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WD 2004/ 025567 PCT/ US2003/ 028869 SYSTEM AND METHOD
FOR ACQUI Rl NG AND PROCESSI NG COWPLEX | MAGES TECHNI CAL

woheilsn26367 THE | NVENTI ON The present invention perases3/028869

in general to the field of data processing and nore
specifically to a 5 system and nmethod for acquiring
and processing conplex inmages. BACKGROUND OF THE

I NVENTI ON Hol ograns captured with a digital

acqui sition system 10 contain infor ' t he
mat eri al charé&§§ﬁ“§ﬁﬁ@s%E§ﬁQBtgg%i@g@kggﬂpﬁgggﬁiect
bei ng viewed. By caRbdiEigRaNeseavenExalivaaesgr ans of

di fferent instances of the sane object, changes

bet ween obj ects can be neasured in severa

O fEoskoos: PLalbabePragestyaerobyl he Dol ograms 15
waves gf the object. These inage waves cont ai c

si gni fi C&nt PYESHBF e FHEBFHETi B oheSnuPl SaBcArLs tPnkRe

CopyENsi OPalaPeNprbeLegLaghhsdi RBgESspbescausglliheto a

i mage phase information 1s retained _In the hol ograns
busyseem dndconavbadi 6l agguirdgdsantherefgsgéan gpmglex
sy§%$n1éhat conpares hol ographic imges is to

guan ??y'the di fferences between objects and

determne if a significant difference exists. The

process of conparing hologranms is a difficult task
beBBUSEROVNDheF vaHE abBNEENTAYNI ved in t he hol ogram 25
generation process and object handling. In particular,

in orde o effecti 0 e_cqr ngj Do b
hoIogra%ﬂ#%gr?wggéégg%%gaogPﬁ%r% ﬁ%éggggpgkggﬁﬁéaégn system
musénbgincguroedat oo apgust enedmaterimichrdtastelistics
that the inmages closely  correspond.  Additiona

1 ,
af2ef FABORBEBgPAPRIE PRAGES WBLI2E0YABY58675Y capturing
ché&§g99§592§§§8grgms of different instances of the same

object, changes between objects can be measured in

several dimensions. Digital processing of the holograms
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
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
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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are acquired and registered, the inmges are conpared
to determne differences between the i mages. Existing

woeotnesfees for regi stering and conpari ng corr eepasgiong28869

i mages often requires significant processing and tine.
5 Such time and processing requirenents limt the

t hroughput and overall efficiency of digital

hol ogr aphi ¢ i magi ng systens BRI EF DESCRI PTI ON OF THE

DRAW NGS 10 A.npr nd t t
pr%@%n?cq%h£%%'ﬁ%§t§e§§ eahtgéésfggéreogLe ggggared to
acoptt seHi Ry dieferensgst peth@eﬁoth@v\mggdesc r Eptisothing
taken in conjunction with the acconpanyi ng draw ngs,

i nCoPEHINE R eLOF oF 8P eAEET HghaRd FAEPRALBI| FRETESPONding

eAbLES. o AL, WOELEL Pos 19; Eh BFRE e | 518cLLAYNYT 3003 me .
g an I ntensrty Base registra |on met

FHGMEE les anﬁlpmodeaguag1shquﬂngmannaghmmmdetbased

re str on nethod; F R s a f
oA gD e R e QTP AL 26T hLEREBCY oPENOr 8P agnPglographic
ph@@g? ﬁ?gg?stgthRE 4 is a flow diagram showi ng a
regi stration nethod for hol ographi c conpl ex inmages;
FIGURE 5 is a flom1d|agran1of a sinplified
r eg i g N?ﬁ&é the confidence
of R a flow di agram
ShOMAngAamGrGDbbﬁpEdterﬁgdétﬂﬁhhdﬂngysfeﬁhéopreSent
hol ogr aphi ¢ conpl ex images; FIGURE_7 is denonstrati vgy

dl%@?%ﬁ+%$n%8mapéra@8ﬁn €98FnFHFREOBOBPYI BRapCTuLTed

e%éﬁ@f? ﬁg 89 FhEURB18oli$ng Hbagtapt pbnacdkaht ah
ograp I magi ng systeni WO 2004/ 025567

F(ﬁ%mﬁﬁ@@siczse@gh Bhe accompanying drawings, in which like

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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FIGURE 9 is an i mage of a hol ogram acquired froma

CCD canera; FIGURE 10 is an enlarged portion of Fl GURE
waQoo4ghsser ng fringe detail; 5 FIGURE 11 is a PCT/US2003/028869

hol ographi c i mage transformed using a Fast Fourier

Transform (FFT) operation; FIGJRE 12 is a hol ographic

i mge show ng a sideband; FIGJURE 13 is a quadrant of

a hol ogram FFT centered at the carrier frequency; 10

appl | oot [BIRGT Do BuFboF WBIENCF oot PFI T ch Io) EBRETTE™ 2

shows e@amegaltude i mage; FI GURE 16 shows a phase
i mge; FIGURE 17 shows a_difference inmage; 15 Fl GJRE
18 showEI@URECHAdIEi pRePBhREIFFRERL t1PPRREF 19UEROWS a

théﬁg@gﬁﬁegrggéézggg§$%Lnage; FI GURE 20 shows a

second thres erence inmage; FlIGURE 21 shows
an i mgeIGIREWD1t heeshbblledr2phicf fwagacerbmafesmed using a

followng a.logical AND o i on; . GURE 22 sh
naﬁﬁ?%ﬂ uFﬁﬁﬁg%ﬁﬁFﬁfBEWeg?E?sgﬂaérﬁFéﬂﬁE 23 sﬁoggsaa

phase ipeger 19 def 8Chs1ogPEdM EEDMEESCRhBILEY 85sideband;
Preferred enbodi ments and their advantages are_best
under st D6EURG tef éFenacauadrFROURESa1hphpeygh BT centered

mhggeéﬁe I%%%i@%”??é&u%ﬁ@yused to indicate_like and
corresponding parts. é“following invention rel ates
to di gi ratUrRB01hokhgwapbhe Eirdgbagdsyst BMEUARA14 after

applications as_ described, for instanth Ln_U S
Pat Rt I R 181078, 3921 BRFFYPEHR DI PERESEo! BLEFEA
Hol ogr aﬁf@yﬁﬂdﬁbgﬁ&wél QNma ¥ 2084/ 0R8867
PCT/ US2003/ 028869
FIGURE 16 shows a phase image;
FIGURE 17 shows a difference image;
FIGURE 18 shows a second difference image;
FIGURE 19 shows a thresholded 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,
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4 U.S. Patent No. 6,525,821 entitled, |nprovenents to
Acqui sition and Replay Systens for Direct to Digital

weélabagesishy and Hol ovi sion, U S. Patent Appli cRCTmIS2003/028869

Serial no. 09/949, 266 entitled System and Method for
Correlated 5 Noi se Renoval in @onplex |Imagi ng Systens
and U. S. Patent Application Serial No. 09/949, 423

entitled, Systemand Method for Regi stering Conpl ex

| T8, gLl £ 205 L R PP RSB S Byt e co

auenBt edridl hpaJRepegi Styatemp aond piﬁééSStbnggltal
techni ques that have been devel oped to neet

spéei agrapbrsaef Bplevisigu. dPg?taPaFﬁﬁBg%EﬁﬁﬁcgEEPF Serial
de£§cto§p§ggc£égn ﬂY?Ef&ﬁ §§stgﬁsgﬁabﬁgtﬂgﬁefﬁr B rPRated

streaned ograns” may be conpared on a
plueisbprmaehlbasl§ompieﬁeﬁmag1m5 Agseemsonndf Uep. Patent

AR FEREER] GUECEL St clie/ A Bet hOE FoF Cau EGAEEEq 2

| "BgeLABt EBiNHaNd tek- ey Stbabl R Wnkbea, f geUbagkwhich are
confidence neasure are described below The

regmg®rp©r@he@yb@éﬁ?prbvlé@geﬁegeetechnlques and
al gor i L LOLOHL! LR Ent TBACCHBOGRL B0es! BAKS alilohRtlea

SySt ens, as run ect1 on, scene
naim@g@grégisaeaembn and pﬁbaéssmag MBﬁhnlqabsgnththave

In sonme _enbodi nents, a systemfor I t t hi
| DB EE, AETERCRYSL EM FRS] REFUBBSGEYL! BPSas i gi-roct-to-

as n h e al =Y
o851l 0yinding IESTBLESLSBlooTIELLY B8ty o

|ndesh31Eedrherednna|ﬁn BbHsey&temer i agreavefehat peifams may
PeBk BAbLELE 3ERCh 800kl I508E SELLOLI£BD e

aua@a@&@ﬂohaag@érSEan@graaogaﬁébaausnx WD 2004/ 025567

PCT/ US2003/ 028869

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 computation,

sub-pixel accuracy modeling, and automated target search

mechanism.
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5 |Image Registration The Fourier transformof a
signal is a unique representation of the signal, i.e.

woheosifermat i on contents are uni quely det er nPaeaSkp3/028869

each other in two 5 different domains. Therefore,
given two inmages with sonme degree of congruence, fl
(x, y) and f2 (x, y) , with Fourier transforns, F1
(wx, w,) and F2 (w,,, w,) , their spatia

rel ati onship can al so be uniquely represented by the

r BRSO MRIT P Hetv®h their Fourier transfornms. For 10

exanpl eph@neNifiLe ¢FANsfOFfBdf 0 HEIMEENIE W Shogaes
in the spatial domain can be represented uniquely by
t hespregonraeion rahstlor nsidasked bret hehghipfergation

th | . th : [ t f
 DSSESIR 25AL% Ny 00 <l 108 B ongl LBERLEM Al e

rans e 1S

t ranst of et | @smdbbiyeeThétéfoyg, ambivdd £¢ xiyygesheith some
spatial relationship can _be expressed as:  xa.b x_+xo0,
v degpy Yo CopFeenEe | af pl*.d7)d angh fadpy ddentidth Fourier

rqt Al 0AX me SCRY i(aag,;w angdnskew udi ffer enges; a1
represents translations. If it is a Yo noise-free
enwé Yamnivensh i hean wol $ oelge sumat gue by arepresenieadhbpt hee

0o 3 ) BB ERE SRR e R ror

20044 B2BS 6 72 P f £1520 084 828B6BmaBion between two signals in
the spatial 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 ig an affine transformation between f;(x,y) and

fa(x,y), their spatial relationship can be expressed as:

MEE M

where

represents rotational, scaling, and skew

x [} 1
0} represents translations. If it is a

differences; and [
Yo

noise-free environment, the two images are related to

each other by:

f1(x,¥) = f2(ax+ by + xy,cx+dy+y,) i

and their Fourier transforms are related as follows:
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x I F2(wx,wy) =I Al FlI (-4 rW e -J(wxa+twYo) ' W
where AT denotes the transpose of A and JAl is its

wdeb@rmseant . The i nportance of this derivati oRCTAIS2(WaN28869

5 this equation separates the affine paraneters into
two groups in the Fourier space: translations and
linear transformation, which tells us that the
translations are determ ned by Fourier phase

di fference while magnitude is shift-invariant and
related to each othen@nM%yhﬁ4LFMEﬁ§j)-'ﬂ%ﬁﬁﬁﬁhent At .
In the sinplest case: translation del, i.e. one
image is sinply a shifted version of another inage, as
in: 15 ,fl(x,Y) = f2(x+X.,Y+Yo) Their Fourier

t nansfeorafsddmveetshehéot ramepgser ef afti andhil g 26 its

F2 , W) = Fi , ' K " VY, b d
FRe ST - (s RSTHTE (8 et G VST oo et
%}Fﬁs (82 Y0n | 4 SpDIWYD)the? Hf #1 e (Pira¥y&ds (Mhkto two

2 The |l eft-hand side of the equation above |s
t ey sin poverFepeka R nelty PAPR Faki himear

power ssi bl e of ' |ty i ek
C R i o T e PG B e et fons are
e & tighen s asy reottien phaward VT Q004¢d 26557e magnitude is
PCT/ US2003/ 028869 7_phase qgfferen e carre ondﬁng to
5ﬂﬁh4§ﬂ’%ﬁ%ﬁﬁﬂ%ﬁ?cﬁ%@ related to each other DBy the~linear

component |A].

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

in:
fi(x,y) = fa(x+Xy,y+¥,) -

Their Fourier transforms have the following

relationship:

Fa(wy,wy) = Fi(wxwy) - ef (WexotWy 30) ,

based on the Fourier shift theorem, which is equivalent

to:

F 2( Wi, Wy).F'l*( W, Wy) =e J(Wexo+wypg)
| Fafws, wy)F, (Wxwy) |

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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The coherence function of two i mages, F12(W, W) , is
also related to their cross correl ation defined by

woawar2sspect ral densities (PSD) and cross poweCT/US2003/028869

spectral density 5 (XPSD) by xpsd F12 (W | W )
psdl psd2 where xpsd is the crgss power spectra
density of the two 10 inmages, and psdl and psd2 are
t he power spectral densities of fl and f2
respectiy Assum stationa ocha
pr%%%%% Prerones pepfresonicfug, For SPohiat oF irnar o fgne-
tr#ﬁ %Péﬁgéa%uﬁgtig ChE Oftyo Thga5OMI 1 1 th@ﬁSfQ%”hlso
e autocorrelation unctlon of an |naﬁe
ﬁ 1Q@§dat§aﬂpéfre§£b§3tEOPfeIQ@lgﬁaﬂeBYnéBeb§aﬁBwer
cross power density xpsd can be estinmated by
th@pectraro@emeltLeanéP&th@ﬂdfgrﬂﬁStP9W€édSE?CFﬁél density
ngégé conjugate of the 2-D Fourier transformof fl.
Thé } Y the coherence function of two images may
be esti mat ed by 20 F2(wx, W)F1(W, W) rl1l2 (W, W)
F2(wx, W)FI (W, W) The coherence function above is
a function of spati al freg Gg% thh ﬂ?&i ni tude
i ndi cating the anplitude of? epefit in the
cross-correl ation function. |s also a requency
representati on of cross correlatlon (CO, i.e. the

Fourier transform of cross correl ation, 3 i ndi c &n?
ywhﬁéecﬁpﬁélaﬁlBHetﬁE@?%nP@Wth%P?SEFPér eF?éE§f8 he two

N

spafi 4] aod rgl atisprectBorelysaAssiugdalg 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

Fafws, W)F, (wx,wy)
I F 2( Wx,Wy)F'l*( Wr, WJ’) I

FIZ (Wx, W)) =

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

transform:

F1(, ) ® fo(x,y) < Fo(wswy)Fi( —ws,—wy),
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the Fourier transformis conjugate symetric, i.e.
F1(-wx, -wy) =F, 1(wx,-wy) 5 The maxi num correl ated

woawr2fessi ble is an estimte of psdl psd2 PCThiS2003/028869

magni t ude- squared coherence, | F12(wx,wy) 12 , is a
real function between 0 and 1 shich gives a neasure
of correlation between the two i mages at each
frequency. 10 At a given frequency, when t he

correl ated power is the ane as

corherat & penetesoserbiiel FRET F%&tloﬁagénuoﬁ§59v5%ﬁ991
SaffE. PALLEL &8 @PQnéﬁ@r@E@%r?oﬁ@ﬁgatéaéyﬁﬁe@¥1é sgake

factor. In this case en the two images
have different patterns, the powers will be 15 out of

phase in the two powerrspastrun=dapsj+wgs and the
Cross- power spectral denS|ty wi || have | ower power

tﬂgﬁ $%§1M8%|8¥9}8?§§é3| %&%§e8059{b1@e§§ éﬁa§98§mate of

erence function c sed in i mage nmatching

an herenc I I eljat i(pn 2
g/éﬁen tg? z@fé%a\g%l%%deisgdm RHr&Rd el a i w,) |

be 20 two 7l mages sed on the theor

desgribed;abpyect 1 b8 PaLKGEEAYO BRaI LieRieh gmeebma measure
I mages, i.e. point of registration, can be derived by

