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DESCRI PTI ON BACKGROUND OF THE | NVENTI ON Fi el d ‘%M‘aﬂ:% 2007

Invention 5 The invention relates generally to t

field of direct-to-digital hol ography

(interferometry). More particularly, the invention
woedspts t o content-based of f-axis ||| unpewts:anesomn

direct-to- digital holography. D scussion of the

Rel ated Art 10 Prior art direct-to-digital hol ography

(DDH), sonetinmes called direct-to-digital

interferonetry, is KREWRIEB QN 0se skilled in the art.

For instance, FIG 1 illustrates one sinplified

enbodi nrent of a DDH system Light froma |aser source
BACOGGROUNE DI EIHINYENTION eam expander/spatial filter 110

ravels through a I'ens 115. Subsequently, the
m@?(ﬁfthgﬁam%m’fter ed light travels to a beansplitter 120.

THE Hieyeiion nebqtds igeremily 2 fiebiyof idaecpterdiitall Holpsagy (ieiifemayle.
MJ:% garﬂcgl{ah i 191tenlji0|n gJHtcs rt@éo‘m%ﬁttb%@d bem HlRnReA M0 Rirddt-doer
cons itutes an object beam 125 which travels to
digiflholopPR¥t  130. The portion of the object beam 125 is
that is reflected by the object 130 then passes
through t b plitter 120 and travels to a focusing
D‘F“é‘f’fg’“%ﬁ@?ﬁee"ﬁﬁ‘?g’q}si ght then passes through the focusing
Prioenart 1difectaindigial atidégmphyo @Déhargectosepbaiel déireteedigifCCD)

i s%%g ﬁﬁs ﬁ%&hﬁ%&e adifla Tlh o RQr %%qni%a%e wRe: lfllmesfoapm

asses rou beansplitter 120
sirerdifiet $mbodiment ofja PBHeYSeWc éﬂabeﬁtm i%er sopprs 1% e¥ransd bham

beén'% 5xﬂa§def/s%£ﬁaﬁ 812410 5 e oFeis @fou%AQIe&.t 113. %Eduent@,nﬂé e.
he refl ected reference beam 13

omt ﬂ?@ H or, hen
equéﬁﬁéilfgreé Bhiirarels 1oe beronshlittn 120t he beqmyplitien-{20 may 1-‘6f
reflddtver eﬁeqmllaﬁ& hlg]eaam-,clsaﬁom 2 heansplitef Itzemmﬂ;te‘s arosbjettbeam

1R SRER Ryt bl ot SR U R s O el kOB O
thodhjeect30 tive prsed BHoufh thﬂbdam@iﬂ@da%mgraveens a fo4Bing degs {4%e
' 49 8 4SVe% 4 Bi%e dshpled d
Ttﬁsq%ﬁ{tﬁ&j%esggﬁ gﬁr%lg ﬁlgcm@l%nggb{ ect gnd r ef%? englé ﬁl\{;‘es
(C@Ql)caalﬁé(wﬁlhp“ﬂ})nterfere at the CCD to produce the
interference pattern characteristic of a hol ogram as
Thg gctjrteléjn olf Hle Pght Fom fahg lensN(fS that passe7s E%hrgug the geamsphtter 120 constitutes

a reference beam 135, The reference beam 135 is reflected from a mirror 140 at a small

-

angle. The reflected reference beam 135 from the mirror then travels toward the beamsplitter
120, The poriion of the reference beam 135 that is ‘veflected from the beamsplitter 120 then |
travels through the focusing lens 145 and toward the CCD camera (not shown). The object
beam 125 from the focusing lens 145 and the reference beam 135 from the focusing lens 145
constitute a plurality of object and reference waves 150 and will interfere at the €CD to
produce the interference patiern characteristic of a hologram as noted in U.S. Pat. No.
6,078,392,

In FIG. 1, the object beam 125 is parallel to, and coincident with, the optical axis 127. This

type of DDH set-up can be referred to as on-axis {llumination.




In FIG 1, the object beam 125 is parallel to, and
coincident with, the optical axis 127. This ty@m}chzom
DDH set-up can be referred to as on-axis illumi nation.
L ---- 2 March 2007 2 Alimtation of this
technol ogy has been that the inmaging resolution of the
DDH system is |imted by the optics of the system
The nost notable limtation of the optics is the
aperture stop, which isyequired to prevent
degradation of the image quality due to aberrations.
Wth regard to a two-di nensional Fourier plane, only
obj ect spatial frequencies within a circle of radius

