for hol ographic phase inmages; FIGURE 4 is a flow
CBRIERMBHCR PYIGN! €81 stiEabrawInegt hod for hol ographic
conpl ex Tmages; FITGURE 5 1S a fTow di agram of a

si npl i 4iBeEe r eQPBLPREI BRASYStamiimea of |trh6nétre%8€tl‘l¢e
CobLAERSE: Yal g aaéaﬁgﬂgg"sa‘ch%%eo %&E

di agram showi ng a si I'ed " registration sys en1 or
luﬁf@mzmmgctconnéefolﬁagesg dEb@H%@t&dnsuhkﬁnnﬁﬂatlve

dla ram of a wafer Lor det erm ni.ng positional | ) _
gﬁ@&ﬁon with the accompanying drawings, in which 1like

reference numbers indicate like features, and wherein:

FIGURE 1 is a flow diagram showing an intensity
based registration method;

FIGURE 2 is a flow diagram showing a magnitude based
registration method;

FIGURE 3 is a flow diagram showing a registration-
method for holographic phase images;

FIGURE 4 is a flow diagram showing a registration
method for holographic complex images;

FIGURE 5 is a flow diagram of a simplified
registration system that eliminates the confidence value
computation;

FIGURE 6 is a flow diagram showing a simplified
registration system for holographic complex images;

FIGURE 7 is demonstrative diagram of a wafer for
determining positional refinement;

FIGURE 8 is a diagram of a digital holographic

imaging system;
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30 FIGURE 8 is a diagram of a digital hol ographic

[ [ system WD 2004/ 025567 PCT/ US2003/ 028869 3
Woﬁp%&%%é is an i mage of a hol ogram acquired fA<JH$F003/028869
CCD canera; FIGURE 10 is an enlarged portion of FIGURE
10 showing fringe detail; 5 FIGURE 11 is a
hol ographi c i mage transfornmed using a Fast Fourier
Transform (FFT) operation; FIGURE 12 is a hol ographic

I mage showkngoaisi dabardge bifGaRRoldgram sditadiad Hom a
a _hol ogram FFT centered at the carrier frequency; 10
FreREA®2T8hows t he si deband of FIGURE 14 after

appl i catj of ha; Butte I |10 il terns; 15
shows giﬁ%ﬁi Hodi8 %‘%‘g%\?ﬁa&%&%@gﬁigfﬁo&%g Iﬁa%%
| shgeingFEGiREe 1deshaws a di fference i mage; 15 Fl GURE

18 shows _a second difgg&ence i, mage; FI GURE sho a
t hr eshbf GeBEdHff &P eRc BONNEGEPRICFIAERE 36 med using a

SP&QBdFBﬂ’E?éPO'lt‘gﬁﬁs@bﬁcfnegg*gqgoog:.i@f%%giioﬁ;wRE 21 shows

an i mge of two threshol difference i mages
f ol | oWFhgUBRE| bgi tal aARNDlogeeghicnimapleGeRRWANS ot deband ;

magni t ' with defects; and | GURE 23 ws
ohase. T GHRENPE . the PobieRE b AR an FoTddmrpr Fi Siertt eved
Paef eneedaephed feBLmenidy ;t heir advantages are best

understood by reference to FIGJRES 1 through 23,
wher ei RIGPRRelAufbers &he sdeetpad ofi FH@RE ke afder

fgbg?g?%g?gﬂgofpgrb%lttg}%ofr%lﬂ QWG JNVEAQN, rel ates
FIGURE 15 shows a magnitude image;
FIGURE 16 shows a phase image;
FIGURE 17 shows a difference image;
FIGURE 18 shows a second difference image;
FIGURE 19 shows a thrésholded difference image;
FIGURE 20 shows a second thresholded difference
image;
FIGURE 21 shows an image of two thresholded
difference images following a logical AND operation;
FIGURE 22 shows a magnitude image with defects; and
FIGURE 23 shows a phase image with defects.

DETAILED DESCRIPTION

Preferred embodiments and their advantages are best
understood by reference to FIGURES 1 through 23, wherein
like numbers are used to indicate like and corresponding
parts. )

The following invention relates to digital
holographic imaging systems and applications as
described;-for instance, in U.S. Patent No. 6,078,392

entitled Direct-to-Digital Holography and Holovision,



10

15

20

25

30

30 holographfc i mgi ng systens and applications as

“K)gﬁaﬁ%r for instance, in U S. Patent No. 6,078, 392

d Direct-to-Digital Hol ography and HoPG&U{USP9A/028869
WD 2004/ 025567 PCTI US2003/ 028869 4 U.S. Patent No.
6,525,821 entitled, Inmprovenehts to Acquisition and
Repl ay Systens for Direct to Digital Holography and
Hol ovi sion, U S. Patent Application Serial no.

@9/594%%@@1@% t I@%@S@ﬁmé{tdlﬂ\iﬁéaodzﬁpfo%h@ﬁlt@t ee 5

Noi se Renoval in Conplex |mging Systens and U.S.
Paicerits 1 tAms i iRgP i &ifs tgns 0DpD4Digegtenpi Pigdtal

2%%@%&%%&&*4%%tﬁ5h55¥35§9| qglng g@ﬂpleéghggggiﬁnagerlal

|ncorpora ed herein D y ref nce.
proes erst/ dmy erdd em teinclond agseserh hendukeahbed £ o030 Coregd a ted
regi stration and proceSS|n technlgues t hat have been

DTG et (P LpecirI HeR a8y S6Emp) peet U §- Fatent
Begitialaciold eraniy (@H)oéi,eé@ac,tmﬁlsgﬁe&t@edsygg%%nﬁ%nd

descri bed herein systens, streaned rans
rﬁgthdﬂaﬁannkﬂgﬁbmﬂrzngnammplgxpImegebasailfof weﬁebtare

15 detection after, oqgr eneratlon One enbodi nent
RIS R AR ERAR NS systens and net hods

for aQﬁ%m$ﬂﬁééﬂﬁﬂﬁhﬁgﬁﬁﬁﬁﬂwhﬁ%&hpésgé§tEBE'aﬁtwmbhe@
feedback confi dence neasure are described bel ow. The

r@@%t rr@tglcﬁt@%/tsit@m bR IS 20Jt beRhRgaessafdtat have
%9! '&e*%}"i otld it 'e?éte éﬂ\?é?%é@i&f' Adeakadss ol BeBPco-

as run nspecti on, scen

rmtg::malg Hcﬁfdgiﬁimm mmu) rdﬁ@éd:tonﬁhswaf:eﬁonalsygnmt as
In sone enbodlnents gsten1for nglenent|ng this
em%yD B RecB8vef IreésleﬁiaPQAOQramS may

[ npﬁéangja ﬂﬁ [ ty %?erc)rgl é?dﬁ(%%ﬁg é%?ggbﬁlng:egr?gﬁt Zd
idetddiel drowrfiterr dovkedgryamajesmefatiening, correl ation
peak One embodiment of the present invention includes
systems and methods for automated image matching and
registration with a feedback confidence measure are
described below. The registration system provides a
techniques and algorithms for multiple image matching
tasks in DDH systems, such as runtime wafer inspection,
scene matching refinement, and rotational wafer
alignment. In some embodiments, a system for
implementing this registration system may include several
major aspects including: a search strategy, multiple data
input capability, normalized correlation implemented in
the Fourier domain, noise filtering, correlation peak
pattern search, confidence definition and cémputation,
sub-pixel accuracy modeling, and automated target search

mechanism.
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5 Inmage Registration The Fourier transformof a
signal is a unique representabion of the signal, i.e.
the information contents are uniquely determ ned by
each other in two 5 different domains. Therefore,

gtﬁggetﬁg hg@g@nghth some degree of congruence, fl
(X, 3 (X, ¥) , with Fourier transforns, F1l

(ma,, Wh& Ew@rﬁzﬁwtranwﬁprmtdﬁﬂa sigatdlalis a unique
relat|onsh| .can al so be ,un ely represented by the
PR B LR e i 1% ¢ TR B e O o
e&@ﬂebﬁtsa&r@fEmﬁ%ubﬁ§n8@@éﬁﬂlﬂéukB¥VE&EhtdEhétgﬂﬁ|§wo
in the spatial domain can be represented uniquely by

t AeF £ errolbr demagingns Foewe ligased Bivamhewhiinagrs with some
t scal | or n atd pnal,,t heo
ESSEourIL e EE% %nyx nge%ﬁs xa¥¥( &9 ngbourler

ar Oranstorm’ t
ttaaafsﬁbmtsl ,OIF 1@t yeen atﬂld{ xFy)(w;;\,n@)J,S tha(x, )spattjhﬁj r
spati al relatlonshlp can be expressed as: xa b x xO0
YEeL g Lpnelinyrdre 3hSe PF PRIUF LN FIRITLIERS Dy the
rebakk9Bals hl%c@e't%ena't‘:%e%‘&e‘%o& fd.ereneesioand Xpor
represents translations. If I's a Yo noise-free
epxampRgenEn Ad ingo tmmgﬁwm@::r@ drettveen wachsbgheis in
b%hezgpatial domain can be represented uniquely by their
Fourier transforms based on the shifting theorem, scaling
theorem, and rotational theorem of the Fourier transform.
If there is an affine transformation between f;(x,y) and

fo(x,y), their spatial relationship can be expressed as:
' = +
y c dy| |V
-
A=
c d

represents rotational, scaling, and skew

where

X
0} represents translations. If it is a

differences; and [
Yo

noise-free environment, the two images are related to

each other by: -

S1(x,y)= faax+by+xy,cx+dy +y,) ;

and their Fourier transforms are related as follows:
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fi(x, y) =f 2(ax+by+xo, cx+dy+ yo) and their Fourier
transforns are related as foll ows: W 2004/ 025567

WO RGINLIBSBV03/ 028869 6 Fz (wx, w L ) =1 A | FiRCATU$2043/028869

e-j) (w. xo+"Yo) where AT denotes the transpose of A and
Al lis its determ nant. The snportance of this
derivation is that 5 this equation separates the
affine paranmeters into two groups in the Fourier
space: translations and |inear nsforna;lg whi ch
tells us that the wzw@&pgmfl(argabdgt’é Hi'HEY by
Fourier phase difference while maghitude is
shift-invariant and related to each other by the
linear 10 conponent JAI. In the sinplest case:

tihans! &7l denoveel the. eraneposenaded ansi A ly & sllrﬁﬁted
verS|on of another

At peand ok Ntd? GetiBallich el hat

frgll o0 cﬁgatlrcﬁ'l aldonstd s 20 FAE Pxnuy aE!a{n@t,e\Mé) @nto two
(m#Xo+x rYo) based on the Fourier shift theorem

\gxrco.tps suecpm/aﬂcamex oSPERE WK EVgREl at pengy pOq tilpear
%é&%%%{% Whlg\ﬁ V\gilg SsTEﬁa]ceEEeh@}%rfél%%l%fns are

ove e Cross pectr
R B h Zresl by tﬂ‘@lﬁﬁéﬁ: n@l‘m@@\l\ﬂﬁ.fﬁéﬁénbbewh{)ﬂd W(agnltude is

signals. It is also called coherence functlggi Iﬁg 30
Sl sinvwelate 2pGerRbgRrtude §BERt PENSH Y IGhfedinear

.Coégg)éQQS EP? PCT/ US2003/ 028869

In the simplest case: translation model, i.e. one
image is simply a shifted version of another image, as

in:
S1(x, )= faAx+ x5,y + ¥,) -
Their Fourier transforms have the following

relationship:

Fafwy,wy) = Friwswy) - e-’(w*'x""‘wyyo) ,

based on the Fourier shift theorem, which is equivalent

to:

F Z(WX, Wy)'F'l' (WX, w—v) — J( Weko +w_vy0)
| Fafws, wy)F, (wx,wy) |

The left-hand side of the equation above is the cross
power spectrum normalized by the maximum power possible
of two signals. It is also called coherence function. Two

signals have the same magnitude spectra but a linear
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7 phase difference corresponding to spatial _

transl ations. The coherence function of two ima

Miy) , is also related to their cross PCT 20031028869
correl ation defined by power spectral densities (PSD)
and cross power spectral densify 5 (XPSD) by xpsd

Fiz (w W) = psd, psd 2 where xpsd is the cross power
spectral density of the two 10 images, and psdl and
pﬁﬂgs@rglk%%r@9W%rdﬂ%?géﬁgndkﬂﬁﬂﬂé‘%baiiai|t§§§si§tlons
respectively. Assumng it is astationary stochastic
praeesshetrenicer eurfdsh drs dihewmuinsged r afisor,m, ) of ikhelso
true autocorrelation function. The Fourier transform
ofreflbe eduttac aireehatdrars  uotradm oformnds fiaged 15y power
prOV|des a sanple est e of.the PSD. By the s

P SRERC Yo, GEeThimes gt bt 25 BV FHat e bydensity
t hgpgop phourier transformof f2 nultiplied by the
conpl ex c¢onjugate of the 2-D Fourier transformof fl.
Therefore, the coherence function of two i nages may

be estimated by 20 F, , (w.. wy) F2(wx @y)F * (W, wy)

Fz(wx, w) F, *(wx, W) The & SRCE= pove is a
function of spati al frequ32€§ “with itssdremyd,t ude

i ndi cating the anplitude of 25 power present in the
Cross- correlation function., It is also a frequency
re resentat

r )?DISCLS'ITSOI, CrCOZISSOSSSCOr r % at I onct£‘c¥) dehS?E}/EQ? 81’16 two

Cros corre IOﬂ

b)&nfa@%sCOVafrﬁi qiscgn ahlae@fseip atet BﬁeF@l@IwIan spgasflod@nsities
30 f i(x, YY) f 2(x, q F2(wx,wy)F, (- WX, W)
\A@fzocmﬁosjsé@?rm?gszue Y02B8EYNigY it is a stationary

stochastic process, its true PSD is the Fourier transform
of the true autocorrelation function. The Fourier
transform of the autocorrelation function of an image
provides a sample estimate of the PSD. By the same token,
cross power density xpsd can be estimated by the 2-D
Fourier transform of f; multiplied by the complex
conjugate of the 2-D Fourier transform of f;. Therefore,

the coherence function of two images may be estimated by

Fofws, w)F, (s, wy)
I Fz(Wx,Wy)F‘].(Wx,Wy) !

I",z (Wx, Wy) =

The coherence function above is a function of spatial
fregquency with its magnitude indicating the amplitude of
power present in the cross-correlation function.” It is
also a frequency revresentation of cross correlation
(cc), i.e. the Fourier transform of cross correlation, as
indicated by the correlation theorem of the Fourier

transform:

S1(x%, )@ fox,y) & Fa(ws W)l — ws,—wy) ,



10

15

20

25

30

where (r) denotes spatial correlation. For real
signal, the Fourier transformis conjugate symetric,

WO p00g/0255p%x, - wy) =Fi (tivx,-wy) 5 The nmaxi mum c®CTAISRESE28869

power possible is an estimate of psdl psd2 . The
magni t ude- squared coherence, 18 r,2(wS,w) 12, is a
real function between 0 and 1 which gives a neasure
of correlation between the two i nages at each

frequency. .10 At a gi ven_.frequency,. when.th ,
OB albaCBBREES SPRRaSls S T A b dueal signal,

GHd &ALl POMBENPESSh DL 8. cbhgubeRe istRERS rakserve the
same patterns and the powers only varies by a scale

factor. In this case, CC = 1. Wen the two inages

have different patterfé+ vishewpeners: wiv,l be 15 out of
phase in the two power spectrum densities and the

f{é§3ﬁ$ﬁﬂﬁﬁmSBSELE?QtQS”?BR&r .Hssqﬁfélfgmﬁhl¥§%¥mate of

e maxl num possi bf e cas For these reasons,

;ggsctﬂﬁ??ﬁﬁ@n%é‘ YRR 100 FE Aga HS@ dobRe LERGE, MR SR N8 ) |7,

coherence “vgal ue is a neasure of correlation
bet weepster20cWR baRGeSn Based an WHieH REe/es a measure
described above, the matching position of the two
i dhgesrrélatipoi hetotereghst tald amagasarmtheagdy | AaIYsnCY -

| ocat i ng_where _t he_maxi CC.is | [,al.
dzgi’na‘i—’l nggﬁ% Fﬁ\?gru §Ec¥0u‘rqugg]rn t“rh aens':lfocr)lﬁlrIIr'ﬁh%tzlz"a&}(%?‘?éeﬁ.a lsanthe
eshihenie ohet haxcanar ebrrelrtidd Power fpgssible, the two
F2(wx, W) F, F(W, W) F-1( i (W, ~o+xoyr;%) () =1
PTags Gy PRSEVRSWFfice SpMe SEEPeTR) angh Bif AR S oLy
jrac_delta_f ti.0 LS it t repesent at i-on o
Pl bl e B e T R o ka0 SO0 OBbeer en che
PGE6 UBR86850288€9 di% fprentti gatdfertrwe ddte pduarcs iwihll sbe

exact | ere the

out of phasé in the two power spectrum densities and the
cross-power spectral density will have lower power than
the maximum possible case. For these reasons, the

coherence function can be used in image matching and the
coherence value is a measure of correlation between.th¢

two images.

Based on the theory described above, the matching
position of the two images, i.e. point of registration,
can be derived by locating where the maximum CC is in the
spatial domain. The inverse Fourier transform of CC (i.e.

an estimate of the coherent function) is

Fafws, F' %, - (RN
P (B (s )y _ s oy D50y,
| Fa(ws, Wy F, (W=, wy) |
which is a Dirac delta function. This is the

representation of CC in the spatial domain and the
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registration is |located. For real signal and system
wth limted bandwdth 5 (finite size of discrete

WORHH2EET t ransforn) and assunption of peri odiRET/US2003/028869

extension of spatial signal, the delta function
becomes a unit pulse. Gven two signals wth sone
degree of congruence, signal power in their cross
power spectrumis nostly concentrated in a coherent 10
REAK; d bt Ner spad | 8d dONBi A+ | rat 8dedhcbhe RRIHe fhe
regi stration. Noise power is distributed fandomy In
sl stoiierenti pebaksatdthe anplitude of the coherent
peak is a direct neasure of the congruence between
the two images. Mre precisely, the power in the
coher epdr peaK1 15 §041 e§1@@n5?st@mt hecpengantage ihdwidth
over | apping areas, while the power in incoherent
pelaidsledr s espodid dbSEHete pBpesatigEransheHTOV & dappi ng

004/ : 0288 Ef f. of
T P P RS S P edn CF B B ek
tdel co hevemcowfbébemé eas vhastopuileker @svenshow @ibeall s
at all frequencies in the frequency dopain and a _
detth pems ed%éar%eoﬁo?ﬂ?%‘ﬂePgSif sBRERPONPPYSThe T thelr
spabial ngouRi BpeOMENCL s HALESyWebhokhR-6RldY i# $t Udherent
the correlation surface. These noi ses include
tpeek vanytng spat sal (APG2hED| sépcsted as the point of
back:refl ection_noise, carrier ..drifting,, and .
VEr7 AT FoRtt3s e hye pP8%58§sl'€h§ﬁ§é,r’#’P%%§- LAY in some
nebserétt G889k s€e) TRYCAmMPS i tLenbiathen codrbht peak is a
uni formty, bad pixels, canmera scratch, dusts on
optrear mpashreapdl FbeuscHPrieneRcletyggnsttiife two images.
tgl1lng:; _ ) n ol se f oi are
ekt PreBllely) hETHBTECHAS chk oo
stiperpssbhisntof thbr percengagel nfbotverddghcting arEasgndvhile
mul ti Iicatlve,magg:
the power in incoherent peaks correspond to the

percentage of non-overlapping areas.