Iocétcogr&h@teonhbehuﬁeﬁuﬁhQIﬁW§ imagRe 25 §pghi grequency.
d Th
2 hgt% ogn'g éaggggg[wguncgﬁg3§8£ggggtg@ fbwer i8Mthe

I on
FzéyﬁemaéFﬂﬁéMMaﬁwmuﬁ(MDXréMayeﬁ Eowér p¢35151eg ehﬁ £WO
8(x0, yo) F2( wx V%% m@ F 1
de%Wégﬁﬁn%PF%ﬁveTﬁhg ?@m?hEatF FEsBRtat Snp8weéé PH Y

th@ Eg% Bl donBinc.apd-the. WD,20Q450255887 cc = 1. When the
?U 037028869 9 position of the delta function is

exawblymagesehahe diégesenat pehtesnpecihedpowers will be

out of phase 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 the

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

F 2(Wx,Wy)F (Wx,Wy) )

~1 J(WiXg+w,pp)
Fo(g ™ ") =06(x:¥,)
I FZ(Wx,Wy)F (Wx,Wy) | € 0270

which is a Dirac delta function. This is the

representation of CC in the spatial domain and the
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For real signal and systemwth limted bandw dth 5
(finite size of discrete Fourier transform and

wagzsurmpsicon of periodi c extension of spatial sPQNAIS2003/028869

the delta function becones a unit pulse. Gven two

signals wth sonme degree of cengruence, signal power
in their cross power spectrumis nostly concentrated
in a coherent 10 peak in the spatial domain, |ocated

at the point_of. regjstration. Noise po [

diRF ¥ réooﬁa%n‘%i?% Gt L ¥dh Sre%’?a(\ég s‘.ﬁherﬁee the

anpdd 1 didhes oforh hes cohesead . peak is a direct neasure of

t he congruence between the two i nmages. More

precisely, the power in the coherent peak 15

corres S t Cc appj I 88Sdwidth
whi | e H?%g:%%ﬁ%rgﬁﬁag%co ere %@%ggﬁgﬁ%ogfggggﬁdﬁto Yﬁe
pettant g es bie noh-dvertappi Foua east r s 2Ow) 026867

PCT/ US2003/ 028869 10_Eff ect of,hbisg, Feat ur e S$a0§ the
SATRTRIN OBt FPFEETLLC | RGPS IOT ha cORRY tAt eS8 the

f el Lt £SrQfic 1L Lr8Stomshoal ghbe dunteal bitéLUERBCEESNAals

in the frequency domain and a delta pulse at the ,
poviith ofomegiierres i of ¢onghecBespatianadapayar in their
However, noise w || pi i S reel at)

U Tage Pt ot et P M By S bPEa s ST B 7 P Rewent
Nop&LR SwcCtha@sspackal efibesinpnlooased eartherpoint of
drifting, and variation caused by Erocess chaﬁge, ,

f i %@L SRR EBPR- NP ERE (PPYERoT Sl SLERPRESH | FRAFRTEY oh SOme
no | LLy, d i CEFBf A SEHRLEBNLYEAR |
oﬁﬂg% Tca 8%%%%; %ﬁ% ?@%ﬁgkg??fgrencg, and s?agg ' e
tidirag: aeds@B8y of andentoogsecnté baeweenokbbestuypeimages.
present, one thi nk_of one ]page_as
sdﬂ%f%o%???bﬁgﬁ¥'th?%e??%%ﬁe%nikﬂgo?ﬁﬁgagPFiegak15 and
mubbipbigsahbyervayse dettdnfade(scypidridppintletiXa¥) while
[

the power in incoherent peaks correspond to the

percentage of non-overlapping areas.
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where N,,, (x, y) is multiplicative noise source; Na
(x, y) is 20 an additive noise source; and fn(x,y) is

woheodgnsteal distorted by noise. F, t (X, y) = PCT(US$2008/)28869

(r) F(x, y) + Fa (x, y) 25 where Fn, (x, y) is the
Fourier transform of the nul tuglicative noise source;
Fa(x,y) is the Fourier transformof the additive noise
source; and FF(x,y) is the Fourier transformthe

gnal distorted by naise. Ih " he
 iERas < AP i AR SPTrRarerio { g Fijrers

obj ect ing0f1101 158 HQERSSIFY o5 gl fekeutde sbhateatest
peak converge on the signal only. There _are primarilgin

t vchavelyd heo lacH el thieTuppg tes 190 toheyd Do 25 569

PCT/ US20 0 r t 4t IOl i

M P B TSRO of 1ALl o8 d0ckne

t hegp ahiseelr shnasi ignaliowd®r t cnoiseluecel t heypibéakl msdhsiehrt the
as possible to increase_the robabi]it f . . .
R DETHEAS orBIo R e TS stniidy fime-varying
pardd &l | ya yermyesk pro@diit efyab £k - dbel ddf 5én b hed, ofarrier

nol se renoval requires noise nodeling with each noise
saolr o ingi catd ywaetpl Fomgcause frwreRecapsefhange, fixed-

d met hod f i
R e o S

WhiehF Stivesy HSoAdIChi S8T €, reamets opesate, dibesedoreptical
we mainly use the second techniqge for the ask of

. t ask
i neajel e FRCUELAE FEPRRRES , | 3¢ sShRER FEF if g and (3)

t hj lssue in both spatial domain and
f?%%%%%ﬁyﬁgg%nhin. The observations bel ow have been

consi def Bdthesd 5no heeslesigrpoésent seoresnay aphink of one
regi stration systens:, First |l freguenci -
GRS | 5° COnTAPBLRRSLtidh 19E CRRBT ef =" 1 both additive
nag £ OWhyt Papdeds poisevdpsore easily handled in

frequency donai n.

fo(x») =N, (52 * f(,y)+ N, (%),

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

distorted by noise.
‘F'n(xﬂy)=‘F;n(x7y)®F(x’y)+Fa(xﬁy)

where Fn(x,y) is the Fourier transform of the
multiplicative noise source; Fa(X,y) is the Fourier
transform of the additive noise source; and Fn(x,y) is the
Fourier transform the signal distorted by noise.

The observed signal is f,(x,y) with its Fourier
transform Fy(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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Second, inmage data obtained under different 20
illumnation usually show sl owvarying difference.

woORburmssar i on non-uni formty usual ly appears aBCIm82003/028869

frequency variation across the inmage. Al so, carrier
drifting in frequency donmain, 11 e. phase tilt in
spatial domain is |low frequency. 25 stage tiling, slow
change in stage height, and process variation are

nostly | ow frequency, noise. A.C NnoiLse i e al .
Sy SRt e g DA o P e Thbtainal

| okl S flec dh d Fed F RAUEPL VE ETBE e Boekeved | ebghah; (2) to
noise is nostly relatively |ow frequency. 30 Random

noiedide typinalsy ¢ MeFhtas PgSHt ¢ etieheySe Both

I [ gg§@ ' qﬁgg e 1
P%WS@@?& n %Cg@aélcﬁe ar %%?Nﬁzgﬁéﬁonﬁl?ﬁa%lgna
Siig |t ya Teastemoaad oroheremiapedk convergence.
H gh frequency content% gée i ndependent. of contra

a

reverséTheﬁ@¥¥%ﬁumﬁE§Q FRERNT JURVTS ¥%$%}¥$%f§o%se
SGENE=1 Neenendent o @Non S | s@@ﬁé@rtyﬁp@mgysor'rﬂél@@ifing sa

insensitive to changes in spectral energy. y ,
&;@qﬁ@@n@ntpha@%ﬂinTb@n%@¢Q@di@eEh@@ forueo® relafPess

ich is, .equivalen 0 | teni f - &AGH:l e
mhf?%&ﬁ%b ?% a?%vﬁ%%%%tefgﬁlfne%?sghgngese%ggg aBBéhuates
bright ©85%a BNOwirbkie sglbe s o s ehath onoreasdoe to operate.

i ndependent. Cross correlation is optimal_if there is
whrkerebferg e, Wana BRbY 6159 EQ%e?%F?gédtﬁﬁ?ﬁthﬁg or the

functyi one can be i ALhogyces i atorpbase difisreaaericial t

bg?%re_taKﬁﬁagtﬁg %ngggée Fourigr fransform The T °

wet lghtk ngf f tinet i sueainbeoils shaséal bdgwdinnanfefrgpeaency
red. .So

O AEL5E, LA SoRL 50, 0ol RLSE 228 LR YefLa oo
angh & oaveh 0pal n6188SreQLsEhAt | PBgistration 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 frequency domain. Back-reflection
noise is mostly relatively low frequency.

Random noise is typically at relatively high

frequency. Both low frequency noise and high frequency



10

15

20

25

30

For these reasons, the feature space can use
prom nent edges, contours of intrinsic structures, 20

weoeabi4mnssel eat ures, etc. Edges characterize obj BCT/US2003/028869

boundaries and are therefore useful for imge matching
and registration. The follow ng are several candidate
filters to extract these features. A Butterworth | ow

pass filter is used to construct 25 the BPF as

];O%Dlrjgg\éer\!s arc%t]kbaﬁ\,%‘%hf:tlﬁzﬁr%y tel%gel g%%gﬂagl)?}ﬁ (ndadude and
Butdred vt gbéH}QQfomfeir@rté@ di stance 30 to DC

cutoffs and cutoff2 are the cutoff frequencies WO
2004/ 025587 FEHUWSFO0FORETESE A | 5 %%%ﬂé h‘?%hc%%rast

r exs&?cﬁéa\ﬁ.el Yin a%d%g% écﬁ‘eceélﬁrllic%ﬁe coeffdtietely

for the poi nt. e used to choose any
naercreme hm&épﬁndémemawl@@@@@nm@@bﬁe@tsmm ekl is

in the Spatial [ e h t filt
T I
sabhant feal o8 on Edge,Hed ntSr C@@rﬁ@labm@htwmcnsm

pixel |ocations of 10 abrupt gray-level change,
compi ivolent negeriitening of seael | BRge ef e ‘%%Ee%lng is

!rg%? I§1([)gra<'a)e(1'|1t m If d%@aer d{:l’ﬁa@%’;égnln% tﬁé@@'and makes

ge de on te ue Is to nmeasure

t heo @ SIch 1% n Qﬁeés@k@ngndepm@eﬂtrecti on (r). The
maxi mum val ue of of/ar is, obtaipned vvh K(g\a/ a9)£gf4} 1?:e:

0. 15 GFp=s g@%%el%%%& is(@§oingy o1l

noise. Therefore, a generalized welghtlng 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 thege 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:

, 1 1
weight = " - - ,
( )2~arder 1 + ( )2-order

i cutoff, cutoff,

where order is the Butterworth order; r is the distance

to DC; cutoff; and cutoff, are the cutoff frequencies at



A c9f (r)edge = arctan(ay / ax ) 20 They can be

re-witten in digital form g(x,y)=02x(x,Yy)+g2v(Xx,Yy)
wanaw4/0256e (x, y) = arctan(gy (X, y) ) gXx X, WRETAISZN0§/028869

(x, y) and gy (x, y) are orthogonal gradients along X

and Y directions, obtained by ionvol ving the inmage

with a WO 2004/ 025567 PCT/ US2003/ 028869 14 gradi ent

operator. To save conmput ati ons, the rragnitude

(e gt gé’a?%grgé%%%%tls%ﬁ“ﬁ%/bfa%%@el ri§Vene

gr g ent ccswpﬂf?épéﬁt Fadigatpdiht 1 1] =0 1 10
10 RobertsHx = HI' 0 -1-101-1 2 -1 Sopel Hx

= .2 0 TheyBRF o:am obe _used 1tq Ghqosh ARy r%%rié?‘eﬂelﬁ’and of
derivative operators work best when the 15 gray-Ievel
t ransttTon’is quite abrupt, like a step function. As
the transition regi on gets wider, it is nore

advant ageous to t he second-order, derjvatiyves.
AR e AT e MRS L g e (AT i o T
passes'Edégm%ﬂﬂbﬁ@éﬁeﬂ%'ﬁﬁiﬂeﬂéréﬁéi@@edTbbScapture

di rectional 20 dependence can be elim nated by using
t henSecunidion der edees vatdveowper atbd ssal pegpngeatures.

dinments, a dir ect| depe %fpigg an gkl ter
;E)Cg?eef%%ré%s a%%ind]%?l nedu%hg ng ?Q_{J V) % °
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 6.

The maximum value of &f/dris obtained when(d/06)@f/06)=0.

oy _ f_alz o 2
(S me = oW +(ay) , and

o af)

This gives:

0

ige = arctan(

They can be re-written in digital form,

g(x,y) =g’ (xy)+g’»(x,y) ,and

O(x,y) = amnanC——E—lzz)
g, (%)

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

and Y directions, obtained by convolving the image with a
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az2x a2Y 25 WD 2004/ 025567 PCT/ US2003/028869 15 The
typical filter Hhas the form -1 -1-1 H-1C-1 -1

wo2o04b256nhere Cis a paranmeter that controls PO®US2003/028869

contents. The value C=8 creates an edge-only filter,
and sharp edges in the origined appear as a pair of
peaks in the filtered inmage. Values of C greater than
8 conmbine the edges with the inmage itself in

different _proportions. and thereby 10.creat n
eﬁﬁ%ﬂiﬁﬁ%%toP%ﬁ@%ernT%oﬁ%Van?%%%%%gl§%sfngpgaggggﬁtude
co§f§$@éﬁ@ni@e@kteﬁeﬁg@a, it is also desirable to

thi cken the edges. However, this process al so
broadens correl ati on peak and hence reduces

regi stration accuracy. It is mayb I for

| owresol ution match i rggc’ﬁiﬂlgix{xr’@gfﬁ%ﬂgﬁ%jcheme. In
general, the purposes of edge enhancenent filter in
spatial domain are: (1) to control information

cont entshé ofeblewihdelt egsstoati ofi thewsof@pnt gradient
transform the feature space; (3) to capture edge

i NPRPRRAEPHR- of 20 salient features; (4) to sharpen
correl ation peak of signal; (5) to solve the
intensity reversal pephéieshtam] =[-6) ﬂofﬂaﬁ% % oader
boundari es than edge detection or first de ilvati ve.
25 Thresholding in the Spatial Domain The edge
enhanced image still typically contains noise.
However, the noi se appears nucﬁ(%eq er inmhegedge
strength than intri reberstgMctures, |amd, therefore, the
edge- enhanced features can furthér Qe thrednotled to

-1 0 1 -1 -2 -1
SobelH,=|-2 0 2| 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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30 renove points with small edge strength. In sone
enbodi nents thresholding the filtered i mage can

welkomimnstse npst of the A/C noise, D/C noise, aqa/usS2003/028869

random noi se. WD 2004/ 025567 PCT/ US2003/ 028869 16
Threshold may be selected autamatically by conputing
the standard deviation, o, of the filtered i nage and
usi ng it to determ ne where the noise can be optinmally

ved and _th ere 1s till uff cient signal left for
RS %n. llghteelfﬁ“f %‘ Utined as threshold

= nunSigma o0 where nunSigma i s a pacaneter that
controls the 10 information|ebntdntsl|entering the

regi stration system This_pajameter|is preferably set
up enpirically. After thres oI di ng, tlhe poi nts bel ow
the threshold are preferably 1 gi-dabtldd by zeroing them
out, while the rest of the points with strong edge

Stvﬂ'ﬁﬂgat he are a@%@rérﬁét]ésr passe thendtdierceondeemt &fitd herhe
follow ng correl ation eration. Notably, the idea of

edgeétmh&rﬂ:ecrmﬂtem v cedge 1ol Y obukisles armosharp edges in

SR Qheaabased, Rl SR Ole | B [0 Eitered

ues wever
f eiatdgee:- basheed eshnt cgmsatémetmm@ demininte t thestédyaedvith
to' 20 a b|nary image. The filtered image is s

I
grté’iﬁ semge Hafel by ket i $He RERPEE TGt ha9§| thgreby
of .t &f% SAG%EH PAhIY S - 1 nldge advant age of doi ng

e

thls st edge strength val ues of different
edge poImtsorm@erysttdnrecek@cattCPtw¢maﬁ¢m¢¢meb¢lté@@e@eak