A tifditetidn obthzs tdbhnﬁk)g‘j/ hdséelen than the hr@agirgsesolofionaifi tha IDH system

is llnﬁt%cf]%ryg S (o)pn csa oftz tge;‘ %' Spai'l%rarﬁos ?cl:emga}frlfld{agon oq aé)peé%aig?n

apereecl efoh), whivkrie fagnieed tb pravent alogedatahoft th@tmqge gralitys depiat | aI

o B o oSSt PR R oD 0L S
frefpeancieshwitfiola| diple g redipect sandfe wamemiliedy dnthie oase @ onesisr se,

zllﬁdﬁﬁanbﬁ“{ﬁenépler% bvﬁh AR gb ki€ @en?e?edtdﬁeasfer@ fﬁ%% ency
According to a first aspect of the invention, there is

(D) oV depesdefharrbere. af ay wererclithy pamityppiabinausiseeptside

th&dirkle 8%hdusigh oWtk spat i al |y het erodyne hol ogram
i ncl udi ng spatl ally heterodyne fringes for Fourier
anal ysis, conprising: calculating an illum nation
angl e Wit h respect to an optical axis defined by a

S[ﬁ\qmmp}rg@sma@mufmnctl on of data representing a
Fouri er | yzed spati al | y heterodype hol )
Thetsf ?ge%&& e’ BlivapbiRaests ofdierpyeptan O tourerBRBETliny for
nog fimi & angle; reflecting an object beam from
an object, the object beamincident upon the object
Accatling lea ifitst aspacnaoft th@mvang{, dheref i pmaﬁerdga tnhidod vefecording @
conggtqaase C)Q'f-z%x?selfl181*:311ngtt%(?1 epa?glrln ?tter?dygg glglagrgl%la}nc?ud?rg %aﬁjallgl tal
hetqr¢dyumﬁma¢s dot Bypari zatlyyys, hetpisogy srbcuhibhpgr dmminaddnudilag
Le i I
it RPN b pPELCLRE DR DR ICEOHL o D oY T,
repredentingi an&tueer aoplameil apatylih beterpdytiy helogranorgflenting actferaiong
bead R Abfe¥enliGhiR6ARY B6h-AdrnAORgle; rEﬁJctlfgoiﬁrdbj%Et HRAR ¥ Sias -

Her ein di sclosed is a proceSs that conprises:
objesta e gbigetibergn ieident npon th‘a?bJ%Yhatéilfg‘ﬂléthtQﬂ apgly fecusing the an

refe%ﬁ@e' et aBX RS ofRétivRgH apé/ fRall b oF ReightRRScorB:r & ki on

data representing a Fouri.er
cor_;tent-based off-axis illuminated spatlally heterodyne hologram including Spatlally

beterodyne fringes for Fourier analysis; and digitally recording the content based off-
axis illuminated spatially heterodyne hologram including spatially heterodyne fringes

for Fourter analysis.

Herein disclosed is a process that comprises: calculating an illumination angle with respect
to an optical axis defined by a focusing lens as a function of data representing a Fourier
analyzed spatially heterodyne hologram; récording a content based spatially heterodyne
hblogram including spatially heterodyne fringes for Fourier analysis; Fourier analyzing the
recorded content based spatially heterodyne hologram including spatially hetcrodyne
‘fringes by transfonmng axes of the




anal yzed spatially heterodyne hol ogram recording a ,
content based spatially heterodyne hologran1|nqiﬂghﬂ%007
spatially heterodyne fringes for Fourier analysis;

Fourier analyzing the recorded content based

spatially heterodyne hol ogram i ncl uding spatially

het erodyne fringes by transform ng axes of the 2

March 2007 2a recorded content based spatially
het er odyne hol ogram i nclagdi ng spatially heterodyne
fringes in Fourier space to sit on top of a

het erodyne carrier frequency defined as an angle

rechré¢diemient bistiespatiallelicerdme helagnmincluditpapaniblydetrobwa finges

in ﬁ)%x%r %a@egco f (91' t?% &3 Ihetgrl)%g aﬁiep ﬁ'(%énf:}o Sefﬁne?dl ag & %&%d

nverse
the F@femc@ eatnraaﬁ ge @'P}Pﬁt beams applying el télcﬁlfﬁrsto autm&’csmnﬂ@ arppgt

an 6JRI driERSdnd @Rn F@foﬁﬁxﬁ@&m&@mﬁa @lnsfoie0r ds a cont ent
based spatially heterodyne hol ogram i ncl udi ng
spatially heterodyne fringes for Fourier analysis

Alsoristlogd isg nachiootbes icorgpriseana:; interfettingiet thht reconio n detenClased| ed

spahﬁlythlaﬁmaﬁt Rb1bGAR TRiuGihs sp%my ReGOIRY ges o i Bhfiydlsat es

| um nation_angle wthires an optlcal axi s
inclydipg ?1@8“815‘? PHe dfgi%‘d%‘i"’ﬂ@r copplggdo “’&IfFTGWE‘FTP K APPIEET o
that calotil&esean tliufdhationFaagle il reﬁj&&lt@/ﬂﬁiﬂnﬁmtsldaﬁde& bjde ecmiigne