(x, y) =N (x,))) * f(x, y) + Na (x, y) , where Nn,
(x, y) is multiplicative noise source; Na (x, y) is
wo 2004anssaddi ti ve noi se source; and f,, (X,y) is pEBUS003/028869
signal distorted by noise. F,
(x,y)=F, ., (x,y)(r)F(x,y)+F,, {¥, y) 25 where Fn, (X,
y) is the Fourier transformof the nultiplicative
noi se source; Fa(x,y) is the Fourier transform of the
addi tive noise source; and_Fn(x, is the Fourier

. )
HHRTorf (FRLEF gnBe2 BREE 0P PEHShY SHEICSE OtFh &b FerhFaT
st gnalrdea iy X, Yhe Wbt LACEOUE! ehe3Q JANYILIR Frobrest
y) . e objective of noise processing Is to nmake the
cdtheriehtbgpenkatt oaver feeguenhheesi gmalthenlfirediserey dommin
primarily two s to achieve thi oal.: (1 to VO
2004/ D 2567 ﬁ%@z%sﬁ?s;@@én&lfﬁ %@&?s’%’ﬁ%%&l‘?ft gh the
Wb A $bEosh . FhXwi¥re®! hbsser hdiinalcy U1 BF distort the
transformF (x, y) fromthe observed signal; (2) to
rectocsl atheomossefasenutheas possiald dndd Ude riddree idy ing

babi } | f. he si . t .
By WY 85 6PN BLORORS, Bl Se i B T qagmier
net 1o ©f , NghgevaelayYabnl eguiseds Hirs® caBlethidtggey thixed-

each noise source typically requiring a different
et erTheos8e ohB/ RePR&GS) 0SYSES 36n INoi Welna &RV 10Ty

: veq_ jst re or, at ;
S AR P Bal pEhalel SIRNEE LA A 00 B pcican
Thetef osred fecnri diy fesentke secbretdes nmilguind prande(3)
task_of imge matching. Furthernore, it is beneficial
t BANEPR MROBFEt he i ssue in both spatial domain and

frequepgyrnhdeaBhR, sLhe jeRservaldans fiel ayuhavei REeHr one
considered 1n 15 the design of noise resistant

r tgagerasi snssperersitibir oif tdided rigep@eei be both additive

gensralgg.cgntrkpu%e %qually, t her ef ore,
naPf ofkyt bENdEE “ndFs &S ‘more easily handl ed

F,x)=N, (x)* f(x, )+ N, (%),

where N, (x,y) is multiplicative noise source; N,(x,y) is
an additive noise source; and f,(x,y) is the signal

distorted by noise.
F(x,y)=F,(x,y)® F(x,y)+ F,(x,y)

where F,(x,y) is the Fourier transform of the
multiplicative noise source; F.(x,y) is the Fourier
transform of the additive noise source; and_F,(x,y) is the
Fourier transform the signal distorted by noise.

The observed signal is fp(x,y) with its Fourier
transform F,(x,y). The objective of noise processing is to
make the coherent peak converge on the signal only. There

are primarily two ways to achieve this goal: (1) to
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in frequency domai n. Second, inmage data obtained under
different 20 illum nation usually show sl ow varyi ng

WQpW#E8¢ice. 111 unination non-unifornity usuaPCy/us2003/028869

appears as |ow frequency variation across the inmage.
Al'so, carrier drifting in frequency domain, i.e.

phase tilt in spatial domain is IOM/frequency. 25
stage tiling, sIOM/change in stage height and process

I f
e N A A PR

aFouEherIQwamsimda1unbtbe fresuernty cyetvred signal; (2) to
Bac -reflectlon noise is nostly relatively | ow

f FEGUERC FRE3FORATIGH MBiEe 3% RIFT A G ;F%tl%?%@fﬁ@e‘wye

h
Tisbedntage, Slands suste gune Wbt sicnen

ake pamtfiall lyo rampvmad wad ahﬁaﬂuau&@ measur e and _
cohere peak conv fre Cy contents are

i ndepeﬁ@? 191 cgﬁ§#g§f<§i %g%lre Gedﬁ%ﬁ&?r%%s%ﬁﬁse
t eelR1gHg e theleldhy elos o Sfane-d %%ﬁ&iﬁjﬂ?} P8Guiring a
mul ti -sensor capable since it is insensitive

§l§ﬁ§ﬁ§@§ mdﬁecﬁf@ S@;@rg%/ megigd ffrcwmyon phabee
ﬂ{o%tl' %\%‘T‘r{%darf ?rf JSJ a&i&? 're "%F \mozt“en’tl:%%mll%tes

eqU|vaIen eni ng each Tmage an

| (h'5: ¢ Isa@haﬂo firiear g:h&mgefs infudH i rghtten essom Ngo NBKesatd.
ti on nmeasure i ndependent. Cross caorrelation is

{qeﬁca Ot fEr LN IhiUSe TR stecombrig@iriqye for the
g%a%rléldfzq%aw grmedmrfgmcftdloah Pee, 1€‘t{£§9§§9fi8{£1 to

phase differénce before taklng I'nverse Fourtler
t tddsfkoom thee m@tmm@adtl}napmadarddamﬂxs Eﬂimi)SEnequency

DR IR RS B o8t S Feres 1
| iGleUdeR@gn of noise resistant reglstratlon systems:

First, all frequencies generally contribute equally,
therefore, narrowly-banded noise is more easily handled
in frequency domain.

Second, image data obtained under different
illumination usually show slow-varying difference.
Illumination non-uniformity usually appears as low-
frequency variation across the image.

Also, carrier drifting in frequency domain, i.e.
phase tilt in spatial domain is low frequency.
stage tiling, slow change in stage height, and process
variation are mostly low frequency noise. A/C noise is
generally low frequency. Out-of-focus dusts are also at
the lower side in the freguency domain. Back-reflection
noise is mostly relatively low frequency.

Random noise is typically at relatively high

frequency. Both low frequency noise and high frequency
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phase correlation and conventional cross correlation.
For these reasons, the feature space can use

WO pe@essent edges, contours of intrinsic structRECBEES2007(8869

salient features, etc. Edges characterize object
boundaries and are therefore useful for imge matching
and registration. The followi ng are several candidate
filters to extract these features. A Buttervvorth | ow

passfllter ed_to_caonst _
e R r‘&é‘?‘ he© =21 ﬁuﬁig&%rg F‘}F"fgazsélrde and
e fent ]péa}tit&&wergemb@re order is the Buttervvorth
order; r is the distance 30 to DC; cutoff and.

cut of fi gk ef YP@ILREVT FORF BREENETEs TRCSRESHT (Pssntrast
PCI/d %3093/ 0388@§qué§ck°}5’a§@@ ardhighiend relatively

respectively; and welight 1s the filter coefficient
f otetdei paeépénddhe BPE vahthe sepedn caprddse samce it is

narrow band of frequenc S Ed nhancenent  H |t

| AREPRS Sph F ab© Eﬁlﬁﬁgﬂes éBe S@ﬁﬁg‘ﬁ@gnﬁﬂ Y ¢ eorréi%r%équency
ﬁgs£° ARIHE €1 ohNi 8r BEHOR dirN RAGRS], a G OUkLS: clants

salient features. Edge points can be thought of as

peerei vabeat i baswbi teoiabr oft egcdy-inags el teping is
cont
|geg%?#%§§n%%??hn?%g %%Pn eE§J§F&F%%ﬁM¥%a %ﬂqggngkes

e 1 on

Therek 0k €i oANRe8Bge cden@eipemidachni que |s to measure
the gradient of f_along r in a directjion O.

The
maxi MUATQEBUEOETEAREAPT & SoRtiimal whentR65%) 1 8f W%%&e
On01%g TEh@r@E%?@; a generalized weighting function can be

introduced into phase difference before taking the
inverse Fourier transform. The weighting function can be
chosen based on the type of noise immunity desired. So
there are a family of correlation techniques, including
phase correlation and conventional cross correlation.

For these reasons, the feature space can use
prominent edges, contours of intrinsic structures,
salient features, etc. Edges characterize object
boundaries and are therefore useful for image matching
and registration. The following are several candidate
filters to extract these features.

A Butterworth low pass filter is used to construct

the BPF as follows:

weight = ! - !
& - \ r 2-order r .2-order ’
T ()™ 1 ()

cutoff, cutoff,

where order is the Butterworth order; r is the distance

to DC; cutoff; and cutoff., are the cutoff frequencies at
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( )"mX = (a } +(-y)2 and sedge = arctan(.. / ~J ) ay
Ox 20 They can be re-witten in digital form (x,
O20420367v) +g2y(x,Y) , and 25 s(x, y) = arct a‘fC"‘(/@VOWOZSSM
Y) ) ox(x,Y) where gX (x, y) and gY (x, y) are
ort hogonal gradients along X and Y directions,
obt ai ned by convolving the inmage with a WO 2004/ 025567
PCT/ US2003/ 028869 14 gradi ent operator. To save

CRUTP UL 3 | DRS hi%?ﬁ gﬁsnkéggsctg%@y‘entadds welilgn 4sedhe
(x y) 1gx(x)) I+l g, ( following lists
shhet@f ¢theitophentgfadi ehe p@p@rtators Gradl ent Hx =

[-1 1] 0, Rob

110 1Y B3 gen gy plegl 87 2SR ey g rg g
lfZedudheyfirst order derivative operators wor k best
when the 15 gray-level transition is quite abrupt,
Ilkeastep function. As the transition region gets

dE%frl%llé?agg £ F@Q’éé%a&‘é"%t M Dinain

rrvatives esli des ese operators
reqw redgsl énpaecémkher fpasees, amezsazﬂ eac lcapraure y
direction, This di.rectional 20 dependen e can %%\“
ejr?h?ﬁ‘a%?joﬁylﬂs?ﬂae?hecgé‘E&ﬁHf Sor G Lures

Op&Lat BESnckNc8AMBeeIRRdLMRNE & ¢ikeat 'l%ations of
abrupt gray-level change. For a continuous image f(x,y),
its derivative assumes a local maximum in the direction
of the edge. Therefore, one edge detection technique is
to measure the gradient of f along r in a direction 4.

The maximum value of 0f/0ris obtained when(0/06)(df/860)=0.

This gives:

and

o — 12 if_z
G =G )

e

edge —

—arctan(gf—/ii)
oy ox
They can be re-written in digital form,

g(x,y)=g*x(x,y)+ g% (xy) ,and

g,(x,)
g.(x,»)

O(x, y) = arctan(’

)

where gx(x,y) and g,(x,y) are orthogonal gradients along X

and ¥ directions, obtained by convolving the image with a
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independent Lapl acian filter is preferred and defined
v - a2f + aZf f - azx a'y 25 WD 2004/ 025567

Wo WP%%ébosl 028869 15 The typical filter H hZET(Gi2003/028869

form -1 -1-1 H=-1C-1-1-1-15wiere Cis a
paraneter that controls the cbhtents. The value C=8
creates an edge-only filter, and sharp edges in the
original appear as a pair of peaks in the filtered
igRER-enfal disrHiol aFat £t B3RARBL00BHEBE the %e@%ﬁtude
with the image itself in different proportions, "and
tdradegnt] Ol £ refiten amsedge enhancenent inage. |n sone
i nstances, to increase correlation peak height, it is
al so desirable to thicken the edges. However, this
process al so broadens (;‘(grﬁ)el]%t (29 )Pﬁ% @nj;iﬂ hence
reduces registration accuracy 3 IS be ‘useful 15
for lowresolution match in a nulti-resolutlon schene.
In general, the purposes of edge enhancenent filter
in spé@h%lfcdblﬂ'l’m%rlels%ﬁ) sp@ecoht B FAMBPRaOrgdient
c?prgrea?és Jo enter the registration flow, (2) to

or the feature space; (3) to capture edge
information of 20 salient features; (4) to[sharpen
correl ati on peak ofGrsdgeat;£L5§-{b oUﬂe={heI
intensity reversal problem and (6) to ha e br oader
boundari es than edge detection or first derivative.
25 Thresholding in the Spatial Domain The edge

enhanced image still typically ¢ontlains [nQoi g€
However, the n0|seRabpeasd1nu{h me%kdﬁ F{éthe:}dge

-1 0 1 -1 -2 -1
SobelH =(-2 0 2y H =0 0 0
-1 01 1 2 1

The first order derivative operators work best when the
gray-level transition is quite abrupt, like a step
function. As the transition region gets wider, it is more
advantageous to apply the second-order derivatives.
Besides, these operators require multiple filter passes,
one in each primary direction. This directional-
dependence can be eliminated by using the second-order
derivative operators. In some embodiments, a direction-

independent Laplacian filter is preferred and defined as
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strength than intrinsic structures, and therefore, the
e-enhanced features can further be threshol ded to

ed
0§@gwg§ﬁVe points with small edge strength. | nPEBHHB2003/028869

enbodi nents thresholding the filtered i mage can
elimnate nost of the A/C noise, D/ C noise, and
random noi se. WD 2004/ 025567 PCT/ US2003/ 028869 16
Threshol d nay be sel ected automatically by conputing

Mg stARAAl el geyLaLl gnnal. (AL EBen{ | tered | mge and

usi ng to determ ne ere the noise can be optimally
renmoved and there is still sufficient signal left for

5 correlation. The thresholldli s Hefilned as threshol d

= nurSigma 6 where nun@jgmeli sCa palfaneter that
controls the 10 informatio _§0n£ ntsientering the

regi stration system This raneterdis preferably set
up enpirically. After threshol ding, the points bel ow
thieetdreshol d parempretetabky cdntallled dhe zernmdieng: < .hdte

out, while the rest of .the ints_ wth strong edge _
sYREngt b= &r €*8BF &St anledgaggggwe e AR e'ﬁiaap Gfges in
fohtouing; 591" 8LREERN asOReHAl HoRr MRIAR! Vin thes idea Hfeg
edge enhancenent " to boost "the robustness and

r ehagbi | Vayuet afel- basedereghstr & icombirse fylmnmadges with

feat ur e- based techni ques.. However, —unlike the

£ BAP LF R8s A H EACN g Has P RE T RSB 1Ot 1 P Ry
'E8calh anbbhagky enfR@eembhe fikdaer.ed image is still
gray-scal e data by keeping the edge strength val ues

of thes®g §Pméngn5§é@§eﬁoiﬁPs}Hﬂﬁﬁ%ﬁﬁﬁﬁﬂﬁﬁéiéﬁlQRﬂRﬁ?k

tgi—:%gh%. t ?@t iEh‘al‘%‘ég%esiEfaFﬂ%t 'Eovaéh‘i%%%él{ did fee%%ég.
edge~points carry the Tocality information of edges.
Thewdieter eht sl ocaldetsp 2250 hraatErnorcartelaoien peak and

differentl.y in the .correl.ation rocess. Therefare,
{ RPECECERATGRE PrESERVAs e 3aHRaATa | b Lo CIFYRS, useful
£

or low-resolution match in a multi-resolution scheme.

In general, the purposes of edge enhancement filter
in spatial domain are: (1) to control information
contents to enter the registration flow; (2) to transfbrm
the feature space; (3) to capture edge information of
salient features; (4) to sharpen correlation peak of
signal; (5) to solve the intensity reversal problem; and
(6) to have broader boundaries than edge detection or

first derivative.

Thresholding in the Spatial Domain

The edge enhanced image still typically contains
noise. However, the noise appears much weakeér in the edge
strength than intrinsic structures, and therefore, the
edge-enhanced features can further be thresholded to
remove points with small edge strength. In some
embodiments thresholding the filtered image can eliminate

most of the A/C noise, D/C noise, and random noise.
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Confi dence of I mage Matching 30 This discussion is
about correlation surface and the coherent peaks on

WO 2005867 ace. As used in this discussion, feRBCHUS2003/028869

the features of dom nance, i.e. WO 2004/ 025567

PCT/ US2003/ 028869 17 the nmajlos features in the scene.
There are two types of peaks on a correlation
surface: coherent peaks and incoherent peaks. Al

peakST%g%%gx%g]%;%ancéeo s]:e eté'ltr[gcé gﬁé\?%mggbggff%l’ }ﬁgl I%:gmputing

ot her erent, T of respon

AakSet afeRE ExrAplas o, ceheremtc Heaks) tde@Si thadd oasd
Periodic signals with periods Tx and Ty in X and Y
pedadgcé tmix idstepEm diteEdhehrentopegksani Pa PREimMally
3EHBLRA 008, pinase paaks) NauGe pp! OXLTBIShY) eqURL 10
strengths, with the highest nost [ikely at the center
andrpéaks o t ITHadimge staobhgi bsdedwaepdsashe edge.

Any locally repetitive signals also produce multiple
coherent peaks. The hi ghest coherent peak is nost 15

likely at the point of pggislmatiansignd @ | other
secondary peaks are corresponding to |l ocal feature

repetitiveness. |In many cases, correlation surface
exhibits the behavior of a Sinc function typically
YEEX aOUHE I TR HIREABREFECEBRFSEPRETALE EBSfinite

. . . f : .
Sﬂnzf%rqfda 'oerP] gﬁrg%{&gr ' &té£§ﬂ§ogg@h gggt@ﬁ§¥§§:§ghws%tem.

lTmte he main e hi ghest “peak
\Iheirse patdeenatt goris hmrsheodldlyoretr gp atmpipacaflhere are

o 50, st Pl ssardary | ohes WL PRk, 2he sresnotd
are preferably disabled by zeroing them out, while the
rest of the points with strong edge strength are able to
pass the filter and enter the following correlation
operation. Notably, the idea of edge enhancement to boost
the robustness and reliability of area-based registration
is from the feature-based techniques. However, unlike the
feature-based techniques, the image is not thresholded to
a binary image. The filtered image is still gray-scale
data by keeping the edge strength values of these strong
edge points. The advéntage of doing this is that the edge
strength values of different edge points carry the
locality information of edges. The different locality
information will vote differently in the correlation
process. Therefore, this technique preserves the

registration accuracy.