The diff I f
R N

t hiSwd-RENI GUEs PFRSEEYESal die m@@a@ém@twﬂr@mumnypeak and
Confi dence of | mge Matching 30 This discussion js

abtRACR Fe RGeS oFES LT EBRl @R EFaracy . It is maybe useful
for 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 transform
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 weaker 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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coherent peaks on the surface. As used in this
di scussion, features are the features of dom nance,

WO 2e04/088362004/ 025567 PCT/ US2003/ 028869 17 t hePa®juse003/028869

features in the scene. There are two types of peaks

on a correlation surface: coherent peaks and

i ncoherent peaks. Al |l peaks corresponding to features
are coherent; all other peaks are incoherent, i.e. 5

cor r espandi noi se. So ex | es of . coherent .
peaks eﬁh?%ék%iﬁ”@ﬁ%:be F1oures fﬁ%W%tﬁf?ﬂf%eEYOSQmputlng
T i s tyndi X @k &t 1 B 0dpce JRuldrep! & edeatlitnage and
coherent peaks with the same periods. These peaks,

havel e prioxi eredet grotual whape strefgehse GRehPeheptimally

hi ghest st .likely a e ; e jt

R e e e

r epetidlamei sh gnehs ehsesihpobduce defingdeascoher ent

peaks. The hi ghest coherent peak is nost 15 likely at

the point of registration and all other secondary

peaks are correspondi ng tp..lnagak feaisng. o
repetitiveness. |In nany cases, correlation surface

exhibits the behavior of a Sinc function typically

seen as the 20 response characteristics due to finite
sivRe? R ERR F%u@i@@r%m%h%¥th??ncangyef%nFRFth

NEL | CefBLPI apebhsc Phghsat spgakm.
\Mé§€§¥&%€ﬂ§?3%€$?%%?sh%uld %o%eg?ge 3%,§%ut therg9arem
al Bloi s pAtapteesetondaefetrabty 9kt hupeaksirgally.

e I et

peaks . pRot&r % Gy ands &b Ce0bgegenbl hgbt Bem disf owhilandhe
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
ig 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 advantage 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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di verge the coherent peaks. Noise will also peal,
fork, 30 blur the coherent peaks. The anplitude of

woheosmoffer ent peak is a direct neasure of thePCT/US2003/028869

congruence between the two i mages. More WO 2004/ 025567
PCT/ US2003/ 028869 16 precisely; the power in the
coherent peak corresponds to the percentage of
doninant features in overlapping areas, while the

in |nc$herent peaks, correspon

h
pé}‘%d?ﬁﬁ%ro SPHoi5eS attd %-%9%?%ap§?%§r%r§5 _tyo types of

Thes£forén dheofpbl gwivg supraes i esharéentleyebrpednd
and used together to evaluate the quality of an_image

naim@lm@rem; reeaks herhbi phekof CoRECFPPREIREhEPehpatures are

on t f ce..ln.
cor%% 3 ﬁ%h g%%é$$hg£éé%éﬁ%egﬁgg%ﬁ%éggg%ﬁgfIcoﬁerent
peﬂﬁrﬁ@ﬁp&ﬂﬁlﬁ@ secnotlspeak, either coherent or

i ncoherent. An additionpal advantage using thes
netriCSS?@et%%?mp%ﬁ%yogr%o%%ﬁ%%Fege%5§e@g%na?hg°llows:

cor T ALTAFIA! BESg0E 3 BLisaty syeplathe 1 3 cna <

efflClepﬁ@d@@d m@ﬁt1b1@€p5p$edld506herenttpeakSIWlhhsthe
I mage matching application where a real -ti

confldeﬁ%@ef%%ﬁb%@ﬁ stgnRaf Peakeyheye ap@ﬁ@%é@@Fﬁﬂy equal

aUtonHt§gféH§Q§£ Sﬁéﬁﬁ“tﬁéSBﬁgﬁe§HCﬁo§§ y@kely at the
rotation I gnrent where an” automated nul ti - FOV

sear ch césterqgandedeake @@ahcﬁa@pageshnansubguk@wards the
Nbde!lng The task of the search strategy is often
trivial St this i mpl enentation of registration since

the yhojg fgééfigtk@ﬁe§9E£@§eshén@h§e§g¥oaﬁ§b5@959$ﬁltlple

after inverse ourter transform for searching.

poi nt ofoheeginstpatken Thet héghastnoahpeaktopeak is most

nagnituggkg?§r§La£L8npoint 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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surface. One scan for the peak across the entire
search space is typically sufficient. This is the

wonv@Egess67regi strati on detected. 30 To find ouPCThs2003/028869

subpi xel offsets, a subpixel nodeling is done as
follows. A 2D parabol a surfacergan be defined as WO
2004/ 025567 PCT/ US2003/ 028869 19 Z = axe +by2
+cxy+dx+ey+ f . This second-order polynomal is fit to

3X3 g%g%byo) é;S%% kpgnsgﬁfaéghg%gﬁgdgggﬁ Eg&;%gbgnds to

XZHBexﬁeﬂaeﬂtﬁge of. domlnant features. 1n|dver29pp9ng areas,
X9Yx9 9 e 2 2 f where g s are the coordlnat(eis
th@§é1© EB?npgweiolﬁhFEﬁo 8RCBE BRAPFI FPEYSEBOpd Eopthe

éPéeQQgge o§nﬂo¥seAanheﬁ§£ §9H§ﬂ§5p§ﬁbuhkgasto the

atlon ove based matri x pseudo-i nverse
operat|@hegeﬁeseantbstfnﬁﬂQWﬁDg the mebeﬁﬁSCa@ﬁt§evalOPed
1Y1 X X x2Y2.X2
v2a90e CesshatortonatvaloothRuntiby 0l i inhge
| ogatbrnsgof Fregtst taki BBiYhthoB thesfidxB bbhekeartepeak.
found at the peak |locations of the parabola, which

ar Sedendr ntheddbffeaRNAg LReSPEERIEN, 20 - Ber FOAERYES 16P
th808?£§99£ﬁtqué&%@@nmkha EeSRECLohArintapda¥ and $6k

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



WD 2004/ 025567 PCT/ US2003/ 028869 2U azZ=2ax+cy+d=0 ax
aZ =2by+cx+e=0 ay which gives 2db - ce x= c2 - 4ab

WO 20@®2556d0 5 y cz - 4ab The coordi nates of t ReT/US2003/028869
i nteger peak and subpixel offsets are used to
determine final registration affsets of the whole
image. 10 FIGURE 1 shows an inplenentation of an
intensity based registration method. The nethod
begins with providing test intensity imge 10 (which
may al so be referred to as a first inage) and
reference intensity 4 dxBges rar e
separately edge enhance Z%%S Eﬁg 16 and {hen noi se
is renoved fromthe edge enhanced images using
threshol ding operations 18 and 20.. The _jnmages_are

t hen t rEHst AR OELRK ZIZP]t}éITC?T@laal Fotrf ‘?r%’ﬁ%’f%‘?mt
The, 1o Lransformed . d neass, fréd hen 3k e 20(0, 0) .
coherence function conputatlon 26 and an ‘i nver se
Fourier transformis applied thereto 28. Next a

magni tude operation is perforned within a sel ected

search range 30. A confidence conputatlon i $%|hen
performed 32 and thgz, gh of? the i may btihen be
ei ther accepted or ? e epteé 34 Based on ne,
confi dence val ue deffveg xthéref%&nerfJﬁhe :6nfi dence
value is Within an | .. | | e e veee veene d
Z, x92 J’92 XoYg Xg Yo 1_ ¢
f

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 eqguation above based on
matrix pseudo-inverse operation gives an estimate for the

coefficients:

~ 0 /0o o
—

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 egquation with respect to x

and y and set them to zeros
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acceptabl e range, the registration process proceeds to
i nteger translation and subpi xel nodeling 36 and the

wWORMA6025567 PCT/ US2003/ 028869 21 mat ch of PCh@S2003/028869

i mages is accepted 38. If the confidence value is not
wi thin an acceptabl e range, aaiew search is initiated
40. FIGURE 2 shows an inplenentation of a magnitude 5
based registration method. The nethod begins with
provi ding test hol ogram 50.and reference hol ogram 52.
Bot h hol ograns are separat€ty Igangfofeeg using a
Fourier transform54 and 86 and a sideband extraction
is applied to each imge &8 and 60. Next both inmage
are separately 10 filtered yrtddva Bartpdss filter 62
and 64. The resulting inag%s are then separately
transf qpedh usiwgs an inverse Fourier transform 66 and
68 and a nmagnitude operation is performed on each
resulting image 70 and 72. The rk#uldes are then
threshol ded 74 and 76 before %éhpgdhﬂansforned 15
using an Fourier transformoperation 78 and 80. The
two transformed i nages are then used in coherence
function conputation 82 and an inwverse Fourier
transformis applied thereto 4£%ﬁé1iia magni t ude
operation is perfornmed within a Set4th ed search range
86. 20 A confidence conputation is then performed 88
and the match of the inages nmay then be either

accept ethorcosef £ededs 96f basedintesbe peaki dedceubplinel
derived therefrom If _the confidence value is wth

i
arrf Geelept 26T UPARgRO ERESFBYPSt FAERONTHPLEREEEION oPfsets
prgfe9g§.%§ogé iﬁ%ﬁggr transl ati on and subpi xe

nodel 1 ng and t mat ch of the images is accepted,
94. |f FheURBNii denee anaiuplémenpatiwpnhph an intensity

aqgggégbégg{ggggtighn%géﬁggrChTﬂé mégﬁgéa ggigg'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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FIGURE 3 shows an inplementation of a phase inmage 30
based registration nethod. The nethod begins with

wonroiodsseg t est hol ogram 100 and reference hol 8graise003/028869

102. Both hol ograns are separately transforned using
a Fourier WD 2004/ 025567 PCT/ §$2003/ 028869 22
transform 104 and 106 and a sideband extraction is
applied to each i mage 108 and 110. Next, both inage

are separately filtered with a a il t 1 d
TratchTRE Feu RS TRGECRE hal eerdr dui yporridiiite
;ﬁ%ﬁ%feori@e%o% YSiHE AR RVRISR AW ireindd ansfrfumskkfirch is

d 118 and a phase operation is perfornmed on each
r esulttliatgd Mdge 120 and 122. A phase-aware

enhance t..1 he erfor iy i i R

124 andn%g&d#h rsgqsog“istg%a:{??%l%&ﬁ&%ghrlggﬁﬁ%e%% gﬁ'gde
130 chef afgyikeimng iloranefroroted WRiengearhakD Hegimserwith
transformoperation 132 and 134, The two tranlsfor mad52

| PEGEY M tHRsT RRIPITRT Rdh&Tsh&E R ortotogram
c t at | i : . _
applg:ill' eg’&itl%'x]a%@’ and, an J ARS8, RAHH Hordd@nsd idnd SFourier

reto 138. Xt a magnitude operation is
perdaorafed-mwifidhiamda Seleent ed sietrtend mtgerac: 1. i applied

confi dence co ation is then r f.qrm 4

M P gBesarﬁng}'heﬁkFeﬁ%@gﬁ%eiﬁga eé%d%erﬂ%tely
r 6j 186180 dl 4 dhasebomddss quinfdslerse atad we derfhedresulting
therefrom If the confidence value is within an

gdmﬁ%blaéfer etrm@l FERALAG IS AR PR s PO e d YT S€
i nt.eger,_tr [ i ] .0 . .
i %éau%%:htro%na AL A0 and svhpixel 148|.ﬂ1|ﬂ?e gtﬁﬁéeﬁ@lon is

_ e tnmages 1S accepte
cofdeneel omalarech scenatl i dni maege o eptdbl2. r diye, results

o S e idal s 150 AR L S0 e corme
i, LIS SO et s
The two transformed images are 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 accepted or
rejected 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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Both hol ograms are separately transformed using a
Fourier transform 156 and 158 and a si deband

wexbwaesicon is applied to each i mage 160 and B6R/USTH8/028869

resulting images 30 are then filtered using a bandpass
filter 164 and 166. The two fidtered inages are then
used in coherence function conputation 168 and an

i nverse Fourier transform W 2004/ 025567

PCT/ US2003/ 028869 23 is applied._thereto 170., Next.
TR Bl At Toh 108 BRT ror i i i s S8 BeR et

seqbSi @GS dddh HnagOnidglence cooputméxon bsthhemage are
performed 174 and the match of the inages may then be
ei s¢paracekpt Bil bered rej et 2dlawer Basel Bﬁrt%éz and 114.

capfidence, val ye. lyed _t f e '
ML RS VA RESLY Shee LE, omebaLD sonbidics
PresHss i otredsss oFouniegetranafistmt id6 and sLBparel a

nodeling 178 and the natch of the i es 1 s, accepted
Lg0ha%t @RETROHPT bR CRETOOVET YT seRG RREHLRLAA rege 120

ac&ﬁ@tﬁ%ﬁ?_rﬁ”?ﬁaséfQﬁ&té?@ﬁﬁ@n&émeﬁﬁilbatﬁgnlﬁgrfbﬂmed on
sonme enbodi ments, sinplification may be brought
el i iné ne¢ snlt toaf idepee &4l aadi bA6 - ThEhgekepralt§ are then

includes:. (1 | aci h t] i QF

1SN TIohGE LER S5ar B froanars phLis, FpRaGpoRsER bBlng an
NoF&BE1 &k NErahBEoLHOSSe paVEOn SPBRt £Aall UBASi ty by

maxi mum possi bl e power of the two inmages, and (%%

el i mi nafhRgteent FaRAERTMESNPIRGEF 0ATEnBRED used
acggﬁéggﬁ?érfFﬁgﬁagﬂ LEsHLPSr 1dRe15655n@f ant DAvEREBOBSUTrier
are essentially t 20

_ e sanme as In their origina
vet shnasSorsianapraipdethehetsi hpBi f | Bextersmagnatude

compLex; pased! salsLialon, AUPLel L shown L ELGRE.

cofphex Rasgdrtgghstrabinpit8EibAdi s ThReiEphRdoRRGANS42 and

with providing test hol ogram 200 and reference

hotbgrmatch 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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25 202. Both hol ograns are separately transforned
using a Fourier transform 204 and 206 and a si deband

wexbwaesicon s applied to each i mage 208 and BQO/UST(08/028869

resulting images are then filtered using a bandpass
filter 212 and 214. 30 The tws filtered i mages are

then used to determ ne the inage conjugate product

216 and an inverse Fourier transformis applied

thereto 218 t it WO 2004/ 025567 , ,
boH o et Co a Bher S} S SR eRp TR R 1

sgl et SenSR A Lih 12N ese Pdbk e d heed €@ Stdigdé OD7 Pl OCRSS
proceeds to integer translation and subpixel nodeling

2 xoniitienee et iemel § nayes PerfeEepd el’Angnd the
epar t.ed [ t ' o)
e L e i
apfjeatdedN 16 Bassy séremiengiaet! deagee hoaee aderived
depends_on mani/_ factors. ortant.factors

. Anp t [
ard ¥R e unc o?%?i‘f?ﬁfjr%‘?fb‘? eﬁﬂa,hf‘é‘%/g%rﬁ"b 11 23t i on

asy %@zﬁém daf.ayst rean Ay avial-d @b e, pBOANERT BRE6CcERE
fea%l: | ityeof Ifzi)(“fjlteringg&frrpl errentatzljon, res]glt %f °

noiseedert tmramgl anton obudt sioesixebyveede] 18y st & apdelhe

and caost,_.systemreliability, .Th | ow
ek B CATENELU S R U RS Lot b it 2o SO
Def£rihe Dot ecdt ofi t1ih hen appléseibDa pingent anrewagearch is

i nspection g%stem speed and accuracy are essenti al.
Fotnihiate@ak®dh; the al ready avail abl e conpl ex

frequengy data ShEEaMReSaY, Qﬁnﬂfg%iégtwﬁ lﬁgyaﬁéasﬁought

Therefore, the registration my be sinplified as
s Heywne 1 tm Fh BUREY 600t BUREc € shalwaisinpl Theedenerally

%gf@%%?g'gﬁ%g;%ﬁl?ﬁgﬁgggaﬁgﬁeﬂggiEﬁgé%?gn computation
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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Si d_ebands are available in the datastream The nethod
begins with providing a test sideband 250 and

woeb@restwse 25 si deband 252. Bot h si debands ar ePCT/US2003/028869

separately using a bandpass filter 254 and 256. The
two filtered images are then wsed to determne the

i mge conjugate product 258 and an i nverse Fourier
transformis applied thereto 260. Next a nagnitude 30
operation is, performed withi.n a selected search ran
Z@erﬂ%%g]i“{tﬁedi‘{%“ ote rf:xr"aocs’ee@%% %éi%aerg%l?%%?ge
2004 02508y R 44520034, sLptsensdatton sneger
subpi xel nodeling 264 and the nmatch of the inmages is
aduesptsslch tairre r@pgrﬁﬁp@%l ek ineme? T e dRelor of

di,e zero or_ othe .51 onak i nement .
Fl%ﬁémfi%%m]igh%%vcp%%é? e"’g‘?@%?é c|50n pr%%iess IS )
appl i edsdledthieoraldfm ngechweder oo diorsbnalysornef o

the _ stage coaqrdj nate t WAf 300 j I d,
CHBBK 2 SRR RS SR (PGt ARt & oot g
Er@st’lé}n péﬁcﬁ{ﬁé&iﬂg R SHed SAPresheeder eNchRapt f&EBors.