ST AT TR R ——

invention wll be better appreC|ated and under st ood
when considered in conjunction with the foll ow ng
description and the acconpanying drawings. It should
be understood, however, that the foll ow ng
description, while indicating various enbodinents of
the invention and nunerous specific details thereof,
is given by way of 5 illustration and not of
limtation. Many substitutions, nodifications,

addi tions and/or rearrangenents nmay be made within
the scope of the invention w thout departing fromthe
spirit thereof, and the invention includes all such
substitutions, nodifications, additions and/or
rearrangenments. 10 BRI EF DESCRI PTI ON OF THE DRAW NGS
The drawi ngs acconpanying and form ng part of this
specification are included to depict certain aspects
of the invention. A clearer conception of the

i nventi-on, and of the conponents and operation of
systens prOV|ded with the invention, will becone nore
.readlly appar ent by
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referring to the exenplary, and therefore nonlimting,
enbodi nents illustrated in the 15 draw ngs, “heﬁfMﬁmh2007
i dentical reference nunerals designate the sane
el enents. The invention nmay be better understood by
reference to one or nore of these drawi ngs in

woaihisaat i on with the description preseptpeaigiesna. |t
shoul d be noted that the features illustrated in the
drawi ngs are not necessaBily drawn to scale. 20 FIG 1
illustrates a schematic view of a conventional

- direct-to-digital .hol ogra apparatus, .a opriately
Thesg e @thens ppgelret ignventien @IPJ% Yol erreeisied and bR

coMdidRisd ﬁ:fcoﬁ}ﬁhcﬁcfnfm&)theﬁ‘olldwﬁng Ribsardpitibrodhd Gheraec{bﬁlpztn@mgi irgivibgal It
shguch |g‘t9 aersLXod ho e[\)rgragha {ﬂe f(glllo%e(i; g %flg u}c]:'hcat}%n érgnr}:u?XI S

rep Feseh I'ng an
embodiaets ttf e lﬁfe@lon&nd Iz qus ameaﬁc éehsl@ Iﬂ@mﬁ iic givine vy of he
111%&2&0@%&" n'oi! L)f" mnﬂ%ﬁ Oﬂaﬂ}' §uﬁ§ﬁ¥uﬁ&ﬁ glb&ﬁ&a%ns hgddﬁﬂﬁsa&la%r

apparatus (interferoneter) FIG 2.in an of -aX|s

TegsgRgemEng sy 3 mpaflecyvithin the pogrerof Qieé'gfel&m'ﬁ PPt feRgrng Fowr they

spii QRRSS aldNBé iFaliond chudEs |af FRdAt s@bktifaons, Medifakos, additions

am rgpresenti ng an enbodi nent of the invention.
067 WO 2004/ 023218 PCTI US2003/ 027574 4

DESCRI PTI ON OF PREFERRED EMBODI MENTS The i nventi on and

LlLﬁEeﬁ]%gPﬁq vant ageous details thereof
B%]rﬁg exp alned nor e (?S\(/j\nth reference to the
Tha Srivings eccompasingsed fening P%rh%ftthla precififafiopsire dcluded;ty depise

coREERPBR %agvem% asaz\ushga@ cca&gn&%m Igktié) aﬂd"(’stﬁthé ?Hp&iéht@ g
nown s rtrn

descr.i pti on. i ons o

anf| gpegafigrf §ysicyp Bfe‘é il ﬂl"é‘HFﬂ‘fP‘h%Lbe%%Wéﬁf % a2y B
refeibld [oTaat ex&ﬁ;ﬂargnanﬂttaﬂefﬁ@ namﬂitmtg baﬁbodimme dmssaadi inythe

Ob(sfge,lr"!n;sh?reitnh enfjca V% \f;rtencg rrl%eratls e%%nag g1eetsam gneafe:sis‘@lF Inv nnon
mayrhel bettthslndqm;i by wlesnaripine or muhofl tesq drgving i wglbpmﬁ e'rﬂr ed
hé® H%%E}g {J—Es%nt&lf héréaf—‘ )3 sﬂams %'n{;@d iR Ghe FhatRE MYshBY inOfhe

I on onl by way of limtation.

drwmwﬂw&ﬁﬂwﬁw@ m)dl fications, additions

and/ or rearrangemsnt s within the spirit and/or scope

0 the underl i nvent i caon beco
R M PG R OB PR G B PASRTPhY PPt
qmbﬁﬁkmﬁhﬂﬁﬂmwumﬁRT%hls appl i cation several
publications are referenced by Arabic nunerals within
parent heses. Full citations for these, and- other,
FIQ. foillpatrates aosehenatisy vipw of anuefbiaxistillynbivatiem direotfto-gigital holography .

apparatus (interferometer) in an on-axis position, representing an embodiment of the

invention.