Confidence of Image Matching
This discussion is about correlation surface and the
coherent peaks on the surface. As used in this

discussion, features are the features of dominance, i.e.
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noi se power is distributed randomy in sonme coherent
eaks. Both A/C and D/C noises wll bias, distort, and

WORNEIGEt he coherent peaks. Noise will al so pBEI/US2003/028869

fork, 30 blur the coherent peaks. The anplitude of
the coherent peak is a direct 17measure of the
congruence between-the two i nages. Mre WO 2004/ 025567
PCT/ US2003/ 028869 18 precisely, the power in the

coher gAY cRPedlk ¢ Akk n & . P o
domi nan feat ures %ﬁlaglvgr%léappﬁetnﬁg%ear g@g%gé}"%etyp s of

poeeksi pni Aac clkeredt tpeak swramsparahaenthepeaks and

per cent age . of noi se d _non-overl appi ng. areas. g
TREFEPEEETT RENS! | BuinG D et COARE Hved operures are
apdheseatt;0getlhet e @ealkiata-d heidntadidnt of 1 ad. i mage

mat ching: First, the height-of the first coherent
pESRTresReEeHAI e Iiiffer ence in strength, i.e.

correl altan ..coehticigni, hetugen the f1Lst, coperent. .
%@ gnpea : ﬁér oF

peak and the Secon elt cohéren

I ncohemnprt odAr addina1eNa)i 3\t aaes ust Nthd NBein X and v
metrics is that they are conputed based on the
cor r el ®rioghicsumudsd ligatoeyierdil g exphierant (Ridlksiwith the

real -ti L NP [ i.gn differences. . The
o T ci GATy g e it sl dle, Tome el P e
i mage matreigthsgppliictatiien Mesa mdeal rikeEy at the
confi dence feedback signal is key to a successful

aut omaCER S GEd HEAKGh Wit R IR Istengiles towards the
rotati Qegle al i gnment where an automated nulti-FOV

search 1s required. 20 Search Space and Subpi xel

Moded i paryThedaadk dfeddta tsiead Al fidad edysd Spebdi€Be multiple
trivial in this inplenentatjon of registration since

t he whEPECTESRY Acthon Eif FEE St AR avRERAb] 8, most

after INYQNSL at the point of registration and all other
secondary peaks are corresponding to local feature

repetitiveness.

e In many cases, correlation surface exhibits the
behavior of a Sinc function typically seen as the
response characteristics due to finite size of
discrete Fourier transform in a system with limited
bandwidth. The main lobe has the highest peak where
the algorithm should converge at, but there are also

multiple secondary lobes with peaks.

Incoherent peaks occur when noise exists. Random
noise power is distributed randomly in some_ coherent
peaks. Both A/C and D/C noises will bias, distort, and
diverge the coherent peaks. Noise will also peal, fork,
blur the coherent peaks.

The amplitude of the coherent peak is a direct

measure of the congruence between the two images. More
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25 Fourier transform for searching. The point of
istration is the maxi num peak of nagnitude

wo g‘@?’t“%ﬁséﬁi on surface. One scan for the peak ACTOE2043{)as869

entire search space is typically sufficient. This is
the integer registration det€tted. 30 To find out the
subpi xel offsets, a subpixel nodeling is done as
follows. A 2D parabola surface can be defined as WO

30044 025667 KT/ pIS0031 A28869coh8rént axaktlydresponds to
+cxy+dx+ey+ f . This second-order polynomal is fit to
3B RATACNTAGDr PEI dPNdRaBHr FaREVAPSUAA (HETIRRRYSS areas,

>§?ﬁbéhﬁa§b\@fenMMSeeaﬁﬁ,y¢hsoaeelap@ingnaﬁawﬁes of
these 9 points, 10 which_can be sinplified to [-1, Q,

1] forT%%¥%f9r%ndt9? 59998§%P936W8r oI | té%Y%iPPEd
egyath 9fs abQy¥er Ras el o0BvaTREEEX tRECUARI KL an image

operation gives an estimate for the ™ coefficients: a
bratclingl Kirst,YEhg Height50o€ the2 Bz s oherent peak.

[edend; the GRBFPRENPoIR: PR e S 1 0T 1 TITA
t Bbsff S¥8ekt OCkeivechoune &t rkhe cperlrdmcaidansamd e
second peak, either coherent or incoherent.

An additional advantage using these metrics is that
they are computed based on the correlation surface that
is already available in real-time while computing
alignment differences. The efficiency and real-time speed
are critical in most image matching application where a
real-time confidence feedback signal is key to a
successful automated target search systems such as wafer
rotational alignment where an automated multi-FOV search

is required.

Search Space and Subpixel Modeling

The task of the search strategy is often trivial in
this implementation of registration since the whole
correlation surface is already available, after inverse
Fourier transform, for searching. The point of
registration is the maximum peak of magnitude correlation
surface. One scan for the peak across the entire search
space is typically sufficient. This is the integer
registration detected.

To find out the subpixel offsets, a subpixel
modeling is done as follows. A 2D parabola surface can be

defined as
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“Kf%mgﬁﬁgﬁh y and set themto zeros WO 2004/ 02556

par abol a, which are determ ned by taking the partia

atives of the parabola equation with respect
$2003/028869

PCT/ US2003/ 028869 LU az =2ax+cy+d =0 ax az
=2by+cx+e=0 ay which gives 2d6 - ce x= c2 -4ab 2ae

- do 5y cZ -4ab The coordi nates of the integer peak
and subpi xel offsets are used to determ ne fina
registration offsets of the whole inmage. 10 FI GURE 1

shows an inplenmentation of an intensity based

regi stration nmethod. ZHexmebhdd dyegidas epitt fi. provi di ng
test intensity imge 10 (which may al so be referred
to as a first inmage) and reference intensity inage

12. Both.i I t e . - 1

16 and {hEn a0 e o RBrad TramY e dde enians e
i mageslasing shrdésiel drogndpetat ionedesd agrehikGt The, 0) .
i mges are then transformed 22 and 24 using a Fourier
transform The two transformed i nages are then used to
in 20 coherence function conputation 26 and pp7inverse

Fouri er
magni t ude

transformis_ap
operati dfiils

search range 30. Z,

2

X,

Vi

B

pl i ed _thereto 28. Nekt |a

Y

p&rfofneﬁymﬁwhiwlalsebected
1f ¢

Z, _x§ Yo

d
e
LS

where (x,y)’s are the coordinates of these 9 points,
which can be simplified to [-1, 0, 1] for both x and y. A
least-squared solution to the eguation above based on

matrix pseudo-inverse operation gives an estimate for the

coefficients:

The subpixel locations of registration within this
3x3 block are found at the peak locations of the
‘parabola, which are determined by taking the partial
derivatives of the_parabola equation with respect to x

and y and set them to zeros



i0

15

20

25

A confidence conputation is then perfornmed 32 and the
mat ch of the inmages may then be either accepted or 25

WO W#82556H 34 based on the confidence val ue de®GIég2003/028869

therefrom If the confidence value is within an
acceptabl e range, the registr&dtion process proceeds to
i nteger translation and subpi xel nodeling 36 and the
WO 2004/ 025567 PCT/ US2003/ 028869 21 match of the

i mages is accepted 38. Ifs4he confidence value is not
wi thin an acceptabl e range: =22axemeysedr=ch is initiated
40. FI GURE 2 shows an inpﬁénentation of a magnitude 5
based registration met hodoZ Tt nethod_?ngns with
provi ding test hol ogram 5 ai Vet 8Ace hol ogr am 52.
Bot h hol ograns are separately transfornmed using a
Fouri efhidi ajsfed m 54 and 56 and a sideband extraction
is applied to each imge 58 and 60. Next both inmage
are separately 10 filtered m&gjﬂibt@mdpass filter 62
and 64. The resulting inages afe-then separately
transforned using an inverse . Fourier transform 66 and
68 and a magni tude operation is performed on each

resulting image 70 and 72. The iggykgs are then

threshol ded 74 and 76 beforeybeH ansfornmed 15
usi ng an Fourier transform operatt6® 78 and 80. The
two transfornmed i nages are then used in coherence
function conputation 82 and an inverse Fourier

t r ansfTiien ¢csoapphaeest bEr ehe 84tebext paakngmad wHdpixel
operation is per%orne within a_sel ected, . search ran

65 LSRR RBR1 HIRDCES cORPEF RGN T8t h ERIPEFF G st 8- Lsets

angd the wieiehipigdhe i mages may then be either
accepted or rejected 90 based on the confidence val ue

der i vedIGYREr &f shaws | ant hepdenthiendeny efuan sniiangity
33%%%§8§$%gQL§aE?8gemeEﬂ8dfegE%Er%EE%%de%§¥§% with
providing test intensity image 10 (which may also be
referred to as a first image) and reference intensity
image 12. Both images are separately edge enhanced 14
and 16 and then noise is removed from the edge enhanced
images using thresholding operations 18 and 20. The
images are then transformed 22 and 24 using a Fourier
transform.

The two transformed images are then used to in
coherence function computation 26 and an inverse Fourier
transform is applied thereto 28. Next a magnitude
operation is performed within a selected search range 30.
A confidence computation is then performed 32 and the
match of the images may then be either accepted or
rejected 34 based on the confidence value derived
therefrom. If the confidence value is within an
acceptable range, the registration process proceeds to

integer translation and subpixel modeling 36 and the
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25 integer translation and subpi xel nodeling 92 and

: ch of the images is accepted 94. If
wo ollne 8}

t he
hce value is not within an accept abl &GT4FR03/038869
new search is initiated 96. FIGQURE 3 shows an
i mpl ement ati on of a phase im&de 30 based registration
nmet hod. The nethod begins with providing test
hol ogram 100 and reference hol ogram 102. Both

RQk- QI &5 R 5 atiel v ddansforyed usi ngha EOHEL8Ence
WD 2004/ 025567 PCT/ US2003/ 028869 22 transform 104 and

yeauandsarsitdefdmrvem Fotdentilsle appryed @onewchearch is
age 10%_%%d 110. Next, both image are separately
ﬁPI efefWith a | owpass filter 112 and 114. The

resul ti ngdurages stidwvd heh isepesmdet yt i sansf oamedghitude
using an inverse Fourier transform 116 _and 118 and a
51@&@% FEaiAt ST ian ﬁ@rtflmdmd e SBRRRPeshPeiRg VhbBe

%}%‘Q}Vl%.ri 2t2esttAhe ?cg;ﬁf g fr@@&f&%@ﬂcﬁsh?gggr%ﬂeSZ

formne I mages 124 and
Enﬁmim$hﬁgraMHﬂarélneﬁﬂuﬂuh&ylﬁﬁanaﬂoiﬂédbaémng beFayrier
transforned usi ng an 10. Four | nsformo erat on

EEROSI@TRAS AR (30 21D SEETarb PRencuegglied
I GRIErGNLR TN AP COoMd R | Batﬂ3§m§<ge Abel BYBRERtely

Fourier transformis applied thereto 13 Next a
rigriietmede widgeratbanipaspef i brerdédi ahidn6é4 . sellhet egsulting

SSRLED AN AT Y00 o SE05E SO O 1 L3 LG

atdiiele oM £thah 64 ehegtes ddd Qaﬁég‘nﬂﬁuﬂbeoxaeratlon is
confidence value derived therefrom I|f the confidence

\RATfOTREG) Ahi SR reRekpind| EMpgRge0 BRE régi sTPgt FERULtS
R T T o b PR e R ER 6 PPRaS, rageg TPE™™S
acgiapd exh IBuridr t heanohdrdenperavabune78samdt 8.t hi n
an aCCT etaglvc? trragxgsefoxamggwléggéghalrg then used in
coherence function computation 82 and an inverse Fourier
transform is applied thereto 84. Next a magnitude
operation is performed within a selected search range 86.
A confidence computation is then performed 88 and the
match of the images may then be either acéepted or
réjected 90 based on the confidence value derived
therefrom. If the confidence value is within an
acceptable range, the registration process proceeds to
integer translation and subpixel modeling 92 and the
match of the images is accepted 94. If the confidence
value is not within an acceptable range, a new search is
initiated 96.

FIGURE 3 shows an implementation of a phase image
based registration method. The method begins with
providing test hologram 100 and reference hologram 102.

Both holograms are separately transformed using a Fourier
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initiated 150. FIGURE 4 shows an inplenentation of a
conpl ex 25 based registration nethod. The net hod

woRegionsseni t h  provi ding test hol ogram 152 and Fr@EI/es»o0e8869

hol ogram 154. Both hol ograns are separately
transfornmed using a Fourier gpansform 156 and 158 and
a sideband extraction is applied to each i nage 160
and 162. The resulting i mages 30 are then filtered

usi n bandpass f.i r 4 and 1 filtered
Hﬁﬁg%gﬁ F8 the enaﬁgeagg aegh@réﬁg (%§§M%1on 1S
Hagi en éééhamﬁlage ho¥ehs@ mau.i erNeI}{tanf’z:deHnM@ge are
/ 025567 PCT/ US2003/ 028869 23 is applied thereto

1s7¢z>am&elta fragheradevopbr at Lowpiess darlitamdd Aviand nl & -

sel ect ed arch.ra 172. fi
TS RS nir R EenahR09s A rRer Rkl YT A AL
thetndeagi t hoeraeceptied eer t&am@:eﬁtnedlﬂsmartwaﬂoe aind he

confi dence val ue derived therefrom If t he confi dence
VRIRRBS | SPRFBRARNAAS REXEFIESe FafFEh tIREY dging riftadh 120

PLQgesS, Pr ogepds (Lo, Lntey an @ SRk dhed
g%@l?%é 17% gg%sthgw natcﬁﬁb?{thelﬁaﬁbes 'S accepteoi3 on
18Re téstbeiagnfimderse 12@ amdmizesruﬁhamndauiuﬂ1are then

accept abl n a ._new s arch [ nltlated 182.
SERERERBbARRanE aBeaies PEEE s hadh T gy ing an
erbik-nat Egaﬁ%rffdrqﬁ%u%r%\t@dfﬁtﬂ&“ anHlelzg@ner all'y

includes: (1) replacing coherence function conputation

15 wi t Bhentye d:zmm@@tr@q@ saeges iaxe whemoiged in

nor I|Z|ng 0SS _power, .spectyal nS|t
ﬁuﬁPSSs§.“61°ZClOEO\E€PP&tat%ldO qiéamagesan ymp%aie Fourier

ettﬁh@@b*rﬁlg iGoRfgrdaree t e ation amkt a magnitude

accept ance/rej ection testln%r The rest of . the nethods

appeEasénn diS parfeoramte i hetelRrtef maraen range
VELEI ONg. /A% AN R o TP d Tl VSESESPAMOE 142 and

the match of the images may then be either accepted or
rejected 144 based on the confidence value derived
therefrom. If the confidence value is within an
acceptable range, the registration process proceeds to-
integer translation and subpixel modeling 146 and the
match of the images is accepted 148. If the confidence
value is not within an acceptable range, a new search is
initiated 150.

FIGURE 4 shows an implementation of a complex
based registration method. The method begins with
providing test hologram 152 and reference hologram 154.
Both holograms are separately transformed using a Fourier
transform 156 and 158 and a sideband extraction is
applied to each image 160 and 162. The resulting images
are then filtered using a bandpass filter 164 and 166.

The two filtered images are then used in coherence

function computation 168 and an inverse Fourier transform
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conpl ex-based regi stration systemis shown in FI GURE
GURE 5 shows an sinplified inplenentation of a

S.  FlIC
OBV B based registrati on method. The met hodPGEEPHE3/028869

with providing test hol ogram 200 and reference

hol ogram 25 202. Both hol ogr@ds are separately
transfornmed using a Fourier transform 204 and 206 and
a sideband extraction is applied to each i mage 208

and 2p81i¢herhesukltl AGo | NRESS %rsgnagggrtxfdé tIEh UG 5

a bandpass filter 212 and 214. two fi'ltered

i PRgéormed whshiused sededtrsy magech hmrigemdge Tonjugat e
product. 216 and an _inverse Fourier ransfarmis .
ERr EheBRe, 2P RE S, T Herd R0 o b
P&ILUB2083£ 02886 ged4 mapetalarobd S iReldOrgmdtpddidy a
sel ected search range 220. The registration process
pFBaeededt d7eénbeges opr RS /AN IR s Ibpivcelderided ng

2 d. the c f [ es.. =S, .accept.ed. .and
R PR s e
cenbepatbdr ehngeyl tihel ectdchiagies: fifodesspaniddeds to
application is_a,_ system engineering chojce and
dePERAS of > ARRY HFdOFORES SAMSHT Aha IRt § drtcbihe
afp8tbasbe tHBCLERRAN LY ateQHULD 1 3V St &M affd MAA I Lhce
as a whole, data stream 10 avail abl e, conveni ence and

f ¥asiusi List posf whithtier ang aciogptadnt atdnge, rendw sHarch is
ngi §§ f itlgtdeai ?g and robustness, overall system speed
and*cost s syg éemreliability. The foll ow ng exanples

are gi vensbiel lehssdiatea tlsh)e s mprH ] fsn why RNtHBught
Def ect Detection In the application of runtinme wafer
i R¥p&diimdRat iogs comidgesgeaydcaniay artegrnmyally

FEEsh s Sanan ey e ol At FLASUR Bhpcacion
with image conjugate product, i.e. without normalizing
the cross power spectral density by maximum possible
power of the two images, and (2) eliminating confidence
computation and acceptance/rejection testing. The rest of
the methods are essentially the same as in their original
versions. As an example, the simplified version of
complex-based registration system is shown in FIGURE 5.

FIGURE 5 shows an simplified implementation of a
complex based registration method. The method begins
with providing test hologram 200 and reference hologram
202. Both holograms are separately transformed using a
Fourier transform 204 and 206 and a sideband extraction
is applied to each image 208 and 210. The resulting
images are then filtered using a bandpass filter 212 and
214.