_ proce e provided below is perfornmed on the
|b rayesy tithe doteentaet t frcodrsarg Axesde, fngeBbgpality
et ween the actual location. er nc t
and e ’su%sdter%c%?’?lo%lzo?tjtﬁ%fé gf)%t e@ﬁ]&%'heggtg%oégfgam

S8R i Bt | epg@feiience 1ind efgsétiat 1 by ppHceillitering
determ ne and correct the _rotatiopal angl

! | , 0_306
beltfv@eﬁ*i“&tfhiéa‘a%@gr??ﬁ‘éﬁ CEnPifr %J?]ab%r E?(?s"?m‘l’lnr%’\]bustness'
M h . . s
fgéqjglgﬂﬁgs%%ﬁ%@édoéna &ﬁs@pp@g@ém%l Y&Li 20chave

_ sion of the algorithm
Regi st reité ofivlTanmshat éxomsplesndidenteen pagel lustrate these

i mage2,, ...) 25 which registers two i mages (of conpl ex
fr%ﬂ%%fé‘?ﬂc@l,e onpl ex

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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spatial, magnitude, phase, or intensity) by conputing
their translational differences and returns a realtine

woanfsiodetsce neasure telling if it is a successPai/us2003/028869

mat ch, the follow ng procedures are devel oped for
Wafer Center 30 Detection and Rptational Angle
Detection. Gven an inage chip as a tenplate (e.qg.
256x256), the foI I ow ng steps are perfornmed: WO

2004/ 025567 PCT/ 03/028869. 26 St e an_F

S0 SRR om AN HE o Tt TORBLL TS R aPe e MateH of
te&ﬂ%afrﬁa So takencd s& A8 1 tepSrevd emge segnent

with features close to the real wafer <center). 5 Step

2. zero-pad the tenplate to the size of inmagel. Step
3 Callufedl stLBi Lo Lael 8L1 085, aPOMELEENSE other point

%éﬂ@i@ﬁm@xﬁé&léﬁt>)= Ti and confl dence measur e
>= T2 ) 10 Sto Qut put translations and conpute wafer

center FEFGRE S/ 8%@YAcEOUnt PAehedtht b2 bt 0B 58X 9885F r bih

o) a t e
L o S T e e e e STe ana

thetagmgeodﬁdmape esyshened Wpbefod fP 256xpbeced on a chuck

re tration R t St

T et are n ST b A naraRie o TpFareppe EhaET
%Q@&Qﬁ§aﬂ§r%£’ﬁ/@1@V§rb@@re@oré@eﬁéﬁ@ei%patseep 9 The
Repeat Step 4, Step 5 and Step 6 _until the 2

copdbeedure npBrehdad| Belay| 6| BETEPTREGnET F]Ele dmgges to

of the h f d. .S
e bHATI | Hi PhESSEaroR 2P2nghP 80 bubekiedn BRg dorual
si ggak- apd Handhe 1he-£a88e pattern and the assumed

location of the pattern. The second step is to repeat the .

registration procedure to determine and correct the
rotational angle, 0 306, between the die grid axis and

the stage axis.

In a particular embodiment of this application, we

have to use the full version 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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25 The steps above utilize the four paraneters: Ti,
T2, nunBSigma, and P% Ti is the m ni mum Coors

woanabstsion coefficient; T2 is the m ni mnum ceariudznse28869

val ue; nunSigma is a noise threshold which controls
the information contents enter ng the registration
system after edge 30 enhancenent; and P%is the
overl ap when taking an adjacent FOV. In one

e overiShed At b 7 oy SBS Foa theaer it
PEHI4S2Q03/ 180 L he? & dtipie] tSe Si dNcaltdn OfdgsumeRds i is an

cover a portion of the original tenplate. Based on
exEgrERICRth a7l | TR TS 1 1FR S Ard'® i al "3 R a

S ul search: 5Tl =0.4, T2 = 0.1, nunSigma =
3%%& paraneters are simlar to those in realtine

regi st rstémre . |2e o dniioei ten kaitd e padut nef se hefreimagel .
can also be 10 replaced with,a tilin

schene. .
ROTATI GNP ANGL 2 IDETER S TN ot Ty frﬁffi‘?%l%%%‘%? pnaprfidence,
angleydet ecdd iy Wvstaitde . waf er center, the
f ol Iaggvvi nge%%eps_ are perfornmed: 15 Step 1. take an FOV
310, i rRigen 4 albhg( ttenfidences. naerterrlgthe>onTt hend
left (this could also b he edge die for one-step
al g% érrle&n?ric.e ee%s%ét?iT(ZT%n)ot her FOV 312, inmageZ2,
al ong the waferssogentetplt neramstdel onghtnd sgompttecwafer
to the left 20 FOV with respect to the wafer center.
St€BeT cal | Registration(translations, confidence,

i magel , gl MBOL2, axt rdot A8 PiMlage fchip of 256x256 from imagel
confi denc‘g?rmxxCorrl st >= T1 9agmd c%nfi dence. neasur e

>=aiT2the 2boStopon Corpad on absdaslaptoandetonpadein Step 4.
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 signal 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: T1l, T2,
numSigma, and P%. Tl is the minimum Coors correlation
coefficient; T2 is the minimum confidence value; numSigma
ig 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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rotational angle. Step 5. Performa spiral search by
t aki ng another FOV above or below with P% overlap, go

wWOQoBlefs63. Step 6. Repeat Step 4 and Step 5 uRCTIUSR(98/028869

condition 30 in Step 4 is satisfied or signal it is
out of the search range predefined. WO 2004/ 025567
PCT/ US2003/ 028869 28 Step 7. If no match is found
within the search range, output a failure signal and

handl e t he, case, The data shoul d be taken along the
wel B Lot B net %I@t\é c?%%‘%%btb?/ eSO af o%%%l%%r %PI &pe

li e fWher ec dRst i €S BHs@dl eof Uakipdt Baeht ©, ptiesendlsowing
as where tenplate imge is taken) close to the center

t oSelssings ratat FupbFa hekeF ag ySucapespat afetErl are the
same as in Wafer Center Detection. Note P%overlap in
one direction (in case of spiral search, Y) wll

guar antee a ¢50% 72 P 2)1 pveuh@jpo® ar2asbet ween a
pair of FOVs in the worst case of gridding (gridding
is where the data are actually taken with respect to

the reabch06abi PInEREFESHPAIENGI 18I t6 tHBEENIAYrE&NYime
15 The techni'ques descri bed above provide a nunber

adwegt sigpedusorhar act eri stics. Noi se, including fixed-

patter D/ C noi 1l ne-v [ e C.nQi
o anifon R8T e ERdiBaES oBhY ARERS *LBR5 5 A8 B8k be
fitégTademl eiENt £dcihifhesspaneéal domain. This filter

20 takes a different formfor different data used.
Generally, it first enhances edges of high-frequency

spati al pbpatHbREr ANEYESHEPRETIER! Ures can pass the
filter and nolse is left out of the process. The gray-

scal e emgeidenengyhrdasaionast@adlefdenaction, given the
oS YeRrazs: B2 E811080nyo80L8 Lhe bekkaphad.

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 Step 3.

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

range predefined.



10

15

20

25

30

The correlation process is inplenmented in Fourier
domai n for speed and efficiency. In nost enbodi nents a

woasd4/Bsneri er Transform (FFT) is used to inpl eremtUS2i8/028869

Fourier transform operations. 30 The use of a

confidence value for each matgds is advantageous. This
confidence value is defined using the peak pattern of
2-D correlation surface. Together with WO 2004/ 025567

PCT/ US2003/ 02886 29 correlation coefficient, this

conf i deHc® v Jefgpﬁ%\ﬂ‘ife@“ asr ?T%%I"él%%u&éé ofSthel
qt&aéﬂgfé’, Ayt fR9es MBd LAY . 51 ULV | Lhdlthandibs hetié Sador

a fully automated searching (in conbination with a i
nechani®z datmsikoibh bs ikemeatengdihobyakey fepherliine

as ny_fields of vje ) i L]t

r iﬁe%/ta?%eﬁboﬂée et e hoyé\iofS l{l:éwcsél %@%%ﬁ%ﬁ%o@é#ﬁeb&wms
quedd tyDfareaedd Ny epissgatigaatibyas wicend | dempeate image is
defined during registration conputation rocess

d
t Hekek | e Rl e cCefPiar t Herd B8 iR et %tli%n%%c%%?uracy-
a mat chyor V\%%ﬁﬁétéfs?@ﬁe'ﬂﬁé!@érﬁe A NEW, SRRFER. Center

Aut omat ed e

r rotational alignnent fully automates
t e toort Bot | divtod Bhyowaf bap r bt avhendl reek ber. (Fhjgapg of

important for inigjal.wafer setup in ferye

i%erﬁ oFFaLSRt eﬁ Y%%e%ﬁ%%%ngg? up ??an% gfpééze}a?\é?glap
ang-a¢ b eMpSerd 5a t P£i F eflli FEvs atgUtheywdost Wehee of gridding
navigation. The registration systemprovides the |,

i ntpetddbrg sistdpese Fepuditarale adfetiahhy bikPRi BhER

sub- 0 j t s¢Eibed
T T T e Cap he A v ey of

I Nt clftehg. Fdwn) case of DDH wafer rotational

alignnment, this nethod may accept five nmgjor data

formats and conpute registration paraneters directly

based ofi,& hesendatRes ade56APHEX AbEGEEpEyvdaéaa number
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
takegs 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,
is 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 implement 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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b. conplex spatial data; c. anplitude data extracted
from25 a hologranm d. phase data extracted froma

waabageswsy and e. intensity-only data. This PCT/US2003/028869

flexibility provides opportunities to devel op nore
reliable and efficient systemas a whole. 30
Conpari ng Hol ographi c I mages The present invention
al so includes systens and nethods for conparing

hol ogr aphi c i mages_f or the purpose 4/ 7 ;
P@%@@B’fﬁ% EAOISRT | daht] f%?%%%%‘g%%e‘ggf‘ggﬁmmdes &
difderancesmdptvneeopbiiest ual ASy oW made FhaR By .

the imaging system depicted generally at 340

i ncl uderahed g marfeeorporenier ) TuhBe Rin Qapted

posi t.i ani ysSt | i ;
PO, B bl e a0 8 FieGatia "yaReeicion
378F fittie cramde hgpla dot Dgf aom i ax | wakngt Balds | dhinvhevi ¢FOVs)

R SN RN AT o

eXLEHL 0 e PLOCESEh NGy B & 36020 HidYe al §0ghtigéadBy a

5) 10 a systemfor supervisory control of the ,
subgyfliﬂﬁfﬁrdﬁﬁl@&®r 185199 shemkd & 3 et ngPBR$ @Rl 320
oper at es by sitionin ' SiLx.d 0
ORELSles, DY 085 AL 00N ol oUR LRy St JBOEERSY Ok yoed co
anebieeta imatde bt etdjoft vievaldEQhiofatéea lbewpseaath.
syst em and ach|ring a digital hol ogramusijn

13

acqui siAFeRMalRE eHR 380 AR PR n? bg?ﬂ%n?i?§%1¥tﬁﬁgomates
of . y ol 9gram pLOCEsSLRG. wIber T BSULE{ Bal NEBLOBLL aTRis is

representation of the i mge wave nay be stored in a
t ebposarynbuf ber in20iPbsvaieni agtyysiena38afes ipspection

LN o0 O DBLS L Ooo RV ECEE SBeMAL2 BR sciicves

SegNENEE g SrégPgatedactheoeopsdenahgsigation. The
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 frequency 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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that the positioning systemuses for the new |ocation
is derived froma virtual map and i nspection plan.

wohbe/e$®p 25 and acquire sequence i s repeat edPamiiSk00a/028869

second instance of the first object is reached. A

di stance-nmeasuring device is preferably used in

conbi nation with positioning system 380 to generate a
set of discrete sanples representative of the

di st ance ,.30. het ween t he abj ect t in ;

46 CBEn RIS Athort (hR S TRER deed T obieete,
genReraifrd MEFIWRD @, [ek-pgiapaitdten f aiepicted
determ ning the target. WD 2004/ 025567

P]ge]{r@s.?dolai GEBged Frclnda S HoP TGy HRCRRRY tes!)

o om-( o 1il1) . ' nout

SIS etk Joy e A IR ool fed Mol
SysifrevadB b ac quiatesn tdmntGrdio| cgmamer 33k skcopptical

i nstance of the object, and it Jis rocessed. to

gt P ittt ' raeﬁ?%]soe?ﬁ%? ijorhéglfcglr%%earil nmage

WaVieL. ;e (OIS ERROAEE NG ) ey tes efi@ti Kt dn tded prdSEssing
instance is retrieved fromthe tenporary buffer and

t FEoninVE e [ ERiEa a1 6 Onst Jarkr A st aneE 9y 1 tlape oPHERple to

10 benefits can be [ S [ ;
performh gon %ﬁ%cuees Erbf%—%: eﬁs'lokne;ﬁtl o%é‘t% haerpc? eﬁ%gﬁ%t}%%l%?e >)
t he ohiwat fdr deedveguenayomonsl mf Alonparsgsrens (not
(reference difference imnmage description) between

t FESRERSHLY ridtes may be nmde and the result stored

i t .2 Ak
in a gﬁa%%gg/ gé;géé%ﬁ 34@!§9415a@é@q&§§>¢@ytmnm@,eamdup to

for ad Ovs containing second instances of
t heisobjerteaes RoBi frendony &ystem388ta eathesin, thite) one

i nstance of _th bj ect t he 1 [
(I THEros 4% = T eSent 0t i st Lonpar oan TEORE g gtk

| nsd anee) é%ftéﬁ)éﬁﬂﬂ&éﬁ&i&iﬂ@mar&ﬁgdﬁélOﬁol@@ram using
conpari son between the
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 generate 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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first and second instance is retrieved fromthe
tenporary buffer and a noi se suppression and source

woOag4m2sd6gori thm may preferably be applied toPCNS2003/028869

retrieved and current conparisons. 25 The results nay
then be anal yzed and summary siatistics generated.
These results are conveyed to the supervisory
controller. This cycle is repeated as new instances

f bj ired. 30 ' : .
R L e T e

| nyenéh ofs conpepphpt €6 vareatinpst f esorgenatasi g, t hre

di fference between two conpl ex i mages. WO 2004/ 025567
PAThe)S2D03/ 028869 32 An anplitude difference may be
utilize L r st hot I | 0Roes,aLeqREeLer ahly
convert%% ?%ignpoéﬁg|??ﬁggpr§%?22@n529i%ﬁ? aﬁ%gtﬁgE

melgol dgdemob £t bee detdedenvetbeteeeh the obsebti agd it is
anpl i tudes_(pi xelwise) 5 is,conputed. In_one .
BT REd i SSFERFbS et s LEPEETGTT #5F oREBTPReRERE 0D OF
refhecipise hetueenntheotwessohfiasgsrbpiragentiaged. of the
phase difference may be utilized. First both conplex

i nhijest atespreter 48l yeevhovrdefires Bhphhsepreyary buffer and
repy esen ' f I ye. e_dif
PO ReBa A eoRL L 403 o T ETEREEA. ey
coppik Bl s Thas beayehei pedf at nedidi pethtybgsperforming
descri bed, or by,conputing the phase of th E'xelgmse ,

r afRbTeP PReCERBiNdngRstaft EFPTERBYCAGYB AL b@eﬂ ject in

anph it poeRER Rl §2@din! Na0REda €88AdI PRBEXrEREE difference

represents a height difference between the two

suihagesdbecnypt regedbeivsen aheeethOdiﬂSéaéﬁéé may be

Db 428 e E Bby e R PIPL e BER, 2 o i

anplbtede @bytbe repvbteéfdfor additional FOVs containing
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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20 conplex difference is conputed. This difference
conbi nes aspects of the anplitude difference and

wohew@2si6i f erence in an advant ageous way. For Pexaispios/28869

in situations where the phase difference is likely to
be noisy, the anplitude is likely to be small, thus
mtigating the effects of the 25 phase noise on the
resulting vector difference. Aligning and Conpari ng