The two filtered images are then used to determine
the image conjugate product 216 and an inverse Fourier

transform is applied thereto 218. Next a magnitude
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be used to the advantage. Therefore, the registration
may 20 be sinplified as shown in FIGURE 6. FI GURE 6

WO 20825567 sinplified i nplenentation of a net h®dCTiEs2003/028869

regi stering hol ographic conpl ex i mages when sidebands
are available in the datastreaam The nethod begins
Wi th providing a test sideband 250 and reference 25
si deband 252. Both sidebands are separately using a

bandgﬁss filter 254 an 25q1 The t ered | fages
BRB TR a6 Ho ST R BT S | WRUECCO, HaFED 2anoe
PROAUC 258 Ytk Ak H IIBLE 5o Ok | BFocteaBStr Mhtéger
applied thereto 260. Next a nmagnitude 30 operation is

pEerelmtd o BHich syt depdehie®- FaAgand2bhe prech of

500 Dok TR0 098560 35 TF akel ati on and

subpi well emndedri nef 264 erithidnee nat ch obmbihetimages i s

accepted and reported. 266. Wafer _Center_Detection ( or
l”}"u’étzlé"rlt? S RHIGRHI IR & %B%?%?bﬁaF‘DP?eFFﬁEﬁBHt 135

t ' 0E8S
.ed trgﬂt 1= A0V theo 1 891 S48 AL PBnRLOEESRahy factors.

aligning a wafer coordinate syStemto
mmemgsttém qum’mhamtt ef ayisvem avéf bas300fiscplioved 16y a

huck d d at te .l ti
RS ot SRS 9P VHE CA o-G% of Bl BPEF Bhc B bt CEPAST

e cedwenpiovdsles hedorehsipenfiermed €nltkeing
|nages to determne the offset (Ax_302, Ay 304)

rttraet:am uaresybe a®t onobeet ﬁélﬁérén@né@dpéfpbélﬁﬁness/
WLANG APWIEE 1081108 ObsL NCDALLR! Doy 108139600
S repea

ep 1I's t reglstra on procedure
det er mitke Bl i céxdhiel egohaki ghi@knangl ¢110s3@6te these
between the die grid axis and the stage axis. In a
REMERIERS enbodi ment of this application, we

Runtime Defect Detection

In the application of runtime wafer inspection,
system speed and accuracy are essential. For this reason,
the already available complex frequency data streams can
be used to the advantage. Therefore, the registration may
be simplified as shown in FIGURE 6.

FIGURE 6 shows a simplified implementation of a
method for registering holographic complex images when
sidebands are available in the datastream. The method
begins with providing a test sideband 250 and reference
sideband 252. Both sidebands are separately using a
bandpass filter 254 and 256.

The two filtered images are then used to determine
the image conjugate product 258 and an inverse Fourier
transform is applied thereto 260. Next a magnitude
operation is performed within a selected search range

262. The registration process proceeds to integer
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20 have to use the full version of the algorithm
jstration(translations, confidence, imgel,

O YW 'y 25 which registers two i mages (oPCHERMHA28869

frequency, conplex spatial, magnitude, phase, or
intensity) by conputing thei25translational

di fferences and returns -a realtinme confidence
neasure telling if it is a successful match, the

fol-hawi 0g; BROSRAULEBHALR 10GRlaned ol W e HEH & 8Os
Det ection and Rotational Angle Detection. Gven an

i Fhgeivhiipsassaatenpkeate ahel gemBEexZb)66. t he
foll owi ng steps are perforned: W 2004/ 025567
PCT/ US2003/ 028869 26 Step 1. take an FOV 308, i nagel,

at thewageteobntpesbeiter il & dheiiledd &1 otlddepoint
(assuming it is an inage segnent wth features close

t poshbipeal wafépemeafiter). 5 Step 2. zero-pad the
tenpl a t be_si f ] el .St ..cal .
%??BQE ?tﬁgﬁégagod @%% r%ql fy%éioqi%éﬁﬁéss is

Regi stration I'ons, ¢con ence,

paggedetienpl ahe, alignihg St e@afer idodrdinate system to the
confidence. maxxCorrl st >= Ti_ and confidence. neasure
>St§92) cepraLpRLeOFVFHE™ r afei®s P dif RIGHRA LTt efhuck

cs%e;imaétegpa% gxhlactand IR R AfoZatXand {Xhom

i mage at the | ocation based on translation detected

i poSegpidllyStmapch. aRefeate St e arsienatargytat e Bl

the i e 15_chi, xtracted (perform 256x2 .

- BEPSERAFPoRF OV e Bl PRI Gt B ST SiE e FBRTER v

aqek LoHk r Y |Ng Lt St he

naCSREn B PR BEESTE Py YT G0, dRoh e actual

Répeat iBhepf4Lhst epfereand Jeeprefrundrid HHwe assumed
location of the pattern. The second step is to repeat the

registration procedure to determine and correct the

rotational angle, 6 306, betwsen the die grid axis and

the stage axis.

In a particular embodiment of this application, we

have to use the full wversion of the algorithm:

Registration(translations, confidence, imagel,

image2, ...)

which registers two images (of complex frequency, complex
spatial, magnitude, phase, or intensity) by computing
their translational differences and returns_a realtime
confidence measure telling if it is a successful match,
the following procedures are developed for Wafer Center
Detection and Rotational Angle Detection.

Given an image chip as a template (e.g. 256x256),

the following steps are performed:
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20 condition in Step 4 is satisfied or Signal it is
out of the search range predefined. Step 10. If no

WO pa o563 found within the search range, out prET/8S2003/028869

failure signal and handl e the case. 25 The steps above
utilize the four paraneters: 26, T2, nunfigma, and
P% T1 is the mninmum Coors correlation coefficient;
T2 is the m nimum confidence value; nunSignma is a

noi se t hreshol d which t s the infor Lon

cont eME et eriHF 1378 lsr;(ggl iﬁé at %‘8ﬁ9§33t ggla%x#’?e FUEEFET
oamhdcamits o Ppphsatbeigveskan waeBukdkig'dtals an
adj acent FOV. In one enbodinent, in the case of zero-

paddiengadrentenpl th efcatiereverl appetioshbal gesd safer
5096256 WD 2004/ 025567 PCT/ US2003/ 028869 27 pi xel s

center). . .
since’i't" only needs to cover a portion of the

ori gi rlepg enpl 20 - Ragechont expeatBeAbs thehe if2 locdwiinggel .
settiggf are typical for a successful _search: 5 Ti_ =
0. 4, %PCﬁﬂ”C%&%ﬁ#@ﬂﬁsEr%?SPHéFHéPSBéFéEFFer§9%@%dencer

dalar t ' time yregistration. In sone
é#%%%ﬁwé&%§h¥ﬁ§q3% d?ﬁgéé héﬁ%'can al so be 10

repl acgdemi 4 h &f t (| cogf sdeeoe.. MRGRADHOUAL ANGIE and
D%&g%ﬂ%CN To identifg_rgga%ional angl e detection,

dt S WBTRTCENnter;“the foll owi ng steps are

performed: 15 Stegpl. ohekeraRrEE13EA ondRGR] .cARE wafer

the wafer's center line on the left (this could also
beenter edge die for one-step alignnent). Step 2. take

anot hegr, FOV_312, . immge2. along the 'S, t :
oL i e RS, R0 KB 11 B S Al macen

respeed 16cibeomabasegeBhetrabis@ptiorfaldtected in Step 4.
Regi stration(transl ati ons, confidence, ,

Step 6. Repeat Step 3 using template and the image
chip extracted (perform 256x256 registration).

Step 7. Repeat Step 4.

Step 8. Perform a circular search 311 by taking an
FOV from its neighbors with P% overlap, go to Step 3.

Step 9. Repeat Step 4, Step 5, and Step 6 until the
condition in Step 4 is satisfied or sigmal it is out of
the search range predefined.

Step 10. If no match is found within the search

range, output a failure signal and handle the case.

The steps above utilize the four parameters: Tl, T2,
numSigma, and P%. Tl is the minimum Coors correlation
coefficient; T2 is the minimum confidence value; numSigma
is a noise threshold which controls the information
contents entering the registration system after edge
enhancement; and P% is the overlap when taking an
adjacent FOV. In one embodiment, in the case of zero-

padding the template, the overlapped should be >= 50%*256
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i magel, imge2, ...). Step 4. if (
confi dence. maxxCorrl st >= Ti and confidence. neasure

WO200492556725 St op. Qut put transl ations and conpBE®US2003/028869

rotational angle. Step S. Performa spiral search by
t aki ng another FOV above or 21 ow with P% overl ap, go
to Step 3. Step 6. Repeat Step 4 and Step 5 until the
condition 30 in Step4is satisfied or signal it is

Uk BL s SRS o3 SRl 0 VP 2002 2508 e

wotrthhnthe teearlcht e rmg&d mﬁ mbtmariraeﬂzw;e tsm@nﬁdal};mding
handl e the case. The _data shoul d be taken al ong the
WEFEF 1BERt &H15 fePidetle T ABRECHT LAl O‘T'ﬁ:;a%c%ar al | el
line (where features 5 are guaranteed to present such
as where tenplate inage is taken) close to the center

t o asslie =r &t.dt,i Gival= dcclur auymSidine pad ameters are the
same as in Wafer Center Detection. Note P%overlap in
one direction (in case of spiral search, Y) wll

guar anbe@ed (% de¥s?)areyvesimpldP &6 eghded WeeNréaltime
pair of FOVs in the worst case of gridding (gridding

| Fe@AEL&EatHOdat a are actual |y taken with respect to

the real, | %‘?r?et' e, Scsﬁ‘%og:ql‘%%écﬁ)diﬁ PRl o ef&@o be

15 The teéh ni ques e provide a nu
atdeadtageows tthar acitlamctsatsemdNoi se, i ncl udi ng fi xed-
pattern (D/C noise), tinme-varying pattern (A C noi se),
and random noi se, may be renoved up to 100% by a

novel . rorarRAIM IR tRgrgdride spatial domain. This
filter 20 takes a different formfor different data

used. TEGeneraiiify inotfatrisinghhamgbs @egestpfn, given the
h%%%égr% %%g¥% the following steps are performed:

Step 1. take an FOV 310, imagel, along the wafer's
center line on the left (this could also be the edge die
for one-step alignment) .

Step 2. take another FOV 312, image2, along the
wafer's center line on the right, symmetric to the left
FOV with respect to the wafer center.

Step 3. call Registration(translations, confidence,
imagel, image2, ...).

Step 4. if ( confidence.maxxCorrlst >= Tl and
confidence.measure >= T2 )

Stop. Output translations and compute
rotational angle.

Step 5. Perform a spiral search by taking another
FOV above or below with P% overlap, go to SEep 3.

Step 6. Repeat Step 4 and Step 5 until the condition
in Step 4 is satisfied or signal it i1s out of the search

range predefined.
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spatial features. Only strong features can pass the
filter and noise is left out of the process. The gray-

WO 904P2556€dge strength data, instead of raw PCT/US2003/028869

i ntensity/ phase, 25 is then used in the follow ng
correlation process. The corrad ati on process is

i npl emented in Fourier domain for speed and
efficiency. In nost enbodi ments a Fast Fourier

Transform (FFT). i.s used_.to i npl : ri

transfc’greﬁ’\ %pe-r[[ést i"Ghd"® Senlg%lggﬁw%éﬂg%ﬁflﬁg%n%gggg ue
fahgeachumith d §aiaduwantHigeeas . addisandné i deaceawal. ue
is defined using the _peak pattern of 2-D cgrrel ation

surf adde Taget fowid PanG PR pheegthe warer centerline
RCT/ 86 j ffichen i
ETASAOHRMCY AR LB oL Stk ppgeores
qual iduareinie|yeagicdient skrbvadi wigere neehpbiasm fipage is
a fully automated searchin éin conbi natjo .vvitga .

| AIOKT SIS FTF 5 of ‘Ph%#‘é’r’%&%ﬁhi?f‘? f PEREACY

as mamy,d i&%.{lda?m@éeyé ey-4 RQYS) sas E80uULrRdrust centhe
right target 1s matched is al so advantageous. The

qeadedtyi of . Simtte NPy eovVeramged bpeadizeatigandén case of

defined duri regi styation _copputatipp. pPrecess,
o 4 96D Vil UG bard ROFERBPC0e (888 PoST02decRer 1P
e eledt] £cpait @NOFOMEt iat eha wewssearnek. of gridding

Aut omat ed wafer rotational alignnment fully automate
t leridaiest vrvkeranynoafakar 8L gt RERYRL &Y SAESTTHAS s

!fg%ﬁé ntt£o£hénfééfl%&@ggioﬁeEBErbgpan&@BQFto its
imspection sSystem |t reduces setup tinme of operators
antt @chhevesvils the required accuracy for wafer

navi gation. The registration system provides the

i nspection systema robust, reliable, and efficient

sub- syshem Lonn yghee aakbonmeat anbie gRbhade destiided
pronote tlexibility in

advantageous characteristics. Noise, including fixed-
pattern (D/C noise), time-varying pattern.(A/C noise),
and random noise, may be removed up to 100% by a novel
filter implemented in the spatial domain. This filter
takes a different form for different data used.
Generally, it first enhances edges of high-frequency
spatial features. Only strong features can pass the
filter and noise is left out of the process. The gray-
scale edge strength data, instead of raw intensity/phase,
ig then used in the following correlation process.

The correlation process is implemented in Fourier
domain for speed and efficiency. In most embodiments a
Fast Fourier Transform (FFT) is used to impiement the
Fourier transform operations.

The use of a confidence value for each match is
advantageous. This confidence value is defined using the

peak pattern of 2-D correlation surface. Together with
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20 accepting of a variety of input data. In case of
DDH wafer rotational alignnent, this nmethod nmay

WOREP8567i ve maj or data formats and conpute PCT/US2003/028869

regi stration parameters directly based on these data:
a. conplex frequency data; b2°conplex spatial data;
c. anplitude data extracted from 25 a hol ogram d.
phase data extracted froma hol ogram and e.

ié%f??iéyigglg?gfgfciggk§ EhgéithE%ﬁegkgvh% e provides a
opportunities to develop nore reliable and C|ent
Ssysleabhs mesbate. oBOtﬁbngaaﬂmngoEognaghlumkm&gm@ .The

present invention also includes syst W’and nethds
e

for coRpariAy Bof ofrSpRFd SPages af o1
2QQ§£9§§§§7 fgjé5§399§£9%§8@9th3g %LCH$%ﬂHJﬂ“ﬂE¥nslatlon

ch anges I n or fferences between ob ] ects. shown
i pf Ft@JREaﬁgethebD gagi n@rgylstaenmawplfmeé@s génevrl@M YFOVs)

at 340 |ncI des, t c nt.s hani_cal
081 T RO R SySE bt 505 G PRCCORBGED oS nkag®
t 9dRafySEEHUEONt rBE EOBRULEST 035@ac21) Rptd G gaﬁy_:ﬁddefﬁy a
370 for creating a hologramincluding an illumnation

searétdenye daehinequiryringn reHd SHEEEESSET FOTRMSHFHOEY

60 0 I
SR 0 ) ALOEESTOR HLOGE T BP KA T g o
S5hctlpa sysheohf ot segemmlamrﬁn@oanM1aﬁétdunew search.

subsystens (not expressly shown) i ng syste
operatégtBWaﬁﬁglW@éﬁFh§°“Fﬁlﬁﬁa@oa%%%ﬁ%ﬁﬁ%wﬁﬁi%ﬁ Sitomates
fEgedagt ety ont B%t% gzwatf'e% ﬂdt' i eRa dAstancenfs is

an object 1n the f of view (FOV) of the 15 optica

syspermtand aoquumlrtIgael tiedierralseftoirogirars (sifiry inspection

B9z 00 SOLE S0 A g ] T, a8 e

I epeegeftiatrean agkuraey rmge wahee MRy lmisicar edrha a
registration system provides the inspection system a
robust, reliable, and efficient sub-system for wafer
alignment.

The methods described promote flexibility in
accepting of a variety of input data. In case of DDH
wafer rotational alignment, this method may accept five
major data formats and compute registration parameters
directly based on these data: a. complex freguency data;
b. complex spatial data; c. amplitude data extracted from
a hologram; d. phase data extracted from a hologram; and
e. intensity-only data. This flexibility provides
opportunities to develop more reliable and efficient

system as a whole.

Comparing Holographic Images
The present invention also includes systems and

methods for comparing holographic images for the purpose
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tenporary buffer. 20 Positioning system 380 is then
instructed to nove to a new location with a new

WO Y867 n the FOV and the initial acquisiti ®&T/US2003/028869

sequence is repeated. The coordinates that the
positioning systemuses for e new |ocation is
derived froma virtual map and i nspection plan. This
step 25 and acquire sequence is repeated until a

second instance .of the .fjir hj j :
SSRGS e [ Pl et oBEbfen oy cct.
eeRhaah am WIdURDS t iton ngnsyshens@80enp depécaed a

set of discrete sanples representative of the

h
geseade 3G hetihe Pt iisshi et BinimehE FREBEPFRGS: )
qg@ﬂgﬁid%l:Eﬁgﬁ%ﬁgﬂfﬁﬁléyéﬁgﬁtﬁﬁbiﬁiﬁﬁeﬂoﬂﬁﬁﬂekocontrol

generate a wth a | ook-up capability for

deitrdrend Mg tdesttam geentad 2 004MDREE67350; 2) optical
PCT/ US2003/ 028869 31. values for_u 2e _degr ees
ST ol (P 1552119 )2 e@?@ 48 ?ﬁﬁ%pagﬁgt 5% hr ee

NRYiniGRAr dhalssrd, ¥) ddtetadquibithbs padnbropeiseing
system 370 acquires the 5 hol ogram of the second
iqratates ofystem obf @ct4 arRkPeeFsingr gdgesdghys operable to

enerate an inter | at e t at.i;0 f e .l
T e SrecPh 38D, ArORap! ntt priaite =)
| Nsd e | Sor estipeyetsdrpnedhervenpdr ahy bubbystamg (not
the two representations are aligned and filtered. Many
1erprarRs Y sSkabe realized at this point by

perforf ng; n4nLIULR 9£6SSHBGaLB ! B Hesemtidlg, onrofup t
t he ob e%?l]ij# ?ﬁee@r equeﬁ%y 3om§i n% If/B\D%c%c:)erpar ilg{gﬁ P e
(¢ef edemreeedi 6f ef eaedomi fmgeydesbeitgt,i gn) tiewdgdt) one

t hese two i pstances

RS Lo LD oY RO B S S e
Iﬁ%tg%% E %gBE‘EmFQ‘@ eeghatnhaga SACAR eharnes: afsing
acquisition system 360 and performing the first stage of
hologram processing. The resulting intermediate
representation of the image wave may be stored in a
temporary buffer.

Positioning system 380 is then instructed to move to
a new location with a new object in the FOV and the
initial acquisition sequence is repeated. The coordinates
that the positioning system uses for the new location is
derived from a virtual map and inspection plan. This step
and acquire sequence is repeated until a second instance
of the first object is reached.

A distance-measuring device is preferably used in
combination with positioning system 380 to éenerate a set
of discrete samples representative of the distance
between the object and the measuring device. A

mathematical algorithm is then used to generate a map

with a look-up capability for determining the target
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Posi tioning system 380 reaches a third instance of
the object and the two previous steps (internediate

WO 204/625867t at i on and conpari son to second i nst apee)usased/028869

20 conpleted. The results of the conpari son between
the first and second instancesis retrieved fromthe
tenporary buffer and a noi se suppression and source
|l ogic algorithm may preferably be applied to the

SRR SNSE Sien cOmL o, 2O TNt ol e ey

t hen be anal n

Theven’ esulinpuar e ory ettebd Oidhe: SHPEEVASOEY (x, v,
controller. This cycle is repeated as new instances
thFﬁé)objects are acquired. 30 Cenerating the

1 . : T t
Differ QQC%th‘St g%g{glt%@l% ! S WO p%%%g?%?'lgnahFhe

i nvention cont ates vari atl ons for

dibcflegeace die thlee B dosmnd Qs ean dSTBge St hdVbRPO4L 038867+ is
PCTI US2003/ 028869 An anplitude difference nay be
uBFPCEEG SCFitCs BTG & G | WK G TRRIESR 6f X e BpRBRYioN Of
comeritRget QA . el Ié&ﬁ%éﬁd}{&ﬁ@@%@&ﬁ@%ﬂ% of the
magni tude of the difference between the resulting
afpiristudes tgmoeeliw g@)t 15 dveed oot eche | tegperary buffer and

e di_men this represents the . difference.in
e eSS B B TS Vi ST oo L) hed: Neny
phaserdickf emence manihedd idd zats Rhéstt boy h%efeapin%g
images are preferably converted to a phase 1 . _
r &P ERENPRACEE ARG (e TETT e nrsHal o foereheecbject in

b I h . (pixelwise) is
bt er Y P RE RO (R drrerence
désaghbd@scmiﬁ@ﬁanﬂnhﬁﬁw%;ntﬂhbi?uﬁﬁ?(ﬁnéi&%@%geh&ysge

ti f the t ' ter. they have each been
R, Bl RO RS S S i Ly e RPEL. e

I eRRERRL fady R &Qbé@ﬂgﬁﬂfagx%&3¥@¥gﬂbltﬁﬁﬁém@ontaining
surfaces being i maged.
second instances of the objects.

Positioning system 380 reaches a third instance of
the object and the two previous steps (intermediate
representation and comparison to second instance) are
completed. The results of the comparison between the
first and second instance is retrieved from the temporary
buffer and a noise suppression and source logic algorithm
may preferably be applied to the retrieved and current
comparisons.

The results may then be analyzed and summary
statistics generated. These results are conveyed to the

supervisory controller. This cycle is repeated as new

instances of the objects are acquired.

Generating the Difference between Complex Images
The present invention contemplates variations for

generating the difference between two complex images.
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Al so, a vector difference may be utilized. First the
two conplex images are subtracted directly in the

WO Wo4$15867 domai n, then the anplitude of the re®aFUSAEW3IAELES69

conplex difference is conputed. This difference

conbi nes aspects of the anplsiz4 ude di fference and
phase difference in an advantageous way. For exanpl e,
in situations where the phase difference is likely to

be noi,sy . e ' [ [, -
mtiga iﬁghﬁﬁg%g%fg%#gﬁﬁgéﬁﬁ%rh%%”ﬁ%gggﬁkﬁggé'onggﬁét’
bestl toagleactangdsf farennes f Ataighy ngprans-Codpasi ag
Two_Consecutive Difference Irra%;eh?f:é The present

PRPARLIGR FEPERECTEATIGHD S tie M@ yrneft Oanbhe
gggg@&le%% ok i cangecutd ye: did f ahenceu30si @9§§%wmse>

r to determ ne which differehces are conmon
het konphe egnoudin tanes retibodimeenk f f Bremcecpragente the

LSS O S I ) LD A0 53Tt B

gaapYle the difference images originally; namely,
image Ais shifted by an anount a to match inmage B

and génabase diiffffarence mager@BItwhzedi neférBti both

shifted hy an amunt 0 h_j C.a e e b5
O Es datbst P o A CedB £ L IROF ca 20 HEBRLELS

repge BH @ it ¢hhd nelge LAEréctivier shase dbffEheaee between
al ternate approaches to, determ ning which differences _
the [EFIE MG RIS | Taje’s hEREXe AW EBRhohSaFemputed.  This

j [ [ : di,f.fere ;
P00 a3 0 Chor e Then one oF i ha t oo Corputing
thee el e fi tdgespixelwhsé t ralt by thetheptepr iabges after
agount, rounded .to the nearest whol e, pixel. _The
BRI ST G S hor 96 pPESERE b4eapy Ffeone
QM SRl mAND iprs dbipbbgat i e 06ht hei sheibadeaBdtween
unshifted threshol ded difference images. 15 In anot her
dfiso diwee raunive el fheie@cemdaddes are

Also, a vector difference may be utilized. First
the two complex images are subtracted directly in the
complex domain, then the amplitude of the resulting
complex difference is computed. This difference combines
aspects of the amplitude difference and phase difference
in an advantageous way. For example, in situations where
the phase difference is likely to be noisy, the amplitude
is likely to be small, thus mitigating the effects of the

phase noise on the resulting vector difference.

Aligning and Comparing Two Consecutive Difference Images

The present invention further contempla%es the
alignment and comparison of two consecutive difference
images in order to determine which differences are commeon
to both. The amount to shift one difference image to

match the other is typically known from earlier steps
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first shifted by the appropriate (subpixel) anount
before thresholding and then the inmage is

W n4eelssd7ded. The common di fferences are thenpcomprinsd2ssso

by a logical-AND (or nultiplication) as above. 20 In
anot her enbodi nent, one of thesgdifference imges is
shifted by the appropriate (subpixel) anount and
combined with the second i mage before threshol di ng.

The _conbi hation of the two es can, be any one of
s EFEF AT "SR TR © f‘iﬁ?ctcilbﬂfsagrrlﬁ%? uHPAgSEheriginally;

Pira@lewt ﬁﬁ%éﬂ'ﬁ'ﬂgﬁéﬁh4ﬁﬁﬁ‘E@daﬁ'§ﬁ$ﬂh§ea9€8nﬁéﬁbﬁ image
nmean. After combi ni ng the two difference i mges, e

r &@nd igengiste tdiriesind el iExe@phB, o‘phnhel bmag80BThe
di sion beI ow r ovi a descri t| on X
%QLLSC do Cf)%t ceikﬁstc? nr{/ae‘%?clf gt an§ gggevate

operati ons O

haliggeamrcs aﬁmt_i;:r emc W tihe %@@ﬁﬁé@e(éﬁoﬁﬁ@v\@ol Sh¥\ex
2004/ 025567 PCT/ US2003/ 028869 ~ 34 FlI GURES 9 and 10)

arfagcod G Tt yimage A tet theveiors dbfi nddras A
()éltﬁér)r%tgé?Béf_'pplgo(a&%iY)eﬁ]%émlﬁ ox?ﬂ%ghv\ﬁyefgf‘exgces the

B( x )e' e 1 ntensi e recorde
h(t|V@lCh.rf]Le|IgiTUI& nigna QpsesTereey en odh | m:amoml &sc atidsopibed below.

kK, ,F+9 + B(x, y)ei (kBr+PB
(s Y))qf‘ Che e}l%bﬁéﬂé“%'setfbﬁffﬂ%ﬂegé%?&%n%a(ﬁra%?mé’éﬁ
t RSN INRNRS, | hedleiddIesk ashandyd h@hi‘sgﬁeidgafiﬁé BEeis
Ok which represents the angi e between the two ar

ashak tek by -theas MPmt(a)ammmtl fresnded 15 thel nearest

SRR, D SRS UMD L L8 e
by the logical-AND (or multiplication) of the shifted and
unshifted thresholded difference images.

In another embodiment the difference images are
first shifted by the appropriate (subpixel) amount before
thresholding and then the image is thresholded. The
common differences are then computed by a logical-AND (or
multiplication) as above.

In another embodiment, one of the difference images
is shifted by the appropriate (subpixel) amount and
combined with the second image before thresholding. The
combination of the two images can be any one of several
mathematical functions, including the pixelwise
arithmetic mean and pixelwise geometric mean. After
combining the two difference images, the result is then

thresholded.

Example Operations
The discussion below provides a description of
example operations of the present invention. First, a

hologram is acquired with a CCD camera (as shown in
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docunented further details along these lines. In
preferred enbodi nents this step may be i npl enented

wo edishesseas a direct image capture and transf erpct20s2068/028869

menory by a digital hol ographic imging systemitself,
or sinulated in an off-line pgggram by reading the
captured inmage fromdisk. In this particular preferred
enbodi ment, the image is stored as 16-bit grayscal e,
but with 12 bits of actual range (0-4095) because
tefURES t heandsl Pyl Rndafigersf ithe "EAEYa. (@& ORIpet wave
hﬁ ogLAPhLG Lpmge is preferably processed to extract
e conpl ex wavefront returned fromthe object as
shown in FI GURE 11. ﬁ,égéner¢e@vehbod|nent a
Fast Fourier Transforn1§g T? is perfornmed on the
capt uredd\Wh2004f£82606€ WETEUS2003/ 028869 35 (and
optional Iy enhanced) hologram The FFT of th '
hol ogramintensity is expressed x;ﬁE&{f@“d)L- S(9=0)
* FFT{A2 (r) +B2(i-)}+ go ' S(~=-ek) * FFT
{A(r)(r)ei (ek.-+e;){+ (3) fro ' S(4=AT) * FFT

' {A(I)Bgﬁ% g%gnsgg )%f th@xgec%f§¥awh l%ﬁfgﬁnﬂgaﬁéglﬁﬁ

hol ogr aphi found.” T'none e ment

f¢axﬁéraeﬂunneﬁehhat1teheanﬁr eguercy iwhere the sideband
is centered, as shown in FIGURE 12 nmust be Iocated
in order to isolafe _t’gs yzé i@ebatme) p é yqrw’;l'(h}’)i
ei ther be done on’Whe I’fst 10 hologr processed and
the same | ocation used for all subsequent inmages, or
the carrier frequency can be relocated for every

si ngl eThel ggram gkkkatehbe |Q@ﬂr)98etﬁeenL¥hé0Ew8 waves 1is
=-Ak) fromthe hoIogran1FFT in equation (2)

SQQQQBedBQEaUSﬁD HIE&@D )Jsaﬂé the %9@8@”&&%%9&:&3 Ak,

15 peaks at these’'t tations, the desired location
cahibea répuedehysseaechnggetmeuwyhﬂtthaﬁthTHﬁmmm}as

away from 4=0.
Ak =\k,—ky). Equation (1) simplifies to:

I, = A2F)+ B (F)+ 20,4F)B(FooslAF + A0(F)) ()
where ypu, represents the coherence factor. Edgar has

documented further details along these lines.

In preferred embodiments this step may be
implemented either as a direct image capture and transfer
to memory by a digital holographic imaging system itself,
or simulated in an off-line program by reading the
captured image from disk. In this particular preferred
embodiment, the image is stored as 16-bit grayscale, but
with 12 bits of actual range (0-4095) because that is the
full range of the camera.

Next, the holographic image is preferably processed
to extract the complex wavefront returned from the object
as shown in FIGURE 1l1. In one preferred embodiment, a

Fast Fourier Transform (FFT) is performed on the captured



In sone enbodi nents a search area for the sideband is

defined as a parameter. The nmodulus of the holo
WO Yonput ed in the defined area, and the P@ 5?0@?{028869

of 20 the maxi mum point is chosen as the carrier

frequency. The search area may>be specified as a

region of interest (maximumand mninmmx and y

values) in all inplenmentations. In a particular

enbadi BRRY onthe CaHa8lcdd)eGHARGH A, | 2& Oﬁwtsé 9%
sub- pi xel accuracy by |nterpolat|on of the FFT

mbddogs aim inftensidy ¢fs ehedasmawfl mexi num To correct
for the sub-pixel location of the carrier frequency,
the FFT is then nodul ated by a phase-only function

BT/ Us20031 0288887 360 Theolatar o & 0 B O
si deband, may be speC|f|ed)é%Lt édqﬁﬁ{ éﬁé g“”ﬂ?}k (3)
interest in the Fourier dom% 1FT@§A¢E§&§““335}Of

pi xel s away fron1the x and® y@astks no ‘ear ch
t he Fo#{ _er donaln Ln Qe enbodl n
er

tS
par et tny B e (A oA . o PR el Roe 1o

afousey. NMay epid @afaid@mzﬁt t heh kgt s ¢ ole&gupﬁe@ftw@ the
si deband, which sets the carrier freqguency location to

a EEOuedcYa M i Athg SiRakpIDrismIgen ¥ nsppen gin
Parad Al erhadl TRNtod NS S c%é&tt&ﬁ{]?gfaégh%f‘?%ed

by 1 ettlng e searc area t e a Si e poin
Fari deipaines pectpeon yser IS, s tneey cartther bHe en’ipmcqn melye first

b ssuned to be stabl e t heref.ore need n
il BT d i SR L T Eom rhedotey all

C@ubs@;&e%ndl ar& thad ddeaUenchrdeesnbercahl be
subsequent 15 hol ograns during the same i nspection.
Aftediocate s i iab e lys 8 gt e diokogtrmr ant Fatsthghe location

hol ogr-am FFT centered at the carrier frequency is
q= (or g=-Ak) from the hologram FFT in ‘equation (2)

is sought. Because the modulus of the sidebands exhibits
peaks at these two locations, the desired location can be

found by searching the modulus of FFTU%J away from g=0.

In some embodiments a search area for the sideband
is defined as a parameter. The modulus of the hologram
FFT is computed in the defined area, and the location of
the maximum point is chosen as the carrier frequency.

The search area may be specified as a region of interest
(maximum and minimum x and y values) in all
implementations.

In a particular embodiment, the carrier frequency is
computed to sub-pixel accuracy by interpolation of the
FFT modulus in the area of the found maximum. To correct
for the sub-pixel location of the carrier frequency, the
FFT is then modulated by a phase-only function after

isolating the sideband
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extracted as shown in FIGURE 13. This isolation of the
si deband quadrant takes one of the sideband terns

WO 200¢/A25560 equation (3) and nodul ates it to reRGFAIRHE/028869

dependence on Ncr. sidebafid - po FFT {A(F)B(F)eil"

'} (4) Inplenentation of thiS&tep is straightforward.

Note that in sone enbodi nents, a quadrant is not 25
extracted fromthe FFT, but rather the FFT is

recentgre reler € nd Lef {.a
origi %e Olsr eg) %2&0%3 tﬁ% r%%‘tgggé{glade égdbﬁa)%pltekgrfllecj
fdilctereds lan :ﬁegmutmiuime:e@@bdlnenhe goButieer wmtahn or

| owpass filter is 30 lied to th t te deb
5 FRRICETE @ detX ot MY ofFaB RS oM The Sxes Hot to

ULQCY r&l atiOonebande angotdifedues sbpkSembddifnts this
i mge. WO 2004/ 025567 PCT/ US2003/ 028869 The Iompass

fridxteare t)ma s gppsebectovehe wpdeband- asAétﬁ@maqtﬁvely, a
FI GURE 14. The f%ﬁered si deband Iﬁ‘; ?1 EET ttl@1

BT &Y R RSV G oFS“L—‘lreconstruct

Siebdnd ( iwnicir §é@§b@HQ c&lk8) etSEredienByt tayasaiitdh to a
Iovvpassfllter is defined by the_ equation: H(q)—lN

(fe)xed ~ap e ~thahet & qsedsf@ﬁeaé&t éMRIEFequdddy the h
fll tlc%%ere ﬁﬁédiﬁen&hng%ﬁ 8ee%E%€Etg%wn%k%%Lgﬁpved by

gain' o | | ter
|§@:Wﬂhgletlaé dd4z6h apda Bbibet hesdndde gioirtte )filter

(that is, how quickly the filter cuts o
enbodl%%t%nv\h%ﬁBeSF{OﬁxF%rP‘?Fum FR&t c&ﬁrlsg"hsgé?qu%y may
the dounass €6 ber sFaK1ResHqt PnReeFRRd iy GRIH e tO
recomputed for each hologram. The carrier frequency can
be found once and that frequency used for all subsequent
holograms during the same inspection.

After the sideband is located, a quadrant of the
hologram FFT centered at the carrier frequency is
extracted as shown in FIGURE 13. This isolation of the
sideband quadrant takes one of the sideband terms from®
equation (3) and modulates it to remove the dependence on
AkF

sideband = p1, - FFT{A(7)B(7 )} (4)

Implementation of this step is straightforward.
Note that in some embodiments, a quadrant is not

extracted from the FFT, but rather the FFT is recentered

_at the carrier frequency and left at its original

resolution.

The extracted sideband may then filtered. 1In a

- particular embodiment, a Butterworth lowpass filter is

applied to the extracted sideband to reduce the  effect of
any aliasing from the autocorrelation band and to reduce

noise in the image.
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w05ﬁ64gdzg%7off represent the |l ocation where we w sh
place

to

the center of the filter (the offset V&HB12P03/028869
the equation for the Butterworth filter is: 20 H(q) =
1 N(7) In preferred enbodi nédts the Butterworth
filter should be conputed only once for the given
paranmeters and inmage size and stored for use with
each imRgelo%pabB PRELGRT €d7ENDAW nRYIS ddh& £ Ui fsideband
frequency, also called the fi'lter "size" or "radius",
apd shden oh FAGUREI Déer Mhet i tspegd f9iekbdrdd als the FFT
off-axis filter is desired, the offset{ vector for_ the
cBAt EReOFOMRASK LFBPESHEYEd al so b#/(Eheehatede wosh to
2%gglg%g593tPCT/U82003/028869 38 this paraneter
shou ar §6be sel ectively adjustable. In a preferred
enbodi ment a flag i ndi cagrig=zWethssit0 a | owpass
filter or bandpass fi|f§fT§g;w2f|om15 ugggfo sel ect ©)
t he typeeoButickteprepllowedssn fille gy doesieMihdd by the
software. In sone enbodi nents, processing software
pFBYPEAET *have the ability to substitute a bandpass
filter for the |owpass filter. Usipg the bandpass
filter has been shown to.Hﬁﬁbovej$i;¥# det ecti on (6)
performance on particular 10 deié&ﬂV fers. The
bandpass filter is inplenented as a series :
mul ti pwheaei on qf iButtther vworttdf i dapemeemed df ghipasSilte
filters; the_highpass filter may be defined as "one
mi(Fhat asi o%ﬁ&sglﬁfclaﬁ“@re' Taer e thiel e eigRr gfhere the
paraneters. to_.specify t he | s, filter. 15 t
L RB PR 0T SBeFAat CRE U Pe O St S Y 1)V ie Bt |g1=0) and
per f.or n.the filter i deband .t o. derive the
cgfrrﬁ egﬁgi %ﬁ:éieervvg%et%% %ﬁol uege Q_‘%r‘r—"atgnjﬁ’uc}qeovi' r%‘bjec}%\ the
piaseetrnmages off).