Two Congs
mvent 1h U I ORT EHPE S8 96 DA Grea and” 175

CQﬂﬁﬁiléﬂﬁF xtﬂmaééﬁﬁﬁﬁéﬂpﬁ@féﬂiﬁfyeﬂﬁﬁvéﬁteﬂag@Samn
order t eterm ne which differences are, c
bﬁmplnméi%me%n%twno@%ﬁl?%rf@%lw‘gm O?othe

e
e s G ek %m?@‘ﬁ%% (pghepiice)
conpukﬁn@mmeduffbmemme ém@@ﬂﬁm@ﬂtglthd$yrepn©a%hys the
ge Ais shjfted an a a to .mtch
S 1 et R P e Aol T fil RiBfreds peing

shigd&dy by an amount b to match image C and generate 5
dlfference i mge BC. The appropriate anmount to shift

i mage BC plesmt@hifemeecaBiay kactefbieedp. Fhrek both

alternate e f@§‘°§§é Do H81 810 NLOG, Wi Sh 96“5%1‘?9&85
t he V\D rence | ges I N comMmon ar
deﬁ@gf&@hb@&m inﬂdoﬁeee@fmh:mm pltdnaee ddiféeeanee between

|wages are 10 threshol ded, n .
R R el 1 gRRoTS VHReT ol Bye LHESappt Bpfpaputed.  This

2gﬁﬁgﬂm%r§%¥@%¥hé@ ébfe@@?ye§§ d@@@ffb@axebr g?ecomputlng

erences are then represented by the
| dgne:aﬂ)hm @brth@lplmlx@a&se onyt bb @ﬁetlsfhl tvedimpges after

hifted thre | ded dlf erence |na 51lp_a he
%YH%ﬁYet%%s%o??%?eﬁ%% e %sn%¥% %?ét shi* ?8%
t henshpl ekt atiei § SHEPr&etnt anduné i st Ocﬂffféhéﬁeé obdtngen

and then the inmage is threshol ded. The conmon
di theriere esurfacehhc EBepiitadeeBy a | ogi cal - AND (or

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 contemplates the
alignment and comparison of two consecutive difference
images in order to determine which differences are common
to both. The amount to shift one difference image to

match the other is typically known from earlier steps
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mul tiplication) as above. 20 In another enbodi nent,
one of the difference images is shifted by the

wappopsicat e (subpi xel ) anount and conbi ned WPCI/USE®3/028869

second i mage before threshol ding. The conbination of

the two i mages can be any one »§ several mathenatica
functions, including the pixelw se 25 arithnetic nean

and pi xel w se geonEtric nmean. After conbining the two
diffe£ence i mages g gsult Ls_then .thresho 1

S b e ety Lo SRerabe TS arL b Eer B baPauER Su 1 dekaRly s
desghiPyi otmefe £X88PLEiePEAALY0AS SholiHe Aresefhtch image
invention. First, a hologramis acquired with a CCD
caﬁe@@d(gsn@h@ﬁﬁ {ht ferenod/ bnage7APCTINS003Me288691s

4P ARES 9 an ar%gaﬁens §5°§1§9ch 1HBGR ¥ aggeggga')e%‘a‘ke

andlfh@réﬁéerEmageMBve ashé Bbpmroyyeatel BMouBt(Xeyphift

The intensity of the recorded, hoIo ra i gnori
cahBRaC nBhl FReBPFERedMadl ABi L hgreg§rfg g &hree

Y)§iﬁé@ﬁ§€éxé%ﬁ%6§&ﬁe¥)@6(&§Eé£ﬁ§ﬁ¥h§)%hgcﬁlhlfigrgﬁges the

phase difference Ac(F) between the two waves is
detwoedifferp(Ep= 4@9996Zhaﬁﬁdlﬂhéom@@ﬂoﬁrélﬂﬁéﬁéﬁb@d below.

s’ Ako( K RECERURERONCTS) CRRpRtFLERCRDe TRaPFBoRre.

=A2h P2 o B3 Fe 2, URALFPYBEFY €08hAKEWAT PhrEEhb2iedWipbges is
, uo (egresents t he coherence factor. Edgar has
doghiEReedby uEhRePPHEPRY 3L 8l BHgURResECRRABE. tPnthe nearest

prﬁﬂgiéegiﬁg?gdi@ﬁgtéoﬁﬁbﬁ §1 EPelBYchE are then represented
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



i npl enented either as a direct imge capture and

transfer 20 to nenory by a digital hol ographic
woneginssesystemitsel f, or sinulated in an of PETiUS2003/028869

program by reading the captured image fromdisk. In

this particular preferred enbpdinent, the inage is

stored as 16-bit grayscale, but wth 12 bits of

actual range (0-4095) because that is the 25 ful

ran of the c holo aphi c g

o BrGrEEs S e SRt bumh e s bRt Pt St REMEbhpI e FRGSORY EGe Ve
rejyraedihe@mythe object as shown in FIGURE 11. In

one preferred embodinent, a Fast Fourjer Transform

(FFT) i's perforned on thg cakt tired Ay 2004/ 025567

PCT/ US2003/ 028869 35 (and optional 'y enhanced)

hol ogr aand Thlee FFgfofenpe Whﬁﬁo@ﬁan1|nten3|ty i's

expressed as: FFT {l,,0l1 } = 8(qg= %2 ﬁ T f% (r)+B 2
()}+ 5() * FET{A(r)B(r)e" (kr+oV)1Blma)e" "

8(9=0k) * FFT {A(r)B(r)e (k'+0~)} 5 Next , a carrler
frequency of a hol ographic imge is found In one

embodi meRL, i hhbssiEySbrr €AY FeSokhal hB@og?éﬁquﬁgﬁMrlng
where the sideband 1s centered, as shown In

12¢camess b@nlmna@édtﬂﬁsoaﬁ@rn@ésﬁsoﬂate t he S|deband
properly. This nmay either done .on the first 10
hoIogran1processed59ﬁ4AQh§ aﬁﬁﬂT@eaB®Qﬁk@§éﬁ“Var all (1)
subsequent i nmages, the carrier frequency can be

rel ocat ed for every S|ngle hol ogram First the

| ocation q = Ak (or g =-Ak) fromthe hol ogram FFT in
equatlomhézphase dmﬁ@hreneecaAQQ' e tvedinl theoftwchavaves is
si debands exhibits 15 peaks at these two | ocations, -
t hee Besededs| oaat(F pa(ganppe aridurit byecmar chi fitetdree Ak,

nmodul us of FFT{ I,,aI% away from 4=0.
which represents the angle between the two arms, as

Ak==@A—k¢). Equation (1) simplifies to:

1,, = £F)+ B )+ 2u,AF)BF)cos(0FF + Ap(F) @)
where y, represents the coherence factor. Edgar has

documented further details along these lines.

In preferred embodiments this step may be
implemented either ag 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 11. In one preferred embodiment, a

Fast Fourier Transform (FFT) is performed on the captured
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In some enbodi nents a search area for the sideband is
defined as a paraneter. The nodul us of the hol ogram

WORT4ieswsonputed in the defined area, and the POTAS2M®B/028869

of 20 the maxi mum point is chosen as the carrier
frequency. The search area may3®e specified as a
region of interest (maximumand mninmmx and y
values) in all inplenmentations. In a particular

OB Yt Lt B ebyR R af S hoYEHT of “The FEESE Hhe
nogit] Msrdf 1heeRs eay of s tEgpfosned nagi num To correct

for the sub-pixel location of the carrier frequency,
the FFT is then nodul ated by a phase-only function

after isolating_th d d 0
PCT/USZOOS/OZSS%@F §61¥h: 2gafgﬁ%§2ﬂéffé§@$Hé
si deband, may be specified, Qlth FH${?Szﬂg%A Héﬂ} 3)
Y
B(

interest in the Fourier do qg@gg%
pi xel s away fromthe x and%y5a4@§ﬁﬁgu4 "dear ch'fi n

the Fourier donmain. In some enbodinents this 5
paranet@@xhayab@a§é}%€tf@%gyeﬂﬁﬁl@fe@ hai pgraRPiGetfage is

S|d8% ﬁé08ﬂ£$a ﬁgﬁtth@hﬂ@”??&stoféﬁhQPegfthQ% the

set s the cafrier frequency "l ocation to
a ff@q@dnaylwhethathessuéehaﬂ@rlaltennaged, genshhenain

t I nbod ff b
by 168k 17 ngPRRE SRalerecPRa EooFdos EngPe ROt

Foélé@béﬁépff&%991§erl@ﬁlsthﬁﬁcéiﬁh@f beeguaaCcYnmBYie first
be assuned e stable and therefore need not be

r ccohputed popcegehdhandgihm sFne eaFpfépnf pegdehey all
can phelound; gogecand, t bat bieaency uaadalor cabl ne

ogf ans duri ng t € sane "I nspécti on.
ﬁﬁf@lo&@@edldebaédery kbngl edhohoguadr ant Fafrstthéhe location
hoIogran1FFT centered at the carrier frequency is
=Ak (or 47=—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 ¢=0.

In some embodiments a search area for the sideband
ig 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 from

waQomagastsron (3) and nodulates it to renove theCcT/US2003/028869

dependence on AKY . sideband = ,u0 FFT {A(r)B(r )eiv
} (4) Inplenentation of this 3 ep is straightforward.
Note that in sone enbodi nents, a quadrant is not 25
extracted fromthe FFT, but rather the FFT is

recentered at the carrper freque ft,at it
ori gi natRe rRRP Ui FFE2 T e???au @%g§?%963%% R%yséﬁéﬁfled

fidtehed. a4 N areppbh | 68 Bhit £FAOOEI RNt he arBUEL €FWBEHALN or
| owpass filter is 30 ap f|led to the extracted si deband

t o9 cche enumiecefebcRiztls ariyanl FaeP Nghe r dmPfe ¥ axes not to

aut ocor.r el duc e -
A LS SR AL S o B oo Mg s
fipdeimef ey sy dppl seletoi vdby shoébfihedas Ahoennanively, a
FIGURE 14. The filtered sideband is.the FFT o

c O3 et bRl W (75T tHa® WRRYRLh ‘P%at?‘é]t?oﬂgtpﬁ%t

5 ey é& ~)wn R depaf e 5&ﬁ&1é§)fré- eﬁ@&tﬁbﬁﬁflbn to a
| owpass filter is defined by the equafi H(g)= 1 2N

(6)ixdd~vdleg)tinber s qused fﬂe @hloimag¢%queﬁéy Bhet e

(b hEeL Do Sl Sl e LEBRADERA! Lichpyevea oy

| t Setvied Hg ﬁﬁe|ﬂeaﬁdha@ﬂeaht68béha eigereobpothe.filter
(that is, hOMIQUICk|¥ the filter cuts off). Ln
enbodi HERT s2IhEREDRE 1%&|§e¥+$%n1F%?|%ﬂr¥§eﬁséﬁequ§§cy may

the ! oupansafiltse gBYpIEedhd OcheraRYed REEACABECet O
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 guadrant 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 = 1, - FFT{A(F)B(7)e* } )

Implementation of this step is straightforward.

Note that in some embodiments, a guadrant 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.



10

15

20

25

capture the sideband information nore accurately.
Letting guff represent the |ocation where we wish to

wohem@®2sishe center of the filter (the of fset vecrws)q3/028869

the equation for the Butterworth filter is: 20 H(Qq)=
1 ug-A (7) 1+90jq,)N In preferred enbodi nents the
Butterworth filter should be conputed only once for
the given paraneters and inage si ze and stored for

use with each na 51 d
cut of f T?%qﬁ@ﬂé?s F§£t862| S%ée?PS ef "geztﬁeoﬁldeband

rgglgﬁ??nagg ﬁgeﬁﬁEoiétheThé E%fﬁe ?@ﬁeEQﬁQ' fuedne FrrT
axi's ter is desired, t fset vector
deSftbﬁe ceshplelf ihbgef whtrer shoul dwéﬂ)sahkae speeiifdredo

WD 2004/ 025567 PCT/ US2003/ 028869 38 this par anet er
shoetdnatsacbe sel ectively adjustable. a preferred

nbodi t fl di I
T e o pantnads 11| ¢ BT BEisaip gmzs%f‘% T selent . ©
the typ%hgfBﬁkkgs&oﬁgHEQxagagg EE@tQEOEESab@?n@d by the

sof t war e , processing software
preguatsonhave the ability to substitute a bandpass
filter for the Ilowass filter. Using the bandpass

filter has been shown to i gye_déiegL det ecti on (6)
performance on particul ar 10"def] Mpfﬁrs The

bandpass filter is inplenented as a series

nul tiplj;gatkon of BdtteewentBrlFowRagseald BIrghpRSFilter
filters; the highpass filter may be ‘defined as "one

ﬁlmUEataleM@aéSdﬁBthﬁb ﬁmdmhahetEélSQWECEmperomhere the
paranmeters to specify as the | owass filter.
thgaunvefsehéagulﬁeurnerd¢wan§©ohﬁi€|EF$)Va§ue at ql 0) and

N is the order of the filter (that is, how quickly the
filter cuts 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 ¢, represent the location where we wish to place

the center of the filter (the offset vector), the

equation for the Butterworth filter is:

H(G)= L Q
@ 1+(g-d,)/a.)

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 frequency, also
called the filter “size” or “radius”, and order of the
filter must be specified.

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

for the center of the filter should also be specified;
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performed on the filtered sideband to derive the
conpl ex inmage wave to produce a magni tude i mage and

woher@®2swage as shown FI GURES 15 and 16, respecrivgeiop/028869

The I FFT of the filtered sideband yields: 20 VI (T) =
,UOA(r )B(r )eiwyY) (8) wheresgt has been assuned
that the aperture of the |owpass filter perfectly
isolates the sideband. In practice, this is not

SORSLE. G Bk BRI D A SREEERY gpieste. o

re@rﬁﬁéﬂérfé@ éﬁﬁ@ﬁiﬁeﬁﬂaéOﬂabgylmﬂhbatﬂﬁgthhephasetofuse a
the resultlng nplex image is not flat
i . Eowpaper Bl F%rs@VePéPdEﬁ§§ef&}56§ %@Yo@i OWhé bee to

!nggf%ctftﬁé égg%dofofEfEékogmﬂ§¥yQS @Hpkhédpkece88189

i mprove the I's consists of dividing the 3
cospfexareamge by the conplex image of a reference flat
(n1rror% to correct .for variations

ref er en:
| nt cnsi £9 A0S ( EERREHEPPYS” bRERGF SEANTpRALE Spp Brogzams
20Q4(02BRE 7 PETL Ap20836088860ut 89aFbhatipagB(Filter for the

represents the conplex inmage of a reference flat
hol@gpaﬁﬁ(ﬁlbb@@sedUa$n§e§ ¢i beadppefefilterehppapeen shown

;ggld 9% ?%fQSLOQEQ y&&ﬂ)pé§fo£5§nc@ooﬁg%arggcélar

'S Step, urlng a prior nspection
ruaefécfla&féreld thkopaadpassptatessedst dmplevepked as a

i mage, That_image is, stored_and divided. pixelw se _.int
ea%ﬁré%ﬁpmé;(tiLﬁ*gb@aFFBﬁw ofie BPEEer’vr%FgaFBvéaﬁgegnd' Righpass

paf?ﬂ?éfﬁs Hﬁ@dhﬂghggggr@E?t@?”ﬂb?xbbnﬁgg§n@§|ggbaaﬁe minus
search area an [ter paraneters) are the sane for

the lbwvptski Eidthol'ogndnhas tbe cheei hypectifoparameters to
hol§grags Thgh Eg&gggg %&ﬁ%ecorrects for intensity

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:

v ()= AR )BEFE) ®
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 eguation
(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
complex image by the complex image of a reference flat
(mirror) to correct for variations in illumination

intensity and (especially) background phase.



phase, and as a result nodulus images jy' (ri resulting

from equation (8) may not be very useful for view ng
wonrowd2mEgni t ude only processing al gorithnms. TRC$/US2003/028869

probl em can be alleviated by nodifying the reference

flat image 00 to have unit noglal us at every pixel.