In embodiments where off-axis illumination is used,
the lowpass filter may need to be moved off-center to
capture the sideband information more accurately.

Letting ﬁw represent the location where we wish to pléce
the center of the filter (the offset wvector), the
equation for the Butterworth filter is:

1
1+qq_q¢;ﬂ'

H(G)= 5 )
/ qc)z

In preferred embodiments the Butterworth filter
should be computed only once for the given parameters and
.image size and stored for use with each image.

In preferred embodiments the cutoff freguency, also
called the filter “size” or “radius”, and order of the
filter must be specified.

If an off-axis filter is desired, the offset vector

for the center of the filter should also be specified;
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as shown FIGURES 15 and 16, respectively. The | FFT of,
the filtered sideband yields: ~D 20 -~(r) = f~0A~r ~~r

WO 2004095597 (8) where it has been assuned that PR&US2003/028869

aperture of the Ilowpass filter perfectly isolates the
sideband. In practice, this 4% not possible, but the
assunption is necessary to achieve a tractable
expression, and equation 25 (7) does represent the

Lesy é%ﬂa%?e%%&abéﬂow '?1%33 158GSET?éEi%l&hsdlfj%%l&'a&:il%g In
conmpl ex i mage 1 s no fTat enoug I.e., there are
sie yeied] e ias ensahisnact ossflapeindngefingl ahetihelrdto use a

t ] b lied to,.| h Its.
TR Eh o SO, TARARESE nEL SDCE OBy eR ARl Byt 8
CRITRIEX dHRae M & referencembl 8ed( Ahr EBE) prdce@EieRt

for variations in illumnation intensity and
(e | y) background phase. WO 2004/ 025567

PCT/ US2003/ 028869 .39 First, O(F) repr th

conpl &2 176 TP TPERET enBEOPERE D) SaF RITer QESSEETS
FaHesaid had aboyejo sUbetitatef kebdn@pasectfddter for the
hologram V' (:) is: (]")= V1 g (9) TH 5 _To inpl enent
tifwpase i Mgy ng BSpRd oFhenbpaepres fidsera Hsybeen shown
field r LS. P t | That
i R PR 8 fAGEES S e BelrbRiliRt, TR BiRlar
et X wakees f r onhé heandpassyfiidaklry ist HewlEarentedrass a
used to generat

i L0 AENel ) compl ox gt Lol Ehand 10, SOl s nes
fffhdeﬁg,' Ogﬁ@nmghﬁsést he1iasPaGli ¢ RRIFAGAT s Mhe minus
reference flat corrects for intensity as well as

a lowpass filter” and has the same type of parameters to
specify as the lowpass filter.

Next the inverse Fast Fourier Transform (IFFT) is
performed on the filtered sideband to derive the complex
image wave to produce a magnitude image and phase image
as shown FIGURES 15 and 16, respectively. The IFFT of,
the filtered sideband yields: _

w(7)= o AF)BE ) ®
where it has been assumed that the aperture of.the
lowpass filter perfectly.isolates the sideband. In |
practice, this is not possible, but the assumption is
necessary to achieve a tractable expression, and equation
{7) does represent the results reasonably well.

If the phase of the resulting complex image is not
flat enough ( i.e., there are several phase wraps across
the image), flat field correction may be applied to
improve the results. This consists of dividing the
complek image by the complex image of a reference flat
(mirror) to correct for variations in illumination

intensity and (especially) background phase.
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phase, and as a result nodul us images |yr' (r)

worz%%zts.%(ﬂ.g from equation (8) may not be very usef ul

for Viewi ng or 15 magnitude only processing FCT/US2003/028869
algorithnms. This problemcan _be alleviated by
nodi fying the reference flat i3ﬁ§age g$(r) to have unit
nmodul us at every pixel. The flat field correction
then only corrects for non-flat phase in the
| nspectiioadl, Mgss) 2oPbEEREBNEHRI-ORBN LI 9R8ge of a
D fferencing operations are necessary to |dentg| fy
direfference Hétive & logoragor(resporehaty o nje s ilvedesbove) .
One preferred method of perform ng djfferencing

e b

opefatiigh ifdelsls coFme BHRF T t €IV bbitsyi ni ng t wo
conpl ex images, the two images are,gligned so that a
direct subtraction of the twg/(# wll reveal any (g

di fferences between the two. 'In’ téF9 enbodi ment the

regi stration_algorithmis based_on 30 the , )
cross- &6r rlé‘}Pé[ﬁ“%l‘?tofthtlﬁe SORP i S BRI tHespection

regihst paldign &igald E@Pdg&a‘?@sféj ﬁbéé’@sed to a complex
cross-correl ati on WO 2004/ 025567 PCT/ US2003/ 028869 40
ofimelge .t wWThatagemgeparsf crhwaresk any dievidet quiscebyise into
removi ng _the DC | evel__and l.owfrequency. varjatign from

t RS Lot =G R i1 1 RS Dot OE of
SharanRdees atd ed Yeiterldt daditePrafdaent (4 hadnany

5 alignment of |ow frequency variations. A Butterworth

hisgiRFads atiga endHiRlpehBpURnelRN S ledrrg i the heame for the

nsa o PR IR, B b R R U egine
H( q) HLI'Heg )rfEhencED fTHts eifweedt v ef or homcasisc§i 44 ewsll as

the images. The highpass filter HHP is defined as:
phase, and as a result modulus images '(F}] resulting from

equation (8) may not be very useful for viewing or
magnitude only processing algorithms. This problem can
be alleviated by modifying the reference flat image ¢(F)

to have unit modulus at every pixel. The flat field
correction then only corrects for non-flat phase in the

inspection images.

Differencing Operations

Differencing operations are necessary to identify
difference between two corresponding complex images. One
preferred method of performing differencing operation is
outlined below.

After obtaining two complex images, the two images
are aligned so that a direct subtraction.of the two
images will reveal any differences between the two. In
this embodiment the registration algorithm is based on
the cross-correlation of the two images. Because the

registration algorithm is based on the cross-correlation
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1 HHP(?) =1- (11) 1+k/gc Yh, Inplenmentation of the
highgass filtering step is 15 straightforward. The :
0382587 t he highpass filter used can be usePSd&fS2AEP28869
or determ ned as a fixed percentage of the size of

the | owpass filter applied irft%bove. The highpass

filter is preferably conputed once and stored for
application to every inmage. 20 The cutoff frequency

¥ tofed @fwcPfi dte )i PaESrmdhdé ehayHbe MBypepoed§ bed by

the user or. fixed to a pre- defined relationship wth
e emsadd iNG ere vk aanrd ek@w-LraaeeneY eHBEdRREADs from

- able 1o i e thi 0
E3e B Sk S 8 RESAOEHRGRetky PP bR ot
pATzaelerRIded ard désat wreedis ebé heonenpeominkbngsehan any
variables. After filtering, the cross-correlation of

PHE FWREDG RigelO ST ERMpRREd. VFRE2 peaRSof t he

cross-carr.el ati on urf.ace pref ly B¢ S he .
ocat o BT T o oneBieeR £ SHER, | i) Sufd oh vagr 1o
t (18, I RIS MR 2OPHUHREE67 PSTLLISR09E/ 0R8863mALx ThRages
cross-correlation y" n+, (i) between the two g%ndpass

fur| teerdedy) negese | segbaperted: by taking the inverse

Fourier transform of the proguct of the first inmage

wi th the conjugat ¥ 0F) = RET e Grvdddbaageﬂ(")-)lﬁyp,(q)h (F) (10)
= IFFT_IT,, (q). T+, (4)} (12) _The registration

of f setTlHed \REFEEREVelw PaRdeass bilbepsnihe gmages- The

l.ocation e the, cross-car.relation surface achieves

il}:'§ %ﬁ%ei%% égi str gfe‘i%&ﬁle St 10 between t he

two i mages is the value of F, denoteg 7'., for which

‘y(i) is a maximm A rd@;,;(ﬁjeém—ef—gg—a}mt he (11)
1+Qﬂ/qc

Implementation of the highpass filtering step is
straightforward. The size of the highpass filter used
can be user-defined or determined as a fixed percentage
of the size of the lowpass filter applied in above. The

highpass filter is preferably computed once and stored

. for application to every image.

The cutoff frequency and order of the highpass
filter H,, may specified by the user or fixed to a pre-
defined relationship with the lowpass filter parameters.
In some embodiments it may be desirable to limit the
parameters of this step to a fixed relationship with the
lowpass filter parameters in order to reduce the number
of user variables.

After filtering, the cross-correlation of the ﬁwo
images is computed. The peak of the cross-correlation
surface preferably occurs at the location of the correct

registration offset between the images.
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origin of the cross-correlation is searched for the

\Noq&ﬁﬁgggzvalue Once the location of the maxi mum

f-ou quadratic surface is fit to the 3x3 PCHUS2003/028869
nei ghbor hood 15 centered at that |ocation, and the

subpi xel |ocation of the pealof the fit surface is

used as the subpixel registration offset. The

equation for the quadratic surface is: ax' +bxy+cyz

+dx+eythk T@okkikci@ellif ival ues of L9 B@@@Ebﬁ'%ﬂ%st%o

b, ¢, d, e, and f are calculated™ia’a matri x sol ve

r BehipassAfI16 SRl idmaded) 1 adipiesed o Neadxdy the
nei ghborhood for the terns x' xy, etc. Is calculated,

aﬁﬁvﬁﬁé%fPWé@trortr@fns(ﬁWh(ﬂ/ﬁﬂ)th%délfCPCﬂleCFTérFP% the fhrst
Cifla ft:ult m?:%n U&%Sval Stl'?‘I ng%c?llma e;

Cros COI‘I‘ atl on C pon ng 10 eac ion are

put into a 9x1 vector t? e formof (5
Phe matrix. ais Vo oholore T B G5 @) s ohas0 452

, Xlzx1lvy, y, x1vy, 1 = x2 X2Y2 Y2 A X2 Y2 (14)
X9 2 x9Y9 Y2 x9 YO 1 9 The coefficients of the fitted
surfac@hﬁréeeﬁéﬁraﬁyﬂﬂjQQﬁSﬁﬂ\b@ﬁﬁ@ﬁﬂﬁﬂh&ﬁﬁWQ43magﬂs
= 5 QGat; Qfi the maxi num of t he
GeaFErPantE Foo St RS Fpere TR RO puRe tharton

tbarﬁaeéfb@mﬁ@w&szﬁﬂyjmaﬁﬁﬁmﬁﬁ t he THebpie¥@lst ration offset
regi stration offset value. 10 X =2cd-be (16)_
between the two images is the value of ¥, denoted F

max 7
for which Iyﬁ) is a maximum. A region centered at the

origin of the cross-correlation is searched for the
maximum value. Once the location of the maximum is
found, a quadratic surface is fit to the 3x3 neighborhood
centered at that location, and the subpixel location of
the peak of the fit surface is used as the subpixel
registration offset. The equation for the quadratic

surface is:
a’ +bxy+cy’ +dx+ey+ f=0 (13)
The values of the coefficients a, b, ¢, d, e, and f

are calculated via a matrix solve routine. A 9x6 matrix

2

(A) of values in the 3x3 neighborhood for the terms X,
xy, etc. is calculated, and the 6x1 vector of (unknown)
coefficients Z=[abcdef] is formed. The values of the
cross-correlation corresponding to eaéh location are put
into a 9x1 vector E=D7G}b{ﬂ]'"r. The form of the matrix

A is:
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max b2 - 4a ¢ Ymax = 2a 2 e-bd (17) b -4ac The
determ nati on of the | ocation where the cross-

WO 29¢/p2856% i on surface i s maxi mum can be achi ev@§T/§52003/028869

several 15 different ways. In one inplenentation, the
i nterpol ati on may be perfornmeél2by fitting a quadratic
surface to the 3x3 neighborhood centered at the

maxi mum and finding the |ocation of the naxi num of
the fitted surface. In @nother inplenent altl-i on, .there
IS an option to perform t Fi)Xs iNt efpolat it on using
three points in each ( x| gndy i rgctiypnliseparately.
Typi cal |y the maxi mum4= izzst r%\%i O%ZI ofzzf sg_? must be (14)
speci fied, usually as a pmaxi mum nunber of pixels in
any direction the imagepxjrayx,he ghikfed, rélative to
each 25 other to achieve alignnment. The registration
shift determ nation described essentially conpletes

the registration process te WD, 2 567

PCT/ US%@%S?%%%%%@ *}55¢ Rt Ié?]t% éfvl\:)grtoe%gié/éu%fgancger aly then
cpéﬁﬁgpgpdgomgﬁgt-agugeﬁ@n r@gi)sticat ipn process

described in greater detail above. _ After deternining

the registration shift betweendthek wo i nages, the (15)
first image is shifted by that anount to 5 align it

to the second image. The inmage is shifted by the

regi stoghi 9BcaRbRt cWIEhE( hianfinud 189 tiecpus®rdtec surface
registration shift i;. is typically a 10 non-integer

vél uey_a) neshodenf competpdl dtriony titee comfiftied enititmge Z and
must be chosen. The two preferred nethods for

i nsedpebathen sulpd xsil| inesas tiratergn| i f Rt arpilue .

frequency domain interpolation, Bilinear

i nterpol ati on works in x —2cd-be (16)
™ p—4da-c
2a-e-b-d

_ d 17

Ymax =07 g e a7

The determination of the location where the cross-
correlation surface is maximum can be achieved in several
different ways. In one implementation, the interpolation
may.be performed by fitting a quadratic surface to the
3x3 ﬁeighborhood centered at the maximum, and finding the
location of the maximum of the fitted surface. 1In
another implementatioﬁ, there is an option to perform
this interpolation using three points in each ( x and y)
direction separately.

Typically the maximum registration offset must be
specified, usually as a maximum number of pixels in any
direction the images may be shifted relative to each
other to achieve alignment.

The registration shift determination described

essentially completes the registration process. Note
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the spatial domain using the four nearest whole pixels

‘Vokﬁﬁé’S%ﬁe desired subpi xel location. Assune we wish to

e interpol ated val ue of Wat the | ocaf¢HHS3003/028869
x+ax, Yy+Ay), where x and y are integers and 0< x < 1
and 0 <_y < 1. The bilinearfy interpolated value is
conput ed as: yi (x+0g&, y+zy) _
—(1- A [ (1-AY). V(X, Y) +DW/ (x, Y+1)] (19) +AX

- Qley) - Yh{ ¥ Hardedy- ¥eh¥thiY Y Ebrrd@pbneuenadh doi@imbre

interpolation is performed using a basic shifting
pFopEs E Y2 bion Her FeafFeAescaadrer il grertexdetail Mbove.

= | FFT {0 1! s dxu+ : .
equati%%t%igégt?%%l?éﬁaegg %%g§%§k§§%a?rﬁﬁ¥¥EH¥Etween the
| twot bdagdhe theo fimgesibepegicompdreddmist ieat amount to
normal i zed so that when subtracted their nagn&buqe o
ahbiPhase WPl Fheal sgrongndmpgel.-d Adgr 1mage re¥ilt)sis shifted
except at defects., There are_ two major nethods used

tY nbPfrar pgESERRL EORpRERUNfRdes: 30 In the first and

si npl est net hod, terned "cow&&ex gp 20Q4/ 025567

PCT/ US2003/ 028869 44 nor né 72 a4, b Fmt)he first i mage (18)
of the pair is nornmalized to the second by

multiplying it by the ratio of the conplex neans of

the t j S h .nea fe.an  fmage, i :
dof i ned® 5ang thd 1EpGaBE L BRI A Lec" o picadty =
VWheh eiNPebsrt Hig1 AEITOEN Mk nBiX @JfS ik R 1IPRaey dHE sampled
equation to nornalize the image yi;,(i") to yrn+, (r)
i sMage PHsEhbe sgkofannet Abe, twer peeforamsd tmﬁrz]réumsf@r

j ' " e.,.0 i.tyd f i mages
PERPRLbETLLotn a0 P THRERET R RN SY) A 1Ry

| dagahar yntpapdsat Ebnst , Bille ne@ans neferiha d4BHYE works in
nagnitudes are conputed: .
the spatlal domaln using the four nearest whole pixels to

the desired subpixel location. Assume we wish to find

the interpolated value of v at the location ( X+Ax,

y+Ay), where x and y are 'inteéers and 0 £ x < 1 and 0 £ y
< 1. The bilinearly interpolated value is computed as:
ple+tdny+dy) =(1-ax)-[1-ap) wixy)+ Ay -pix,y+1)]
+Ax-[(I—Ay)-t//(x+1,y)+Ay-t//(x+1,y+1)] (19)
Frequency domain interpolation is performed using a
basic shifting property of the Fourier transform:
y/(x + Ax,y+ Ay) = IFFT{‘P(u,v)- e'iz”(A""+A"'”)} (20)
For equation (19), the range of Ax and Ay is not
limited. |
The two images being compared must be normalized so
that when subtracted their magnitude and phase will align
and yield near-zero results except at defects. There are
two major methods used to normalize the complex images.

In the first and simplest method, termed “complex
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15 PIwl = Nz (22) Second, the phase offset between

_ t i mges is conput ed The phase diffe
WO %Eﬁégﬁ PET/082003/028869

the two images is conputed: 1 7 n+l
[1,/,r ntl tan L7'n+l-LY'nL r =r Y n ~n 20 To find
t he phase of fset, we need to4éonpute t he phase shift
of this phase difference image that will yield the
fewest phase junps in the i mage. Because this inage
herexpected ohg “baromEwWad imideoraf theisaiores normallzed
reiiabie to find the phase of f set that results

25 fheasesensumye Mwit IfHasdg dipdY ametﬁéﬁlﬁogkt ﬁat
Corrﬁ%& %E%%% Qﬁf%ﬁg'f%d1 frRgdians ofﬁéeéoﬁﬁPEktﬁéén of an

rres I's a se offset" OO that wll be used
wmb@ethe m@szQ41025567 PCT/ US2003/ 028869 45

magni tude nean ratio tolnn rmalize the first iymge to-

the second: plw. ~l -le ntationg
of this step is f aiff MyN'S()Z?é%m)EI_MSW% @b
mat hemati cal description. magni t ude- phase

nor Meldld 021 § <Ofctie nﬂﬁ%%r Wﬁl@%'%é MeRge. | The

and may be unnecessary if the wavefront matching step
iesrussaGn o wavehia Dite nmethe himagd Oyt 6 Jused v, 47 ) sanot
necessary to performthe nornmalizati on step at all,
because the wavefront matchi gg e a [)I_rm of

normal i zati on. Wavefront Afn s)ts t he phase of
the second inmge by a flltered ¥Yersi on of the phase
rati o between

In the second method, termed “magnitude-phase
normalization,” the magnitude and phase of the images is
aligned directly, rather than the real and imaginary
parts. First, the means of the image magnitudes are

computed:

=5 ) @)

Second, the phase offset between the two images

is computed. The phase difference between the two images

oz 422 ()

To find the'phase offset, we need to compute

is computed:

the phase shift of this phase difference image that will
yield the fewest phase jumps in the image. Because this
image is expected to be somewhat uniform, it is more
reliable to find the phase offset that results in the
greatest number of phase jumps, and then posit that

correct phase offset is 7 radians offset from that. The

result is a phase offset A¢ that will be used with the



10

15

- 20

25

15 the images, in order to renove | owfrequency
variation fromthe difference i nage cause by phase

WOLNHYSPYs. First, the phase difference betweeRCT/H82003/028869

images is found by dividing the two conpl ex inages:
Vn(F) 20 This ratio is then | dMpass filtered in the
frequency domain using a filter wwth a very | ow

cutoff frequency: jil, (F)=IFFT{FFT{p(F)}L(F)} (25) _
i t
f| Poer %&@ehln%%ut%%ﬂ% %ﬂﬁéonﬁ%iﬁ%%ﬁ%.f% “IpRge ko the

fiserened ratio is used to nmodi fy the second-image so
that |ow frequency variations in the phase difference

are mnimzed: ~n+l (F) .~ +Ww(5%ﬁgt | tug(F) (26) WO
2004/ 025567 PCTI US2003/ d388e0 ; Lfentation of @3

this step is straightforward u5|% t he above
equations. The order and cutoff frequency of the

| owpass filter used in this step are fixed. Also,

not e tlimpliemam@upime:rfr@dnammm fdiersecond i mage

' %t%tatlg.%ﬁ%n vwar rr%rrht?ayﬂetzgrllat ” ! mﬁ&%&:&&ﬁl%er e The
t hl%c_:;haﬁ:h,@ep(pha)se \Mdﬂma!ﬁz&atdﬁﬂ ne@' @@@éﬂi%ﬁoﬁ zer oes

in the denom nator at border pixels. In sone
i FOMRNESS e Idif flgvemass anfb i dbe gl 2 TSI f bhe

h [ or, I in i.ma
naAdl0 oL R 3 o S 155 ISR Y 5805
[ rragasedUntutl iznchainlrese searyh ansl| pargf dafm” tﬂﬂid;%rmallzatlon

pixel s ur| hifting i s identical anong the various .
ﬁg m‘ii‘gt 33 TS VT MBS TR i RE SHle v § | @ 180rm of

rggghhlh&aghkﬁprences t hroughout the inmages. Typically
these differences are quite small. Al so, wavefront
Wavefront matching adjusts the phase of the second

image by a filtered version of the phase ratio between
the images, in order to remove low-fregquency variation
from the difference image cause by phase anomalies.

First, the phase difference between the images is fournd

by dividing the two complex images:

va(7)

P( )— 'r’/n+1( ) =

This ratio is then lowpass filtered in the frequency

domain using a filter with a very low cutoff frequency:
pu(F)= IFFT{FFT{p(7)}- L(F)} (25)
where L(7) is a third-order Butterworth lowpass
filter with a cutoff frequency of six pixels. This

filtered ratio is used to modify the second” image so that

low frequency variations in the phase difference are

minimized:

7" (F): '//n+|(7-:)'/0ﬁ11(;:) (26)
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mat chi ng can cause artifacts near the borders because
of the periodicity assunption of the FFT. The effects

WO 39P04/0253¢@se artifacts can extend beyond the bdtE&ES2003/028869

regi on 20 excluded from defects. The vector difference
between the two registered, & nalized, phase
corrected images is then conputed as shown in the
first difference i mage shown in FIGURE 17 and the

second@ih bekenee i bIRYS 3% SN rhf'%%fﬁog\? %{a using .

vector difference between the images is 10
—thﬁlabove"QQU@ZianTheﬂhqﬂqaﬂﬂneﬁndnpuﬁofhlﬁrGQEpncg of

ai ght f orwar, Not e. t hat alternate e Odl nts
ShREL SR e e B S h R 0 Riso,
ah&@eb@hd%eQnt@n@ebQ@Eéiﬂéﬂﬁémbo&iﬁ%ﬂ§ T@@Tsé88n§d9ﬁ§ge is
of the difference Inage are set to zero to preclude

déhecPngefmediifdadi Pyt e arlaerithm.200 02s56First. This

PCT/ US2003/,02886 47 whi ch ne to art facts _
EREnCE, TOrLi 2o Bhee B iqY Gt HeRtio o)

wwtlﬁunb@ speeirfihed BWbelsPlor RS Olf at&gggm%awr at

he I1mage Is set to zero. This Trequires t
nbmméeroplmeiels at each edge to zero 5 out nust be
speci fi In so enbodi nents, _the nunber of pixels
D akaH 6o (RACAT D (I b AR DAY
r @@p&b&éhrt@r&ﬁ;lﬂﬂsf tForl haRidel sy by Dofectd opnd dArting
vector difference image is thresholded to indicate

t RBapeSamagn cafusgosSills] & tepaf e‘a Pispagaie edthf epencesf
| SRIERRS SN U BB A R Jin ks, SR8 A& 1ing of

devi atron a of the C

| holidet, pixe)ls ﬁ&r&@@lﬁlﬁc‘ftﬁc@ fh[sBSlftI&ritlcﬁaﬁe&m@h athe
user 15 specified nultiple of the standard deV|at|on

kB 3TARYSt R0 L mers A eE EgE Y YR Ho IRRECRing hakep will
Valdelt in differences throughout the images. Typically

these differences are quite small. Also, wavefront
matching can cause artifacts near the borders because of
the periodicity assumption of the FFT. The effects of
these artifacts can extend beyond the border region
excluded from defects.

The vector difference betwéen the two registered,
normalized, phase corrected images is then computed as
shown in the first difference image shown in FIGURE 17
and the second diffefence image as shown in FIGURE 18.

The vector difference between the images is

AV, PN =17, F) - w7 @7

The implementation of this step is straightforward.
Note that in alternate embodiments phase differences and
magnitude differences may also be used to detect defects.

Pixels near the edges of the difference image are

set to zero to preclude defect detection in those areas,
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1, 1Own+l.n (Y)I >k6 O, TAVin+tl.n (7")1 <_ kQ The
initial threshold value is conmputed based on the

WOBHAPAPT devi ation of the entire difference i PEEHES2003028869

20 the one inplenentation, the threshold is

~iteratively nodified by recoﬁﬁuti ng. the standard

devi ati on excluding .pixels above the threshold until
there are no further changes. This effectively |lowers

tQEiEHrS§QOEQOE%r Q§ L h%ﬁ%: 16°d ffgtipe vector
sorretlrresqlteZ tant ly. ITn apreferre
edbhdderentet hmag@l ttjmalte iaf wﬁdiarstaami&r@hﬁeadi atumiseatof
whi, ch to t hres the ge is specified by the
uBere1lPhett fe A% e | FRlges® &R t 0 This

aseeliaka Whieh t'H@gﬁm%é}efoeiC D1 NAL 65,41 O &6 zero
then 30 aligned. Because the f| rst inmage of any pair

| ougl mgﬁed ba0DsE04/I028567 IPCHAUS2 CO8/BRBBB s ASthe neber
ond geo e pair thetvvor ultin
GEFr BB faget S BY esgiabmkd (i tejmum allowed

r&:%gﬁgﬁ&a.tlobn shisRgueRc @ igfeltdrr ee conpl ex inmages that
are conpared to each other, y', , yr2, and w3 , the -
first thresholded 5 difference 821 is aligned with

yl2, a Qul ;i fference 832 is aligned with
y/ 3. S&%g%&t?hé%g—m—@t hreshol ded di fference i mages

wi | | yiTakd viele adefdichfe featce t:hmagerrm tyhﬁésltdsﬂaddadmtg:e

832 szt be shifted so that it ned with y
BELSELST thfe HAGRIPTHA rRé’stﬁl’%S]f?e %9 Fhecheruden each

Wﬁﬁg%s of tmia%e%n'ays NGeRaAsay BEiHEdM § hengismges to The
ol e- pi xel dccuracy. The registration shift between

ttse:ajnmagels Aazriand o 3 ics ofl rad wddmmwn dibfer<eedd i Blage
conmput ations to sub-pixel accuracy; this shift, is
wrledFiloisheompartest. wholttrpistell d dencted at’ nx Yserts

and applled to 832 in the direction opposite to its

specified multiple of the standard deviation, ko, and the

difference ‘image is thresholded at that wvalue:

BN L NN () B9 .
-5,,“."(7)—{0, By (7)< ke 28)

The initial threshold value is computed based on the
standard deviation of the entire_difference image. In
the one implementation, the threshold is iteratively
modified by recomputing the standard deviation excluding
pixels above the threshold until there are no further
changes. This effectively lowers the threshold for
images that have many defects, sometimes quite
substantially. In a preferred embodiment the multiple of
the standard deviation at which to thresholé the image is
specified by the user.

The two thresholded difference images used to
ascertain which image a defect originates from are then

aligned. Because the first image of any pair is aligned
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earlier application (which shifted inage 2 into
alignnent with image 3): S3,2 n (r)= 832 0; + (29)

WO 20047028567 npl enent ati on of this step is strai gmETOUIAN3I028869

Next, a logical AND operation is applied to the

al i gned threshol ded di fferencesgi mages to elimnate any
detected defects that do not appear in both as shown
in FIGURE 21. This reduces the nunber of false

positive 25 defects and assigns defects to the proper
i%%g%h?ns?ﬁ@ngséﬁagﬁCQg ?ﬁ@ @Fébt§ﬁﬁh%9ﬁé§' t@ﬁé
f Qupg- YBBAeT t mh§esCaMRAR AU @ AR ROIMASRONG NOrd FBYSSCe .

SUL and y/3, aré given by: 30 d2(i)=821 (i-)rn83.2(r)
(B0) 2 \Wee2000¢625%56 L hreT usppdsr0288aEs 4hath ajpe compared

particul ar._enbodi ment the | ogical AND.is _.inpl nted .
aEanﬁﬁLtPﬁPFEatioH“of Yhe 7 tW@esE%Fﬂé&fgﬁégﬁiﬁéiOlded
si,n their values are. limted _to be ejther 0 1. 5
IﬂlgﬁeEFPSFna?%Jeh%oﬁfh%ﬂ%atﬂéb bove s?épsaﬂgytég second
reordered, so _that thf,ali nnment and | ogi cal AN step%
afef BEFEBFRed Sbef ot A1 YHhOY HF Rg, sibpi x8FR&E it ~WO

e paRatieh LRt o S Dt ol BEFEES cox
;gpg' %iénE%Vevd?eCttl’Pé S JBY 5 b%@éé{ﬁéa%lﬁfﬁtéé tBe¥hat it is

Yertain size Yhreshold. S0,

gggggg'ga%&% o%r at ifQns, QR %_%%ina%?%m_ Be the

clean " their shapes ape cation

MaYrBehbTRleRIMamiRZE AS id MRt ReiMB} itedtedSafPrphoddYyn the
operation, nanely the norphol ogical closing.. This .
opBREESI tios Wiederiiadlagocyiyasng. The registration shift

between the images v, and v, is already known from

earlier computations to sub-pixel accuracy; this shift,

o

7, is rounded to the nearest whole pixel (denoted ro )

max max

and applied to 6,, in the direction opposite to its

earlier application (which shifted image 2 into alignment

with image 3):

5::,2 (F) = 53,2 (’-: + Fnllax) (29)

The implementation of this step is straightforward.
Next, a logical AND operation is applied to the
aligned thresholded difference images to eliminate any
detected defects that do not appear in both as shown in
FIGURE 21. This reduces the number of false positive
defects and assigns defects to the proper image in the

sequence.

The defects in the image w, found when it is
compared to the corresponding imageé ¥, and y,, are given
by:

d,(7)= 6,,(F)n 8., () (30)
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Let K denote the structuring elenment (or kernel) for
npr phol ogi cal operator. Define the symetric set

e
WOZEQ{‘!Oﬁ“? E K , whichis a reflection of K adgU2qe3/028869

20 origin. The translation of a set to a point s is
denoted by a subscript; for &Xample, the set K
translated to the point s is Ks. The set processing
nor phol ogi cal erosion and dilation are defined by:

Erosi oni éné BartisulaKSefbddilent! tie 1gilcdh) ANER &5
Dilation: d OK = s:.(Ks_,rc'i())#OS: dS’rF) (1;32)

r EMrhensyEpd| 8s eaalyl Fipldessieonvodk itwny Btheesholded
a nk ' Ltigns S ti Y. T osi.qn. of
Dol P RIREE AL R EROREE 2ifieg R BEY R 0 o
structuring element K may be translated while

‘remaining entirely 30 within the original area of true
ot FatTieheormip

pi xel sTRTREB - BheofMAR R FGR 03856 ROOVE steps may be
PEdbE52003/ 0388684+ 50nd b igrenthen® K JB4e anp

sSteps
translated and still interséct the true™points of dt P
atreneevforved pefars. thre siodpliciongiseddp iopeniailgi gamgent may

PBaTBReaRGeaF PR T BR 5E%S HPE s AN Dt R SR g 3 £ ue
[hd1eif) (ehekkh.(33) Cosing: d K(r)= [(d (r) K O
KJ(i) (34) Morphological closing with a square kernel

( K) i$n18°MRecHBSEiMERERY dfer a8son tHigia sirfret areas may

%gi %é&?% gdﬁgfi the,d f%%tu”%%l%w 3 28 eafs.'ErL:ife n

nt by codnting the nunber o
eabheshobédct edleonponepholthiicadt epensidiond kel yolxe defect

conbined with congect eqd gorrponent 15 analysis. In one

eftb88F nBAY, PShHFENSEI f Fc&G bRt iUhieAds shapes.  Shape

modification may be implemented as a mathematical
morphology operation, namely the morphological closing.
This operator is described as follows.

Let K denote the structuring element (or kernel) for

the morphological operatoxr. Define the symmetric set

~

Kf={—?: ?eKﬂ, which is a reflection of K about the

origin. The translation of a set to a point § is denoted
by a subscript; for example, the set K translated to the
point s is K.. The set processing morphological erosion

and dilation are defined by:

“Erosion: dOK={: K,cdF)=Nd-7) (31)
rek
Dilation: dOK={: (K, ndE)=2}= UdF) (32)
rek

The symbols ® and © denote Minkowski Subtraction and
Minkowski addition, respectively. The erosion of a
binary image d has true pixels where the structuring
element K may be translated while remaining entirely

within the original area of true pixels. The dilation of
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a mat hemati cal norphol ogy operation, particularly

“K)ggéghgloglcal closing with a 3x3 square kernel. In a

#rPed enbodi ment the mini mum def ect si ze RGF/US2003/028869
accept nust be specified for the size restriction 20
operation. In some enbodi mentx0this paraneter may be
user-nodi fied. For shape nodification operations the
si ze and shape of the kernel plus the type of

RN Galeaper Rt ALy, MHet cPansPaeEh adab¥tting UsRkrsect
Additionally the user may al so specify whether to use
Zhesape msdirfticaef od at ahé. opr mayewpphnien- zer o

pi xel s.in the resulting defect inage-.di(;) are .
Converiis T oot 8P oS8 e8The  aRRY B1 sk nh; Bpkgations are
Hengoed eooipeneshsr 68t the prekebabbnd ldaaks iber, as
defect clusters that are continuous in the x 30

dirld@in. Once a linear string of defects is

' tified, it i d wi her-\bl ghys, it be i

Srevingt wiin n the y dfrd ol %)&%ﬁi%l ves w0 (33)
04/ 025567 PCT[ US2003/ Q2 I bk Ng t he

éﬁﬁ??%ﬁt boundi%g rectagéﬁaﬁgﬁgg%aégggkg?gl3 encl oses (34

the defect cluster. Alimt such as for 50 defects

may be inposed in the detection routine to inprove
ef fi cidoupholdgirtahnylpseing, wihe deketbrieakelrnzl ( K) is

exceeds the limt plus . a nmargin, the anglysis . is
fet "Gnalt i Benar faM Fshabe. ARALE B e oge the
RHOCeAUNRah Sq. repeated continuously until, the defects

do not increase. The connected conponents are then
shown $bzen regmriodéonnngy he shpwementFb@UREWRR img &he

gﬂg@g?ingee as_ 10.shomnhin Fl GURE 2%. I% an Thi te
Tont RHeekonhBotEa" CoRBSRERES CMERERbed (TS £TeP
resul tsiféle wadcb@abl sedsvathstbeseleed kongrimeits are
conputed. In one particular enbodiment only the o
bt es B2 PR embodiment, shape modification utilizes
a mathematical morphology operation, particularly
morphological closing with a 3x3 square kernel.

In a preferred embodiment the minimum defect size to
accept must be specified for the size restriction
operation. In some embodiments this parameter may be
user-modified. For shape modification operations the
size and shape of the kernel plus the type of
morphological operator must be specified by the user.
Additionally the user may also specify whether to use
shape modification at all.

Areas with non-zero pixels in the resulting defect

image d,(F) are converted to a “connected component”

description. .The connected component routine preferably
looks for defect clusters that are continuous in the x
direction. Once a linear string of defects is
identified, it is merged with other blobs it may be in

contact with in the y direction. Merge involves
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boundi ng rectangl es of the defects are reported. 15
Al t hough the discl osed enbodi nents have been

WQ840356@d i n detail, it should be understood POBIUS2003/028869

vari ous changes, substitutions and alterations can be
made to the enbodinents withaat departing fromtheir

spirit and scope. LLOYD W SE - WO 2004/ 025567

PCTI US2003/ 028869 52 WHAT IS CLAIMED IS: 1. A nethod

far isteri corr.es on i n jntensity iges

S e e Ehap Rk AR I TR NS
prda;\mgilet@@ %&mr&é@rmesmcm EDESASHLY Aﬁﬁgﬁlt such as
se ar at el erform ng an edge enhancenent operation

Qthe O idedieqtft avrl t |erg%sechn?ahthbes@@bﬁdtmnensutyne to

t f
th shaﬁ%g%%ﬁﬁbéﬁcggaﬁfgnaq%n ﬂgm??rrn[é? |n?eﬁ§F?§t label

| rageeegizd tie Secdondlugitensityin ragee sepayaiel ¥s aborted.
transf rmng the first intensity imge and the second
i %ﬂ? LsitRES %Lﬁqaéfn%%n%lﬂ%rrﬁ?rgéoﬁﬁet:eﬁgre is

a YEORRIRIRC & NG QL U 1 Bt Iréﬁe'&@f€§E§Yd&5?ﬁgagﬁcrease.

and 't he second intensity | mage; transform ng
coher efMhe famuteédredisionparentw ease tkenrskown as a

transf performn ni tude operation on the

%ru%d "@(?r?erae%gc?‘ gt nIG%B 2t aPEuR aPRRgeaimage as
Ccﬁl"fdvﬂﬁri(he madures hased on dide em&@m@ﬁé €REr 8bhABeted
and-determ ning the acceptability of the

cHAPIERFEN GF S RARRIh IHe 3 rlsftsmht%néllﬁ i mge amd basic
thg seeads for the defects are computed.  In one

particular embodiment only the coordinates of the
bounding rectangles of the defects are reported.