The flat field correction then only corrects for

non-fl at phase in the inspection inmages. 20

Differencing Operations Differencing o eratlons ar

necessaﬂfrﬁ) i d@l@' PRl bg} 9e of a

cory géng onpl ex ;fgplg o8l § eaésé Ogbetfe)
P er ane 6" ApaRae

per?orn1n eérenci ron I1s outh

betgu. s ALE eflébaawfﬁgcté@ BTG EXmi we(gzslst he tvvo

i mages are aligned so that a dlrect subtracti on of

the two images will reveal FI e ences between

the two. In this enbodi nent ?Ke g%; tration ®)

algorithmis based on 30 the cross rrelation of the

two i negesimpeensse thes eegbstdaring al golbkrhimspection

based on the cross-correlati on WO 2004/ 025567

PCTuS28081 8088691 d400LPIFRR LHioPFREGESSIpEPT Br FRARE S

na¥m$§ 'npr¥§d1R¥% ?EDgtBQeEhgngﬁah%Y@EdTE§xelw1se into
equency vari ati from the inages is al

theabhgbempéquemmygeoﬁremttbé rsharpTﬁﬁgésléMd the

features to be pro

| GRFFTESLEAE, SOAT] Be| BRESPACBUTDLPAGR: AAPBHpaBecepatl

fiktgrchHRtay aBM beleappl bedambtBrtheakeeqlengyme for the
domai n) to each of the conpl ex inmages g_p and_'2 to
aO

befit@gu §tl@?t@dh011>9re@,}) aﬁFfPFyFBF 4PgeBghdCR( GPLRBTAS -

%ﬁg) hlg %g§§f§£%§8E' é¥ gg??ﬁg %b&tﬁﬁﬁehgﬁt&n%§e§ell as

phase, and as a result modulus images lw l 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 ¢Gﬁ

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 crogs-correlation of the two images. Because the

registration algorithm is based on the cross-correlation
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HHP(4) _ -1- 1 2N (11) 1+~q /q,) Inplenentation of
the highpass filtering step is 15 straightforward.

woheo4anzw70f the highpass filter used can be PCT/US2003/028869

user-defined or determ ned as a fixed percentage of
the size of the lowpass filtersa@pplied in above. The
hi ghpass filter is preferably conputed once and stored
for application to every imge. 20 The cutoff

fre ncy and, order of the highpass_ fil HP
e T By IS See P BT TR L re. e e Y

r et3hdbPNS | thav td 1dee]l apasBol ftefupacaneseistioh nfrom
sone enbodi nents it may be desirable to limt the

parzeretergenf tHRES stepOwD B¢ i Xed T BTeTTAShi pOMFERE OF
trﬁ%a%ﬁﬁggﬂggséné'fé&%uﬂ@%aggtﬁésméﬁé?§P§ﬁiﬁ@nﬁegH&§ any

then of "user vari ables. After [tering, the
Crabsammstiel af | bow of rédpechaw vanmbgesons. conput ed. The

peak of the cross-correl ation surfaced%;fierabl
occur s AatBehee Tkl opigirase Ebliett P ‘ébi“g’t}f § gpplied
of f set,_between the i es. 2004/ 0255 :

PO 00 RS (O ReCRaP 1T abhonogTRLe {g5oes

be&meggjt e t¥o,e bpogdpass-Ehltered i mages is conputed
by taking"the inverse Fourier transformof the

product of the first (7)="BPEY;HYidddend oHjdgat (@f the (10)
second i mage: 5 yn,ngf (Y) i EFFT {" (q)(.éi+l( q)}

(12) Thieis egf B¢cai vehy dbédsdpabet febrerhetheoinpages The
corresponds to the | ocation where the

crivsabpar? ef Wi FOR four fgcECidRPEVES i ts maxi mum The

regi stration offset 10 between the t i mges is the
value of Y, denoted Y,,, &, (7]o1-whi y') is a (11)
maxi mum A regi on centered at thel+ﬂﬂVgDn of the
cross-correlation is searched for the

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 two
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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maxi mum val ue. Once the location of the maximumis
found, a quadratic surface is fit to the 3x3

waebghkstshood 15 centered at that | ocation, an#Crhs2003/028869

subpi xel location of the peak of the fit surface is
used as the subpixel registration offset. The
equation for the quadratic surface is:
axe+bxy+cy2+dx+ey+ f =0 (13) 20 The val ues of the
coefficients a, b al cul ated via

, C, d, e and f ar
a matri X*SoF¥85f5 PFFSEaﬂlQ% rrat7fni,nx1(’§)( Zﬁet&fe%l G9p
the_3x3_nei ghborhoqd.for the terns x2,. .X t.C.
caPBUrares, TANGCrRg SRROrECEsr COPRuARnBIny Ry the
coehf/bebentsuzisr| @rhnerdrd bETche beoaed:r blfetwal yegst
of the 25 cross-correlation corresponding to each

| oémepenvakl phe cPRivIatgxefvEBeopergnd dppre< |y (i 2~

...]T . The formof the mapni X | Si.. 4/ 025567

PCT/ US2003/ 028869 42 XﬁmﬂQ%:Lﬁ#%%f&ay§Lig x2 x2y2 y212)
A X2 Y2 (14) 2 x9 2 2 x9Y9 Y9 x9 Y9 The coefficients

of the fitted surface are then found by sol ving

equat i onhélépgfigtr¥tionAsEiséiShettbenl edat tad ahabee
maxi mum of the quadratic surface (xmax, Ymax) is then

coRpuredrPrem FRetbBel PraféntsWacaRd thgsegogs -cperelation
' | i | ue. - i
i T L R o i e e S

between the two images is the value of 7, denoted F

max 7
for which ly@) 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:
ax’ +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

(4) 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 each location are put
. = NI (= T

into a 9x1 vector h=nyﬁﬂb(51ui . The form of the matrix

A is:
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The determ nation of the |ocation where the cross-
correlation surface is maxi num can be achi eved in

weevarasse7 15 different ways. I n one inpl enent aPCoMS2108/028869

i nterpolation may be perforned by fitting a quadratic
surface to the 3x3 neighborhogzl centered at the
maxi mum and finding the |ocation of the maxi num of
the fitted surface. In another inplenentation, there
is an option to perform20 this interpolatign using
three points in each ( x d yp diregtidn Keparately.
Typically the maxi mumregjstrati onz2offs st be
specified, usually as & ;gfﬁﬁ%fnuﬁbé% g% gyxels in (14
any direction the inmages| fmy be shifted'reljative to
each 25 other to achieve pii gagenty! THe yedi|stration
shift determ nation described essentially conpletes
the registration process. Note WD 2004/ 025567
PCT/ US2003/ 028869 .43 that this ocess ner al
corresp%%ﬂscﬂfgﬁlFﬁ%nﬁﬁrg Fgﬁiggﬁﬁ? oﬁugfﬁegsgrg then
degshhdes, i Sopheatesqdst abh abeyerorAkt.er determining
the registration Shl?t bet ween the two inmages, the
first image is shifted by that 4afocuht to 5 align it (15)
to the second image. The image yi1l3(i) is shifted by
the registration anount Finax -v,0 =Vfri(;-Finax) (18)
Becauserfbe; segi $bhabkopnshinbkifkhnaxsi enkygugakb¥id surface
10 non-integer value, a nethod of interpolating the
safp).ed, . ) nbgeclmust cdepuetes efirol hehd wooef £f et erds Z and
met hods for interpolation, are bilinear interpolation
andséd egmebicy sdopakaeli negipbration. oBfpehedplue.
i nterpol ation works in the spatjal, domain using the
four nearest whole pixels tg 152ﬂi&§%§ired subpi xel  (16)
| ocation. Assune we wish to T1ndb’tHe ¢ nterpol at ed
value of ,v at the location ( x@fk,
" 2ae-b-d
ymax b2 —461 .c

(17)

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 neighborhood centered at the maximum, and finding the
location of the maximum of the fitted surface. 1In
another implementation, 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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y+1Ay), where x and y are integers and 0< x < 1 and O
< y < 1. The bilinearly interpolated value is

woanpuesss7as: yi (x+& y+Ay) =(1-Ax)[(1-Ay). i (xPgYAS03/028869

(x,y+1)] (19) +AX.[(1-Dy).VE(x+l,y)+Dy-yr(x+l,y+l)]
20 Frequency domain interpol at4®dn is perforned using a
basic shifting property of the Fourier transform tp(x
+ AX, Yy +(Ay) =1l FFTI T(u, v) e12} (20) For
equat.i o 19), the range of . Ax and Ay is_not, ., 2

L b R Dt T regRecEor g cohparardrat pa the more

NOF &R & Z@h 56n prhatedbedesebinact ed Gheatermgdthiilieabove.
and phase will align and yield near-zero results
except Aftefefdetermintre bihe regbsherbionethdbls bskyeen the

t o_ nor ' t c Xad e : fj

L goripldee g commlen, ety O Lopde Legt o <o
PG 152008/ 028869 sddonar mahdaat i ohe " ikdigef i y5(F) Megehifted
of the pair is nornmalized to the second by

muby i Phy i Aggistbyribe aabhet of the conpl ex neans of

max

the two i mages. The conplex nean of an inmage is
defined as: 5 /4 = Nz (JReW(F)IwiFHIV(F)J) (21)
where N2 is the nunber of pixels in the inmage. The
equation to normalize the image t/~=(i) to yi/1l+ (i")
is: vin 0= _ n+ ,n 0 'dy/" ;g, n the second

met hod, B¢&?hed th%gﬁ?@hﬁErﬁﬁ%g% Aot hhl i z&wi onS" CYRECaLlY a
magni t ude and phase of the, i S. i '

o P e P e R TR et eCredr OE it ErnBr P Do e oampled
Fi 1i8dge thesteBasclobséhe | Thgetwagpréfdesedraethods for

conputed: 15 Pi'"l = N2_Y, 1V+1 (22) ,
interpolation, are bilinear interpolation and frequency

(18)

domain interpolation. Bilinear interpolation works in
the spatial domain 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 integers and 0 < x < 1 and 0 < ¥y
< 1. The bilinearly interpolated value is computed as:

p(x+any+Ay) =(1-ax)-[1-49)-w(xy)+ay-pley +1)]
+Ax-[(I—Ay)-t//(x+l,y)+Ay-t//(x+1,y+1

)] (19)

Frequency domain interpolation is performed using a
basic shifting property of the Fourier transform:

w(x+ Av,y + Ay) = IFFT{(u,v). 2w} (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 yvield 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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Second, the phase offset between the two inmages is
conputed. The phase difference between the two i nmages

woommapered: =tan t'n ~n 20 To find the phaserPorfusei03/028869

we need to conpute the phase shift of this phase
difference image that will vyised the fewest phase
junps in the i mage. Because this imge is expected to
be somewhat uniform it is nore reliable to find the
phase of fset, thaj resulfs i eat est nunber

.th 2 .
of "PHRE 5P ant ¢ h W%52+1Pa§%a?é r? r%%%rphﬁsléormallzed

offsetnd Ssgéoxﬁ@db'o@nﬁupﬁzs ifid o tihat thdheat f@Sekt the
a phase offset AOthat will be used with the WD
2004NODSS5 6T RET/ 62003/ U28859299%- nalhf t GoEPheanmeali gt an

to, normal iz irst image to the second: '"ul w, .+~

| e nﬁélﬁej:ﬁ?% %%3) Plw,"'l 5 I nplenmentation of

this step is fairly strai forvard f othg

mat hemat i cal descri p#) eﬁ@%‘e{w@ Huﬁénﬂw b (21)
normal i zation is often re” conmputationally i‘ntense

and may be unngcessary if the wavefraont matching step
i s used"hgre wAl efirSoritiendt STy Of0 B S used ™ | chei &q??cﬁe' The

RS SRR TR ekl o520 3

normal i zation. Wavefront mat chi ng adj usts the phase of
the second image by a fil ye(BeMerspdF)of the phase

rati o between 15 the imges, in#prder to renove
| ow-frequency variation fromthe difference inmage
cause by phase anonali es.

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:

Hy ='1%2F:}W(7] (22)

Second, the phase offset between the two images
is computed. The phase difference between the two images
is computed:

Ly, — Ly = 4[%) = tan'{%/"%‘}

To find the phase offset, we need to compute
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 m radians offset from that. The

result is a phase offset A¢ that will be used with the
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First, the phase difference between the inmages is
found by dividing the two conplex inmages: p(F)=

WOXP040BI56(24) yn+i (r ) 20 This ratio is thenPComsa®s/028869

filtered in the frequency domain using a filter with

a very low cutoff frequency: o6"(;

)=I FFT{FFT{p(F)}L(F)} (25) where L(F) is a third-order
Butterworth | owpass filter with a cutoff frequency of

Si X gixelg. Thi s 25tfil ered ra# us% nodi fy th
chiShtEhie  PHaE EtiRatS FORPRdGeRRY SaFFL raHES) Ko the
t heepbage difference are mnimzed: (y) prra(~")

(26) WO 2004/ 025567 PCT/ US2003/ 028869 46

I npl ementation of this st s ugal fopward using

t he above equati ons. TheWgn gcéﬁ?&¥?equency of (23)
the lowpass filter used in thlslgdep are fixed. Also,

note that in one preferred enbodi nent the second inmage

is 5 the one nodified by this algorithm not the

first. Ihpseméﬁthelﬁhnbﬁizelbhetépnberfaﬁrmyxels wher e
the ratio be undefi ned because of zerqges in

t hetHahgh EQFHFer Lragr B8F PRXEPEACEAS0RESFRIPAACES The
thﬁaghﬁﬁfiéngﬁaﬁénﬂwmé@lQHPESHEEJE%!EE% fiek-ehandl i ng

pi xel en shifting 1nmages may cause this
stepmpotptopagéﬂg dhteeeensed mahrbaghnuecehearwagésthe

Unti | nl ess, t he ndl i ng eIs dur n
ShRYERESPY TRERRIEH) SERBnbELHES Sy ar fbuyaDetEone HatMing
|nP§eﬁE@B¢th@n§s hbe wavebeepy gBt pBrAgrat eReWnblmddization
result in differences throughout the inmages. Typically

t heseP drEf et éncbscareeqtiheeWanalronp vt chaverf fgnp form of
naﬁgpﬁgglggglgﬁuse artifacts near the borders because
of ’

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 found

by dividing the two complex images:

o)=L @

This ratio is then lowpass filtered in the frequency

domain using a filter with a very low cutoff frequency:
puF)= IFFT{FFT{p(F)}- L(F)} 25)
where LGﬁ 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:

W}HI(F) = (//n+1(;:). pﬁlt (’_;) (26)
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the periodicity assunption of the FFT. The effects of
these artifacts can extend beyond the border region 20

wexaeldssd7f rom def ects. The vector difference Permsz003/028869

the two registered, nornalized, phase corrected

i mages i s then conmputed as sheen in the first

di fference image shown in FIGJRE 17 and the second

di fference i mage as shown in FIGURE 18. 25 The vector
differe e i AVf.n+

o vi - LS ERBHEER b BERR B ek oo P e RighAgy pgd using
sttabgbbbvemeqdathﬁbe tmae bmdaktahﬂabatemﬁodmﬁqmbmcy of

ge glfferences and 30 nagni% ude di fferences may
al§ SpheOWRag St dldbeectsads dbt § 13P?§§Psaﬁ€aflﬁﬁ€-ed&é§°'

of nbhe dhhferaneacl prREC2ed 8RboHIMEREOthe REeSd8mage is
defect detection in those areas, WO 2004/ 025567

PCThe)S20e3modagéed by %huehaégerpthme notathef ddrst. This

Each pixel in the vector difference image that is pGj

wi i améﬁé@FFFeHhﬁuﬁB@PeEfOprkéP%SoWhégéht@&géaéﬂo
th%-hg&gg hﬁdéﬁﬁné 58r%us§hb§ zgggggrgi Epgtd%g%glnator at
nunber of pixelrs eac gé to zero 5 out ‘mis 3
speorfieedpikalsone enbodi nents, the nunber of pixels

is taken to be equal to th xi m al | owed
reglstr5F|ﬁﬂm§hﬂgﬁtapﬁeﬁi§gﬁ BEFECENBECCAIPHA 10 The

Ve%?[e%ﬁﬁﬁ&%ﬁ% EBROBah8 1t HEesRelded i Qe 1kNgihedt @hi fring
the Tocation of possible defeCts between each pair of

i ThgegeasmeiowAuER FhGSRESemgtanﬁrgpagahe déffdrdandges

dev atio the vect or f ren i ,
con%u? HoﬁFt&resﬁ BFd<Ps sg E alt user I Ssggg |ggllng of

mubbipee pixthe ahamdgrdhdevnaglme ikantandlt B&ong the
difference inpage is threshol ded at that val ue;
91Yayigysy 1mp1emppte¢}pn§ kghe(ggyefront matching step will

result 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 between the two registered,
normalized, phase corrected images is then computed as
shown in the first difference image shown in FIGURE 17
and the second difference image as shown in FIGURE 18.