Although the disclosed embodiments have been
described in detail, it should be understood that various
changes, substitutions and alterations can be made to the
embodiments without departing from their spirit and

scope.
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corresponding intensity inage using the conputed

confidence 25 value. 2. The nmethod of CGaim1l furthefoypysg
conprising providing the first intensity imge and

the second intensity imge using a digital

WO pH/@asaphi ¢ i maging system 30 LLOYD W SE \V¥CT/US2003/028869

2004/ 025567 PCT/ US2003/ 028869 53 3. The net hod of
Claim1l wherein calculating tbe confidence val ue
utilizes at least one identified coherent peak. 5 4.
The nmethod of G aim1l wherein calculating the
&&@ééﬂgﬁgggéﬁhgiéggyther conprises determning the

gth between a first coherent peak
and a secanGhdigrkd A8r Sredy BBEDOHSN SOrHRACSTRIIAY
hol ographi c inages conprising: providing a first
holtegsaslyi dmagafe comPwlseeend correspondi ng
hol ographi.c .i mage;.separately transform ng the first
ho!OgFﬁ%ﬁPglfﬁb f%ﬁé@u&P?%%sﬁégoﬁ@aﬁgvograph!c i mage
USi NgpokQENg a NSO IBrSEPSEAEEHY RAEERIIHIY Bnage ;
si deband extraction operationon the resultingfirst
hol ogsgphiretieday@eafbrning sae oedghobnragkimentnegerat ion

atately.filtering the result] the first .
ﬁgl %%%5 re FEGE e hlé“aé‘é%o%‘a‘% h%ﬁ%g?SEHPg PGSty
timagg; a bandpass filter; separately transform ng the

resulting first hol ographic image and the_second _
hol ogE§BRFetPhigPeFiging a noise removal thresholding

‘operation on the first intensity image and the second

intensity image;

separately transforming the first intensity image
and the second intensity image using a Fourier transform;

computing a coherence function using first intensity
image and the second intensity image;

transforming the coherence function using an inverse
Fourier transform;

performing a magnitude operation on the transformed
coherence function;

calculating a confidence value based on the
magnitude operation; and _ |

determining the acceptability of the correspondence
between the first intensity image and the second
corresponding intensity image using the computed confidence
value.

2. The method of Claim 1 further comprising
providing the first intensity image and the second
intensity image using a digital holographic imaging

system.
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25 an inverse Fourier transform separately perf or mild§YDWISE

a magni tude operation on the resulting first

WO EH3hi ¢ i mage and the second hol ogr aphi cPGTEG?903/028869

separately perform ng a noise renoval thresholding 30
on the resulting first hol ogrdpghic i mage and the
second hol ographic image; LLOYD WSE WO 20041025567
PCT/ US2003/ 028869 54 separately transform ng the

resul 1isng ffyStne Nl OGT ARK £, | MRgg, giﬁhgafgﬁfgging the
a Fourier

hol ogr aphi ¢ 1 mage usi ng ransf orm
caonfliatamyg aredohernencki famcdt oreadt t beer eQeht i Bgel

first hol ographic i nage and the second hol ographic

i TEgErenY orm ng the coherence function using an
inverse .Fourier transform perform ng a magnitude
operation on the resulting transformed coherence

functi ¢n;, Ihea<ihed gl Glanfl dénerevnl gelbaseding the

t nitu eration: and determnjing the
n DB VAR LA e BEERERInTRe Fhest
halidgeaphice iiTRge Bethtihoserend o . HDFOOr aphbfehfBPBak and
based upon the confidence value. 15 6. The method of
CleaiSRe>umS#dE - conpri sing providing the first
hol ogr aphi ¢ i mage and the second hol ographic inmage
using a digital holographic imging system 20 7. The
met hod 5of @ amehifodhBreireaiadteat Bid Ngol bgraphbti drages
val ue utilizes at |east one identified
comprising:
providing a first holographic image and a second
corresponding holographic image;
separately transforming the first holographic image
and the second holographic image using a Fourier
transform;
separately performing a sideband extraction
operation on the resulting first holographic image and
the second holographic image;
separately filtering the resulting the first
holographic image and the second holographic image using
a:bandpass filter;
separately transforming the resulting first
holographic image and the second holographic image using
an inverse Fourier transform;
separately performing a magnitude operation on the
resulting first holographic image and the second
holographic image;
separately performing a noise removal thresholding
on the resulting first holographic image and the second

holographic image;
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coherent peak. 25 8. The nethod of Claimb5 wherein
calculating the confidence value further conprises

WO ned/ezsseni ng the difference in strength bet wPET/1E52003/028869

first coherent peak and a second peak. LLOYD WSE WO
2004/ 025567 PCT/ US2003/ 0288695585 9. A nethod for

regi stering hol ographic i mages conprising: providing

a first holographic image and a second correspondi ng

hol ogr aphi c i mage; 5 sggarater transf rningé;he first
hol og 250t TARA PHBIRECHRE REFHgrapHi ¢ ihfge

URI NG9 | Bfagd  #RET ORET ssepaBahRbgREPHAT iR using
si deband extraction operation on the resulting first
teo| Rygproaiod ct ¥amgfeommd 10 t he second hol ographic

I mage; arately filtering the r | i ng- e first
hologﬁggﬁg%*g%%@% %nao?ﬁﬁe§880%&n%§ﬁ8%r%%mqy%.ﬁ%ﬁﬁitlng
USi ¥t 1ol eyr-@esscl ihbge; asapanat eeydndansfieghaitiidiei mage ;
resulting first 15 hol ographic i mage and the second .

hol ogrtapiet P¥RGRs USRAGCORRTPREEr SENIFGH e M Stimgh SForifverse

?gg%{?gfly¥§§§%8%ﬂing a phase operation on the

I'ng firs ol ogr aphic i mage and t he second
hol ogrpephf srinimagea @8gaépadat epprperifoor mnngle resulting
phase- awar e _edge enhancgnent, operation on the

et g ER r SPRREEBGFapHRE S MBge and the second

hol 09@&’1‘&81&@&%} aSeBaraliehy PN R A She
renoval thresholding on the resulting first

hroh ot tipde copengeiand ahé second :
determining the acceptability of the correspondence
between the first holographic image and the second

holographic image based upon the confidence wvalue.

6. The method of Claim 5 further comprising
providing the first holographic image and the second
holographic image using a digital holographic imaging

system.

7. The method of Claim 5 wherein calculating the
confidence value utilizes at least one identified

coherent peak.

8. The method of Claim 5 wherein calculating the
confidence value further comprises determining the
difference in strength between a first coherent peak and

a second peak.
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25 hol ographi c i mage; separately transform ng the LLOYD WISE

r |ting first hol ographic imge and the second
oY

Yrfidhi c i mage using a Fourier transfor mPCT/US2003/028869
cal cul ating a coherence function of the resulting 30
first hol ographic i mage and t 3 second hol ographic
i mge; transformng the coherence function using an
inverse Fourier transform LLOYD WSE WD 2004/ 025567

PCTI US3003A02886835¢ orP &/ ArdHe g iy mrgg#fgiﬂlf@e{rﬁ‘éé@@
on the resulting transformed coherence Tunction;
cabopirasiitng:a confidence val ue based on the nmagnitude

operation; .and 5_determ ni the.acceptability of the
cor r espondancs? %e?ﬁégﬁ Eﬁg%ﬁﬁﬂﬁhﬁﬁﬂﬁﬂﬁ%ﬁﬂﬁ%gi%m@ﬁ?ond
apdrireepsnaend hbobegaaphic inErgs; based upon the
confidence value. 10. The nethod of Claim$9 further

conpr i SER§Tatelyr sVraSieIHET itha Hetdghptrerapkie image
har,hsn Seeia HABUESRMT AR RN B BB,

wheraisfiocal;cul ati ng the 15 confidence value utilizes

at |l east one identified .coherent_peak, 12. The, net hod
of O aPRPSTRRETYI RECACETNLRE iy THEPAShSHIIRSE 4ol ue

f epbhak ieRmBni $88 delkenmit G the %Qalcggxfagﬂ?{@ €itdge and
strength between a first coherent peak an a second
p&ak. sezond mmethedabdia dgiagesri ng hol ogr aphi ¢ i mages

gogggg%%%%fa%él r%&h@é%%ﬁ%féﬂé“ré&ﬂf%ﬁﬁgﬂﬂéhér@%@EPnd

holographic image and the second holographic image using
a low pass filter;

separately transforming the resulting first
holographic image and the second holographic image using
an inverse Fourier transform;

| separately performing a phase operation on the

resulting first holographic image and the second
holographic image;

separately performing a phase-aware edge enhancement
operation on the resulting first holographic image and
the second holographic image;

separately performing a noise removal thresholding
on the resulting first holographic image and the second
holographic image;

separately transforming the resulting first
holographic image and the second holographic image using
a Fourier transform;

calculating a coherence function of the resulting
first holographic image and the second holographic image;

transforming the coherence function using an inverse

Fourier transform;
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correspondi ng hol ographi c i nage; separately LLOYD WISE

transformng the first hol ographic imge and the

WO 28e13A%7hol ogr aphi ¢ i mage using a Fourier trBREU8I0H3/028869

30 separately perform ng a sideband extraction
operation on the resulting fi¥st hol ographic i mage and
t he second hol ographic inmage; LLOYD WSE WO

2004/ 025567 PCT/ US2003/ 028869 57 separately filtering

t he r%) #lf%aﬁ e f$%i$1tu§goggéPQE§ é”@ﬂet%%FrEgﬁlting

secon ogra e usin ass
(nﬁanﬁﬂﬁﬁmgﬁztdhﬁmﬁﬁm@efﬁmotionn of the resulting 5

first hal ographic inmage_and the s con hol_ogr ap

| mge:C kR Ghi Mo ShEL SSRER HELSPUREEREn Sho kg an
iNRlSGaEWpd L 16ANSELaM perform ng a magnitude
operation on the resulting transfornmed coherence

funct|dﬁteﬂmnm£mguth¢|agcapt@hiRQQMc@fvéb@eQQmmgﬁp@mdence
d determ ni gﬁm

&%ﬁ%ﬁ'ﬂf?# e AL a0t aBhTe (EhEET AbROLh® secopd o

LIQ? e | IRgge apgstheusenonte hohddEaplceC vialRee
bas upon the confidence value. 15 14. The net hod of
Claim13 further conprising providing the first

hol ogrgphi e n i G
usi ng f<';1rpd| 3?1{‘ al ﬁ%grégh%:gglgﬁlagl r%mlt%%%?ér?\ﬁ)ﬂfgq@
Theowed g e G st 1Bohbgraphicalimalgat iamgl tdiee second
confidence value utilizes at Ieas& ne identified
holographic image using a digita olograp 1c 1maglng

system.

11. The method of Claim 9 wherein calculating the
confidence value utilizes at least one identified

coherent peak.

12. The method of Claim 9 wherein calculating the
confidence value further-comprises determining the
difference in strength between a first coherent peak and

a second peak.

13. A method for registering holographic images
comprising:

providing a first holographic image and a second
corresponding holographic image;

separately transforming the first holographic image
and the second holographic image using a Fourier
transform;

separately performing a sideband extraction
operation on the resulting first holographic image and

the second holographic image;
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coherent peak. 25 16. The nethod of Caim 13 wher ei r-0YD WISE

\vogﬁhﬁH§39!”9 the confidence value further c

onprises
etermning the difference in strength betmggﬁngsﬂm3mzw%9
first coherent peak and a second peak. LLOYD WSE WO
2004/ 025567 PCTI US2003/ 028869°38 17. A method for
regi stering hol ographic i mages conprising: providing
a first holographic image and a second correspondi ng

hol ogr apRkgakeage fidreepagatdley Ad=ansfaidn nthd hei i st
hol ographi ¢ image and the second hol ographi c inmage .
uBPhEoIHEPBEE émader ansf she ssssachtte yogradiviai ryage using

sid tzagtiQn operation on the resulting first
h%|§§?§ ﬁ?é F%ggggénd 10 the second hol ographic

i mage; csépalatehy bi kbaeregdeheuresiildn nge e fé&8lting
hol ographic i mage and the second hol ographic i mage .
u;%ilﬁgt E‘Obxﬁﬁ&fﬁé’ f HMeEF,; 3&4 ct&}eat%er@rtqﬂé“%]d?ﬁmﬁghéc lmage ;
pr oduc t esUkthin jI.st ; ol e.

and thgrgégg%gﬁﬁﬁg%ogﬁgp%iog%?ﬁ%cg f%a%%%?%lngéfnﬁg trverse

cBajugetre tprogdorrmusi ng an i nverse Fourier transform

perforg%%% %gg%%ﬂégﬁggagger t%ggﬁp ﬁ%ﬁﬁéfﬁ-ltgggsulting

cepbhegasmcalumdrased @Rndigod®gni tude operation;
and determ ning the acceptability of the

cor r esFARGEAGE 1N PnEORtLRETIqe Stalis deragshian i Hege
apd BS%u%%C%%%raQQB%Qr%Bﬁ!C i mge based upon the
con?| ence val ue.
determining the acceptability of the correspondence
between the first holographic image and the second

holographic image based upon the confidence value.

14. The method of Claim 13 further comprising
providing the first holographic image and the second
holographic image using a digital holographic imaging.

system.

15. The method of Claim 13 wherein calculating the
confidence value utilizes at least one identified

coherent peak.

16. The method of Claim 13 wherein calculating the
confidence value further comprises determining the
difference in strength between a first coherent peak and

a second peak.
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25 18. The method of O aim 17 further conprising LLOYD WISE
roviding the first hol ographic i mage and the second
#83¥54&bhi ¢ i mage using a digital hol ographi ®GTHEZIH28869

system 30 LLOYD WSE WD 2004/ 025567

PCT/ US2003/ 028869 59 19. The3¥ethod of daim 17

wherein calculating the confidence value utilizes at

| east one identified coherent peak. 5 20. The nethod

of Capm 17WhetgbR ¢ahCHRINE AN 1KOELHASPEE Y MilSes

further conprises determning the Tdifference In
steepytthibgtween a first coherent peak and a second

k. 10 21...A nethod f i_stering. hol hi
gesPTRSHBEFS fig? pPovI RS (L MR AphRcSecond

| FBgee8pEnai HECABUogeRpHaSPaRHg; hol ographi ¢ i mage;
separately transfornmng the first hol ographic image
15 andSeRara&esdiid thensgraphing ithyd s hdhel Feupbbic image

opaia F b e SER AL Loy b AR TSRS ona

t hease€omth; hol ographi c i mage;. 20 separately filtering
t he resulting the first holographic i mage and the

secondSRBPEGFEpKi PEFARGE R 1y S SRARP L FRFEEPD
cabewhat bRg ohheLeoRiugat e Y qducdy %%&gﬁﬁﬁ%t %@gge and

first hol ographic 1mage and the secon ogr ap
| thge sec2dt hadsboaplig tieagsonj ugat e product using an
InverS%eparately filtering the resulting. the first
holographic image and the second holographic image using
a bandpass filter;
-calculating the conjugate product of the resulting
first holographic image and the second holographic image;
transforming the conjugate product using an inverse
Fourier transform;
performing a magnitude operation on the resulting
transformed conjugate product;
calculating a confidence value based on the
magnitude operation; and
determining the acceptability of the correspondence

between the first holographic image and the second

holographic image based upon the confidence wvalue.

18. The method of Claim 17 further comprising
providing the first holographic image and the second
holographic image using a digital holographic imaging

system.
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Fourier transform performng a nagnitudé oper ati on ohLOYD WISE
the resulting transforned conjugate product; and

WOR8¥BF3'ng an i nteger translation and subpi xePCT/B§R003/028869

nodel i ng operation on the resulting nmagnitude inmage.
LLOYD WSE WO 2004/ 025567 PCT3%S2003/ 028869 60 22
The nmethod of Claim21 further conprising providing
the first hol ographic inmage and the second

hol ogr i C A I Ag ygital-h hi ¢ -i.magqi
systenﬁgg 2§&ﬂ%g%§$%% ?grgég%%s%gr%hggéﬁgegglCE%gkggg the
haladriaid@nae vaiage antll azeef et eheashobagr apkne iifiede

in di gital _hol ographic inmaging system conpri sing:
prAT T P35t sideband fromthe test image and a

10 reference sideband fromthe reference i mage;

separately filtering the test sideband and the

ref er erdtfe sitebanetibeingf aCbahdpagswheleén; calculating the

I at | h ' d f th l.ti
¢ el S T e R CEEMER R, ST FRaRSRH R,

t heel B aiged eipr OgluehgtRi Bgt@BehN¥eFsestFebhie®ent peak and
t ransfor perform ng a nmagni tude operation on the
re%Lﬁ%QQég ®¥93hsf or med conj ugate product; and

performng an integer translation and subpixel 20
nodel i ng operation on the resulting nmagnitude inmage.

24. Thehet hodnefhGiafor28efiist beingohpilograghic images
provi ding, the test hol ographic image and the reference
tuﬁ?ﬂﬁ%ﬂéﬁ%Sinage using a digital hol ographic inaging

25 Syst@fviding a first holographic image and a second

corresponding holographic image;

separately transforming the first holographic image
and the second holographic image using a Fouriér
transform;

separately performing a sideband extraction
operation on the resulting first holographic image and
the second holographic image;

separately filtering the resulting the first
holographic image and the second holographic image using
a bandpass filter;

calculating .the conjugate product of the resulting
first holographic image and the second holographic image;

transforming the conjugate product using an inverse
Fourier transform;

performing a magnitude operation on the resulting
transformed conjugate product; and _

performing an integer translation and subpixel

modeling operation on the resulting magnitude image.
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22. The method of Claim 21 further comprising
providing the first holographic image and the second
holographic image using a digital holographic imaging

system.

23. A method for registering a test holographic
image and a reference holographic image in a digital
holographic imaging system comprising:

providing a test sideband from the test image and a
reference sideband from the reference image;

separately filtering the test sideband and the
reference sideband using a bandpass filter;

calculating the conjugate product of the resulting
test sideband and reference sideband;

transforming the conjugate product using an inverse
Fourier transform;

performing a magnitude operation on the resulting

transformed conjugate product; and

performing an integer translation and subpixel

modeling operation on the resulting magnitude image.

24. The method of Claim 23 further comprising
providing the test holographic image and the reference
holographic image using a digital holographic imaging

system.