The vector difference between the images is

AY s )| =7, F) - i) 27)

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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0O, O nti,nr ko The initial threshold value is
conput ed based on the standard deviation of the

wenbviresdirf f erence i mage. In 20 the one i npl eneATAS2@B/028869

the threshold is iteratively nodified by reconputing
t he standard devi ati on excl udicanyg pixels above the
threshold until there are no further changes. This
effectively lowers the threshold for images that have

many, defects, sonetines gquite 25 substantially.

T BT T 6 T TREL DL ol SO RHESLt diiakrg Tector
deyi ptdon@t WHEH tRat T eshotiihhg tPBgeriséd number of
speci fied by the user. The two threshol ded difference

i piyesl eisefl each agdae t of ntihi Ehevembe acEefeceero. This

originates fromar 3 ' ..Be e
TSRS o T oy Ao oF BT e s D05 B288dg o =evo
Pﬁ&bﬂS&Q@B/E€8§@Qciﬁ8e&o the seeenembodieentst hehpahupber
the two resultin di fference images are in, different

f rOfER I BP LT ol BrERERT TP DS SEUibNGe BRS {AFEETEBRL bR ves
inﬁg@ thatigneskprpar ed pigepach other, yil, w2,

and ?% , the f?rst fhreé%ol%ed 5 difference 52,, is
aligned with y/2, and the second difference 83,2 is
aligneg gtéh y:S.eSinqg these two threshol ded

di ffer ] : yield the defects for the

i mge Yige VvEerbABgerBSrenddisimbgeshiftietdesholbiatl to

is aligned with y'2. Because of_ the_binary pature of

trg@nqqua eshe| HedaF e’ Pespibbal jehecesshrvwesn each
a t ] = DI T
ré%?£¥r£ iéﬁ&@%???gogﬂgﬁ elﬂ'ﬁbe§ﬁ§ui§C¥nd bg. The

etween the Inmages y12 and ys3 is

al seadyakaonevisemneardif €RIPatboNGit Desehepi Xrhge
accuracy; this shift, is rounded to the nearest whol e

pi ) H(,,@e)rpi@dccbrﬁput@% ) A lEhenshepplieddo 83,2 asmer-
the difection opposite to its earlier application

(Wohch; sDiftadi + 1BYE 3riphe 3tLAAABAtdeviation, ko, and the

difference image is thresholded at that value:

b MwnMG»>ka
5"“’" (r) h {O’ IA l//n:l,n (F)’ S ko-

The initial threshold value is computed based on the

(28)

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 threshold 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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with image 3) : (I (I 83,2\~832( +7"max (29) 20 The
i npl ementation of this step is straightforward. Next,

wea 2bagessml AND operation is applied to the al Pgnag2003/028869

t hreshol ded di fference inages 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 mage_in the equence. _.The defects _in the inma ‘2
foE%dtQﬁeﬁe??néslm%%ﬁpﬁfegh?op?ﬁg’cBb?eEBSnaFﬁgﬁFﬁﬁaes

t paiAparyhde 2h8g8EVERe bY: aB3Prd2éf) =82amék) 883rdBerence.
(30) WD 2004/ 025567 PCT/ US2003/ 028869 49 In one

pafli dubaguentedpiebirefecrBpl 01l InNBEEsthpfpprEReAPBRATED

o5 8 UL BLLRL 0Ny e LU ool - mfReny e
TAFREBLLSERS 5 SIOPLIENed B APOVS S B BR occona
o ELLOLIEY, Bor0us eaiel o, supp xe ol U e
Lo TA B 20100 10nL SO0, TOOREDLS, cLfgces cox

fatﬁebfhgﬁéayggrEﬁbniﬁbé% ¢2hrﬁ§EQ|Be AhS@red so that it is
nmor phol ogi cal "operati ons on the defect areas may be

usgfi §Re4CleaR U, .t hBbEagbarss. tShapenatpdhhtGaki 88 the
may be inpl emented as a mathematical 15 nor phol ogy
opehatshal dedmbhygéhe hor phobogicakcebsarpgto #hiign the
operator is described as follows. L

et K denote the ,
St}@%@%ﬁiﬁa Bhe AP1¥B R%FHE??yforTﬁe reglsgraklon shift

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

earlier computations to sub-pixel accuracy; this shift,

=

is rounded to the nearest whole pixel (denoted Fooo)

s max

max [

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

earlier application (which shifted image 2 into alignment
with image 3):

53’,2 (7—:) = 63,2 (7_: + Fnlmax) (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 v, found when it is
compared to the corresponding images w, and y,, are given
by:

d,(7)=38,,(F) 61,(F) (30)
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t he nor phol ogi cal operator. Define the symetric set
k=J-7: FE K} , which is a reflection of K about the 20

wonrb@insseThe transl ation of a set to a point SPC$/US2003/028869

denoted by a subscript; for exanple, the set K
translated to the point s is 4s. The set processing
nmor phol ogi cal erosion and dilation are defined by:
Erosion: do K={s: Kscd(s)}= nd(-i) (31) reK 25

(323 ol ThEe SRBGTS b b et it e REARGaERAL i 1o

Subhp BehéQbe@nss M rﬂﬂlﬁi@ﬁih@&ﬂibn off tkepewbdi ¥Rk¥shdhéed
erosion of a binary %ge d has true pixels where the

st%%@%@?:n@ln%¢eﬁ%ﬁ%rKV Yyeped¥e ahshafed fAiPe either 0 or
repaining entirely 30 within the original area of true
pixels. The dilation of WD 2004/ 025567

PCT/ US20034028868rn&0e desod imeninhehe #boug bbeps may be

transl ted and st nter ect e tru oints d

ot OTETOT Shor 80 pEhAE st R nRL FEPBRGF OB ar O BRERE RN EePS

cl 98k NG PPEFBEH OPSLBEE tﬁ@ggﬁma@hgapstbpakemnamgnmaat may
erosion and dil ation, as fol |l ows: Cgenln d o K(r)

= pé dugRk) DrskRag, (384 t@o%pagcab r $tep[ PaCReR) actrue
IQ{Eit£3§% ﬁb&ghologlcal closing with a square kerne
( rsb T he

) nmost likely operation for shape
nodi fi cati esmef etbedidehiest thp desSlrzéngedefecti aneas may

may be inplenment by counting. the., nunber of I
Coh CHRRRET B CoNbORSTY . TRl sDerEl SurFFiriRePyZte |

CO f@gﬁomth ﬁ@gae%@ﬁpﬁsﬂagm@ai dBednak ¥8kSon! BheNBefect
odi nent, shape nodification utillzes a

ahearatm@:al beouphdl bgy " opernt upfi, thaitri shkaepy Shape

modification may be implemented as a mathematical
morphology operation, namely the morphological closing.
This operator 1s described as follows.

Let K denote the structuring element (or kernel) for

the morphological operator. Define the symmetric set
K={7: FeK}, 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 § is K,. The set processing morphological erosion

and dilation are defined by:

Erosion: dOK={: K,cdF)=Nd(-7) (31)
Fek
Dilation: doK=F: (K, nd(E)=2}= UdF) (32)
Fek

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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nor phol ogi cal closing with a 3x3 square kernel. In a
preferred enbodi nent the m ni num defect size to

wacoEpeswast be specified for the size restri cPCOUS2D3/028869

operation. In sone enbodi nents this paraneter may be
user-nodi fi ed. For shape nodifggati on operations the
si ze and shape of the kernel plus the type of

nor phol ogi cal operator nust be specified by the user

Additionally the user may al so specify wheth 0.

O S DT Cs | B8y B | EABRE L PR oRE 3 bf ot HEErsect
Pi 8l Sc il thei hesUbE | Bladlebestori Mege Sbifms ar e

converted to a "connected conponent” description. The

connect Boe comminehegt oat | AeeprRY erBB| GLOFbRKsOpeFations are
defect cluster h cont 0 h

o PR En e bR e oOF | LB ool 'End (dP1ation, as

i destidwed, it is nerged with other bIobs it my be in
contact with in the y directjon vol ves WO
2004025567 PCT/ US2003/ oaaxd@ Kd @K @fK Fhg the (33)
smal | est boundi ng rectan e tha y encl oses

t helodisgect cluster. A i ﬁfshekd£%K7€bK'5 defects (34
may be inposed in the detection routine to inprove
efficiency. If at any point, the defect |abel 5

exceedsyg J)ld%tﬁcﬁiUél@sﬂﬁé%ﬂthtQes@ﬁak¥3kérhél( K) is
abort ed. he entire inage i s scanned, the nerge

proteduoet | sikedpeapedatdon | foBushypanmPfifheabépacps the
do.n t éncrea e. The connected conponents are then
sh% C%3s 3*RaFni t ude i mge as shown in FIGURE 22 or a

phase i gnge asst#Ocshomnman EéCiEEﬂéﬁentnbgneountlng the
enbodi nent _the connected _ conponents are ma in a
re%%Wb%rfPfephﬁﬂl6aéPceaghaFP%P?EEeéoFOWHSngEFeCt éFeStep

COPL oA cORELLEY. B RO R oGy

arenaképsited. In one 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 di?) 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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15 Al t hough the discl osed enbodi nents have been
described in detail, it should be understood that

woani4mass67 changes, substitutions and alterati oRETAAZ00B/028869

made to the enbodi nents wi thout departing fromtheir

spirit and scope. WO 2004/ 02556¥ PCT/ US2003/ 028869 52

WHAT IS CLAIMED IS: 1. A nethod for registering

corresponding intensity images conprising: providing

afirst.intensjty i e: .5 providing a second

coFPRSFbRU gLt SMET LEoF nRgune L B pEr R aRG B eFPB i ng

ancefge-eahanegaEsEe8pehat HefecONcliettict st Al DE@ASI BYich as

i mge and the second intensity_ image; separately .

pef@@rﬁpn@eﬁeﬁEEs@aVeh@vémPPﬁ?@shﬁlghﬁgdegecéﬁépaFPBﬁlne to

on; gﬁo@érékf§8ﬁ8Hé ty F@HQE QH? %BEnﬁ?CQHQ gbREERShEYe1

i mage; séparately transformng th Irst 1ntensity

i nageeccdadthhel s@tongdliat ensbtryinpagbeushagyaibodsi eborted.

transform conputing a coherence . fupction using first .

| nPBRSI EJC 155 nige  BRESt e SEEBRAC nf BRIy IrmRggocaure is

tr9@5é9£€anaohhﬁnﬁengn?ngﬁp&mnehéoaeggbeg aB hB¥ehserease.

Fourter transform perform ng a nmagnitude operation on

t he trafbgorapdecteferencentuhet poR; thencahewnatieng a

confidence val ue base tk Lt yde _operatiqn; -

an@a%%%gP§$nﬁﬁag?hggaggggPagﬁlF??ggF ?geog 8 ghb%% tmage as

coghesponderceurBebBeenIhhenti esbotninensi titei rageecandd

the registration using t he conpute cont&dence valug. ,
file and basic

opcomponents are mapped into a results
statistics 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 wvarious
changes, substitutions and alterations can be made to the

embodiments without departing from their spirit and

scope.
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2. The method of Caim1l further conprising providing
the first intensity imge and the second intensity

womag®2sss7ng a digital hol ographic i magi ng syBCEMS2006/028869

WD 2004/ 025567 PCT/ US2003/ 028869 53 3. The net hod of
Caim1 wherein calculating the2 confidence val ue
utilizes at | east one identified coherent peak. 5 4.
The nmethod of Claim1 wherein calculating the
confiden urt her conprises determning the

e val ue fi
df@@%]ﬁ.végéﬁ%gﬁe.ﬁih between a first coherent peak

and a secondl Reglod 180b. rédgiBtEpthd Ofot£8EEbLA1 AY
hol ographi c i mages conprising: providing a first
hol egpmphiy 1mages apemarsetesd correspondi ng

nol ogr a4 TBgce $EPEE G LN AT S, cohi c 1 e

usi ng apfeuldttg &raasdénd ntosepapahelygpentensing amage;
si deband extraction operation on_the resulting first

hol ogr apFPRC il RRETOTRENS eRDnE 90| SR apRPEST ragRSTation
20 ﬁe@@éafffgtfiﬁﬁéﬁéﬂgﬁtfﬁaéésgﬁ&'@Hetgécéh&$intensity
hd?ographlc I mage and the sectond hol ographi c i mage
usimgge a bandpass filter; separately transfornming the
resulting first.. hol ographic image_ and th e :
hologra% %r?ﬁ%b% %%?ﬁ%rgﬁgga% TAVEF se® oﬁ??erﬁ9g8h01dlng
t r apsE HF bn SeParaé ef yrper inrehogca gkt ade oher attond
on the resulting first hol ographic inmage and the
setpgnsity 1mage;

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 registration

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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hol ogr aphi c i mage; separately performng a noise
renmoval thresholding 30 on the resulting first

waabagesishi c i nage and t he second hol ographi c PCIAi§2403/028869

WD 2004/ 025567 PCT/ US2003/ 028869 54 separately
transformng the resulting firsg hol ographic inmage
and the second hol ographic i mage using a Fourier
transforn1 calculating a coherence function of the

resul ti i rst hol.ographic i and_the_second

ot 60t aphi cTPReBEE 08, BhaboRAng. FHELCOReFEICE 2t ing the
f upehkE9BRecHsENGadNel D¥ €N $ResFaUr IBRstr 8RSl GH@Ntified
perform ng a nmagni tude operation on the resulting

t r ep5eBEREdPEBKer ence function; 10 cal cul ating a

confi dence val ue based on the nmagnitude operation;

and determ ning the acceptability of the

correspandefhe mbéhmdenftnéaﬁmr$twhekegnaphﬂcuﬂamgﬁg the

and t he second _hol ra hi ¢ i nrage bas d on the
coﬁPPgéﬂeeceavaéuelgg thepe chgp 6866f WﬁﬁlﬁﬁrFﬁgr

coapffékeacep&ﬁvgekaagthebétwéénhel@gkéehbehbgéa% #Rdx and
the second hol ographic i mage using a digital

hobogeaphiicpeakigi ng system 20 7. The nethod of d aim
5 wherein calculating the confidence value utilizes
at least one identified coherent peak. 25 8. The

met hod ef Chamathowh€bei Regakeslahgngol beragpbiti denees
val ue further conprises determning the difference in
st Felgth=bBPween a first coherent peak and

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

gseparately 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 bandpasgs filter;

geparately 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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a second peak. WD 2004/ 025567 PCT/ US2003/ 028869 55 9.
A nmethod for registering hol ographi c i mages

woan@riesieng: providing a first hol ographi ¢ i mageTas200a/028869

second correspondi ng hol ographic image; 5 separately
transformng the first hol ographic image and the
second hol ographic inage using a Fourier transform
separately perform ng a sideband extraction operation

th I ti fi t I d .10
Sacond feptErhoRy L Fahsboratnarong tORAP L I s RRE

regolbyPaphhe {hagt ahal oHE aBBEEndMBEEoghEphine $REGRUusing
hol ographic image using a low pass filter; separately

transperhengtraesfesuiting first 15 holographlc i mage
and Fhe fggf thn$ogrégﬁé g@gguﬁéffgn SE Eﬁgegégultlng

Fouri er® rans Separ a of m n
opﬂiﬁétonoD@gtaphltesmhgen@nﬁ|tBé bebogdahhlcgrﬁpgec image;
and the second hol ographic i mage; 20 separately
perforn?ﬁ@nﬁfﬁﬁ%é%gaaﬁ?ec%ﬁﬁée%ﬁﬁaﬁE%ﬁEﬁ?n BEéPﬁtPBnlnverse

onpihe; LesulbhBgofhtst hol ographic inmage and the
second hol ographi c 1 mage; separately performng a

noi se rpﬁnﬁarmmgeehmagnm'gud@nopﬁeate@nl onnghei kepulting
hol ogr aphic i.ma n ond 25 hol ographic
|n%5%n8§853?%t%$§e¥?gﬁ§f ﬁlo?he resulting first
hologra@al@ulaagﬁgaadcbhﬁlaeﬁ@@dvapt@gbagechhnage

using a Fourier transforn1 cal cul ati ng a coherence
f URRYTORUGE PRErPBianii Agd

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 usgsing 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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30 first hol ographic inmage and the second hol ographic
i mge; transformng the coherence function using an

wonvEresse7 Fouri er transform WO 2004/ 025567 PCT/US2003/028869

PCT/ US2003/ 028869 56 perform ng a nagnitude operation
on the resulting transformed swherence function;

cal culating a confidence val ue based on the magnitude
operation; and 5 determ ning the acceptability of the
correspondence _be en the, first hol ographi c.i mage

and the® sec%nﬁet%%émg?ﬁpﬁ?%l?ﬂﬁﬁén%a ggoﬁ %ﬁﬁ?ﬁel%ages
copbhgensenyal ue. 10. The nmethod of Claim9 further
conprising 10 providing the first hol ographic inmage
and t heps:@voﬁung hel bgraphiiel peragehisi hgage dppflt al second

hoIo h|c ngghggogﬁggﬁigwl&& eThe met hod of Claim9
€

mh%?eln ting confrdence value utilizes

at | eaSéepﬂﬁat dept t fardfornhey ethe peakst 1Rol dgeapkt hodmage
of Claim9 wherein calculating the confidence val ue

f URERekhe oﬁﬁ?%@sh%@@m?mﬁglm@e 2BS 41t Br ERLE PR
Stgﬁgggfopﬁtmeen a first coherent peak and a second

pea 137 A’ net hod for registering hol ographic i mages
conpr i séegarasepy ovedfagnangi assifiebsgdaghtcarége and

a second, corre ondln ol og C. i e I
CSRSPBr HPRG EnGhTi S Ihb B9r SoRFE PRUGE: “BAAC RG-go’and
Se@@@ds@@bﬂgrk}@bb§rapnga ushgg;a Fourier transform

30 separately perfornmng, a si deband extractjon

oper at | 8RPdHAEALY r BELF EFHRIf FRSt rRSIOEIBBhi ERPmEdESENd

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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t he second hol ographi c i mage; WO 2004/ 025567
PCT/ US2003/ 028869 57 separately filtering the

woesuloeszeg the first hol ographic i mage and t heCsas2wd/028869

hol ographi ¢ i mage using a bandpass filter;

cal cul ating a coherence functiegs of the resulting 5
first hol ographic i mage and the second hol ographic

i mge; transform ng the coherence function using an

i nverse_ Fqurier transfor, performnng_a magnitude .
oper ati BREGR TREST B IRETHG "Er SREFGITEH EonerimdEsulting
f upebhefiori@dcabekir-ahiceg raneeabndence val ue based on

the magnitude operation; and determ ning the

accept abRLcEyagfinghe €orRLadgpnrgeNes UshOeREEn ThéE r st

Eg@ggﬁggﬁh@ %ggggt??gétggdsecond hol ogr aphi ¢ i1 mage

upon 't con nce value. 15 14. The net hod of
d ai m 138etertiiei ngotrpei scogptpbdviidiyngft hief istrespondence

hol| ogr aphi ¢ i e an he secqnd, hol ographic i mage
et SR SNt S A IR SR S Sl
Thaometkragnhet §hab€1%§séﬁeh?bﬁ ¢akcubatringnicke value .

confidénce value utilizes at | east one identified
coherent peak. 25 16. The nmethod of Claim 13 wherein

cal cul at i,ng fi.denc u L

deterni%Pﬁg ?Hg mgggpgré%cglﬁﬁhs?rg#%%ﬁgge%%gEEHEQ%g

fi pgbviahageshepeaksantdolagzepntd paake WRI2Q04 25564

PCT/ US2003/ 028869 58 | o L i
holographic image using a digital holographic imaging

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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17. A nmethod for registering hol ographic inmages
conprising: providing a first hol ographic i nage and a

weeomrdssecor r espondi ng hol ographi c i nage; 5 separaiseiog/028869

transformng the first hol ographic image and the
second hol ographi c i mage usi ngsa Fourier transform
separately perform ng a sideband extraction operation
on the resulting first hol ographic inage and 10 the

second hol ogr aphi c _i, e, separ at el il teri t_he
resul ti ﬁ@PF%@thstflTﬁngﬁgaBﬁFchﬁééElﬁﬁd Ehe Edisid
hol,g9K8pPbbA1 EMRRBgESEAE tBePBBERASShbELbERRphic image using

cal culating the conjugate product of the resulting 15
fi asbahdbegeaphilteirnage and the second hol ographic

i mage; _transform.n h nj.ug . odu 1N ;
| nver s EBUP Far B AnsP P Ee e FReE g Al tagart aee L Eing
opel 2kt ORo0BgiAghi estimbgagantr ahsf sepeddcanjlogatehic image;
product; 20 calculating a confidence val ue based on

the na§hPrREdETBREPatEnCORRICHEEeFHIAFAGT: HELDT an 1nverse

achgggg'lkggng%OEHe correspondence between the first
hol ogr aphi ¢ I nage and the second hol ographic i mage

based upemfbhaivgnhi degoetudeuepe2Btién The timst Fegudit ing

Caiml17 further_ conprisi.n roviding the first
hoFBSPﬁ%ﬁF@egnﬁﬁgeﬁgchh5u385388¥IhglggraphiL i mage

usi ng acdigitakihel ageaphigehtagivaguesypsted o30 LW
2004/ 025567 PCT/ US2003/ 028869 59
magnitude operation; and
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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19. The nmethod of C aim 17 wherein cal culating the
confidence value utilizes at | east one identified

woabhwreests7 peak. 5 20. The nmet hod of C aim 17 wReTRIS2003/028869

calculating the confidence value further conprises

determning the difference insstrength between a

first coherent peak and a second peak. 10 21. A

nmet hod for registering hol ographic i mages conpri sing:

provi di a first.h raphi ¢ i.mage and -a secqgnd, .

corresp %din&l%ﬁ%%ggp Fbﬁ%%ﬁﬁ%eéQﬁﬁggpe%faﬁhlc tmages

t r ansfoerikimg :t he first hol ographic image 15 and the

second hol ographi ¢ i mage usi.ng a Fourier transform

separ at SEPVEEHRIEr [ g 1@ ts iNPPITRREG Adta%h ash et g Hnd
a

ongaag I | i fiqr .QQr: i.c. image and the

secon %ﬁ#%ﬁ%é iﬁ?%é%@gghggﬁﬂﬂéﬁhtely'Hltering t he

resul ti mgpriahe talystt ramel fogmeply ¢ hiaregersindhdlhegy segtoind image
hol ogr aphi c i mage uiin bandpass filter; .

cal? € § SR SR %df:o R e Rt T R ek red

fi rstnlkelegr;aphi c i mage and the second hol ographic

i mage; 25 transform ng the conjugate product using an

i nver se Sepgsiterl vt perdcaind ér fsgidabagich aFegin i

op j n the,resulti I fon ' t.

o oAt L5h SSLRHsT R o A A fhpoe and
sulypiex elecod@d modeldgraghdperiatican on the resul ting

nagnitu%e i mage. W%,§Q04L0255 U PCT@EE%&?B{OZSS%? 60
22. The SREPRGGIH CHATRIZDY Hh&eSUdnpmissi dge Tirst
Pr ew1dRe e finkdfe RRIPRPRICINRYR 13- 418 SSGRIYLE 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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hol ogr aphi c i mage using a digital hol ographic inmaging
system 5 23. A nethod for registering a test

waabagesishi c i mage and a reference hol ographi eCTnsg®3/028869

in a digital holographic imging system conpri sing:
providing a test sideband fromsihe test image and a
10 reference sideband fromthe reference inage;
separately fiItering the test sideband and the

reference sid and SI an, filter: ,
Cal cul atfng HE G GARE Protdor o e b AT HRE ing the
t esiongidrbard v%t'lQ1é thqu%ce% sitdekand ke tircsfofr f8dg

t he conjugate product using an inverse Fourier

t r @edegemt m@efor mi ng a magni t ude operation on the
resulting transformed conjugate product; and

perform ng an integer translation and subpi xel 20

nodel i n@oaperradd mrretc}rrod feef rCdssilnt i1y wieegrd trude icelget ing the

24. The nethod d w123 further co i Sin,
or G Ao s DR B % iR e

holdq&rf%&@n%é R0 e S 12 K Gidea J‘@l@%@%&ﬁéﬁglﬂhﬁhk and
25 system WD 2004/ 025567 PCT/ US2003/ 028869 61 25.

nettheetcomd ge@kari ng correspondi ng hol ographic |nages
conprising: obtaining a first hol ographic inmage;
obt ai ni ng a second hol ographic i mage corresponding 5

to the fiirst Ahaledgarpiicr iregest aamaticigpddweiid simages
hol ogr aphic i mage and the second hol ographic inmage
anFBPraitisg a first difference i nage description;

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;

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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obtaining a third hol ographic image corresponding to
10 the second hol ographi c i nage; conparing the second

waabagesishi c i nage and the third hol ographi c PoRgS2@3/d28869

obtai ning a second difference inmage description; and
conparing the first differencesbomge and the second
15 difference i nage description. 26. The nethod of
Claim?25 further conprising conparing the first

hol ogr aphi c i mage, .t he nd | agr aphi_c i mage and

t he thi?g'hgbggggﬁﬁfg'Fﬁgégaﬁﬁlgﬁe%%fg%ﬁ e ARy STAg
doprRriddag The maiied hefloghaiphidb iddehemd oy isddigd
conparing the first holographic imge, .the second ,
hohedPapRPEicnifedendstiRe ehitigifailogrdsireniigydnaging
tg$ gg spatial domain. WO 2004/ 025567

pcT/ 052003/ 028869 62 28. A method for generating a

di fference between a first conplex i mage and a second

correspandi ng conpl i mage .conpr.i sing: convertin ,
the fir @'co%pp@ggpggg TanGot e Sedohd 9?%5;%9%89é%phlc
| MgE g0 a3l ANRIFlUde dee Pbeseihahienimikdd GPPWidital

the magni tude of the difference between the resulting
anpPilegderhégr égegtiag eastemo conpFEHad :if or gener ati ng

a phasegqjofvfi%.ri?lgp% Jc%sk%etsg%%%a%d{ e 3t GOIPLeX MBESS. ong a
and a correspondi ng second conpl éX | mage conprisi ng:

come€elrenget e debasid cawpl ekel ragerandct Henasecond
conplex inmage tq a first phase imge and a second

phase PRRGEZTENY 13 1E6HPAGI RSt FESET FeCEPEPIRAKE the
di theeeacecbel WeeAnnes byl 8t HBRRSE<M3Yq aad the

second phase i nage.
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.
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30. A nethod for generating a difference between
first conplex imge and a second correspondi ng conpl ex

waQodidrmasie7 conpri si ng: subtracting the first coORpIA%2003/028869

i mage and the second conplex inage in the conplex
domai n; and conputing the anplistude of the resulting
conplex difference. 25 WO 2004/ 025567

PCT/ US2003/ 028869 63 31. A nmethod for deternining

comon di fferenc ween diff.erence inages,in a

G ot cal el ofy Aeried Hate g He e AT

t hhesbehdiphd A ihiagils didhierienesy.i mage and a second 5

di fference image; and shifting one of the threshol ded

i mges BPtaiganet ted 1 rgio dietl corertigati A icommon

differe .Qf: hfF ! r ;
Fepr esent et B Y Fodtrar s (SR RE { LA @ rresponding
t hites litled €d risira ¢ laxdatolne curistaidfet;ed t hr eshol ded 10

di fference i mpge. 32. A thod for deternning c n
i 1 o CACERATROENSTE i Brle s b dhe second
hoheahaRlint i d TRBIGRY 23145 bBWGHTRIY S Tirskd Shifdddite image

one of 'the differéence i mages by a selected anount;
t hdesholigitagnthe shifted difference i mage; and

comput i ng.the.common,differenc A rform .
Iogical-O ﬁBl%ﬁ hé 5#%5?9goﬁﬁﬁﬁ%ﬁgﬁéf3@%4%n§§%€%ﬁ?%ﬁ%§ng to
20tshki Ekeednihhedhotdetiicnagrge33. A met hod for

determ ni ng conmon _differences_ between two ,
cor r es pGRIPAG 1t £éfe FESTWRGES OTF apNdiGiitmage and the third

hok0araphi6 ii-Mag-0e Y3 8PS -NFecond difference image
description; and
comparing the first difference image and the second

difference image description.

26. The method of Claim 25 further comprising
comparing the first holographic image, the second
holographic image and the third holographic image in the

frequency domain.

27. The method of Claim 25 further comprising
comparing the first holographic image, the second
holographic image and the third holographic image in the

spatial domain.



25 shifting the first difference image by a sel ected
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28. A method for generating a difference between a
first complex image and a second corresponding complex
image comprising:

converting the first complex image and the second
complex image to an amplitude representation; and

computing the magnitude of the difference between

the resulting amplitude representations.

29. A method for generating a phase difference
between a first complex images and a corresponding second
complex image comprising:

converting the first complex image and the second
complex image to a first phase image and a second phase
image; and

computing the effective phase difference between the

first phase image and the second phase image.

30. A method for generating a difference between
first complex image and a second corresponding complex
image comprising:

subtracting the first complex image and the second
complex image in the complex domain; and

computing the amplitude of the resulting complex

difference.



10

15

20

25

WO 2004/025567 PCT/US2003/028869

63

31. A method for determining common differences
between difference images in a digital holographic
imaging system comprising:

thresholding a first difference image and a second
difference image; and

shifting one of the thresholded images by a selected
amount such that the common differences of the both
difference images are represented by a logical AND of the
shifted thresholded image and the unshifted thresholded

difference image.

32. A method for determining common differences
between difference images in a digital holographic
imaging system comprising:

shifting one of the difference images by a selected
amount ;

thresholding the shifted difference image; and

computing the common differences by performing a
logical-AND of the shifted unthresholded image and the
shifted thresholded image.

33. A method for determining common differences
between two corresponding difference images in a digital
holographic imaging system comprising:

shifting the first difference image by a selected
amount;

combining the shifted image with the second image;
and

thresholding the combined image.