FIG. 3 illustrates a schematic view of the off-axis illumination direct-to-digital holography

apparatus (interferometer) of FIG. 2 in an off-axis position.

FIG. 4 illustrates a flow diagram of a process that can be implemented by a computer

program, representing an embodiment of the invention,
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15 specification inmediately preceding the clains
after the section headi ng References. The disc
of all these publications in their entireties a%@ur atch 2007
her eby expressly incorporated by reference herein for
t he purpose of indicating the background of the
wo 200ekison and illustrating the state opctt@odidrsrs20
In general, the context of the invention can include
obt ai ning, storing and/ o replaying digital data. The
context of the invention can include processing
Qi tal ta that resents an inmage. The context of
DﬁﬁghﬁﬁvgﬂsfgﬁEggﬂng?E%Bpﬂgv%%ﬁ§transforning data from
TheLthveitph @nd thegibus fiafited afl adBhigEOus dBYLheredBard Bilaindds@ett i On
fuﬁ}a ]Q!tﬂ nf%reﬁc% ?o t%e nonhml%gg ef%Iboaa mf%ys &ﬁat alg ﬂim at eg Hbtﬁei a%f%%%!m%'g on
ﬁh@ﬁﬁgﬂéﬂﬁybéysﬂeﬁwu@ma@ﬁ@ﬁmmaﬂW$mmm¢wmfw@tkumnsﬁh@g
mhtéﬁéﬁnf)ﬂo&ﬁbnféat@chﬁh&g coinﬂ&nteﬁfsd %daéhuﬁs&%rﬁé Hémﬁcpﬁo ACHiE 1 ng

nproved résol uti on | o hic 1 m
urgpoPSSRHY. phgouTethe ivention, tlﬂ Clﬁ aIb Hg?ulé W éewf‘*ﬁratthah%s
deaﬂéerdasenpam bdduie spe)aiﬁ_b a@mpl%pwm ﬂ@ﬁﬁfg@bferrts&baab&iﬁh@%tof #o be
erve .S opticC C e
R b §60P% By et oY wSGpt Feffon. vaions
sups@mpmmsisam dliligiong smieldremahﬁbmﬂgwﬂhin thosphrit &ad/od scotcoe
I
th{:: Jétlﬁit glidmﬁlﬂee co?lg g\gftll%g IQKJSJgX? El@&ssﬁiﬂfdt 1H th%l“al.g oﬁlﬁ
I%PEW@ 2 March 2007 WD 2004/023218 PCT/U82003/027574
and thus parallel to, the optical axis. Thls type.
ferred to . as "on-axis

nf| uration.can be r
Wfﬂr"il 5}%‘ pREatiee seyprel Bblicaes §Tﬁa‘F1%’§F°"'T‘ P8 cftfahit Perasg it
patehﬁesesbmmmoas foethee,qid 6t pullicitdnomayCieribuad 8t thd ¢l bf 6€10)
t.he pbjective a

sp%cgho 1mme m‘fer?y ?rece?e %Tgé/ clajmg gher R seution hoAd gy %{g{eﬁ?a%cﬁsi? 'IIED €

rnvent axis il
disslognrra |0f ail thesh prbdicatibie in thblu enitirgti¢si aonhegeby expesslyi igcogposied biced
referdoS b ¥r B0 Jr,hs@é ofﬁnaﬁatggﬁméekﬁéunﬁ)@ﬁ o .LJA&%H&P& 11t1LF!§at1ng
obj ect objec I've off-center par al | to the
ofBeathxis. The illumination will, due to the
focusing effect of the objective, be i nci dent upon
t he obj ect sone .angl e t he, optical _axi to
A T T T T e ridE g plesing digia
dathr Bguenei ef the divgidon ofn hdhele phjcesihg d@ml [stS Ehat iaﬁrevdlgha:t he
. j ' 0 rve han can
88 Ll o DSB8 ek e R S B
mtpypipereadamageof the i nvention. . The |nvent|on can incl ude
an extended DDH system (apparatus) adapted to
gitally capture the on-axis- and _one, or nore,
ThB fﬂf’e"a% %aﬂ mcmeﬁﬁ Fethosd Pt praigeg SRR vesk resolvEonsholagrapltly igegery The

from a direct-to-digital holography system using off-axis illumination, The invention can also

" include an apparatus for acquiring improved resolution holographic imagery with a direct-to-

30

digital holography (DDH) system that uses off-axis illumination.

In general, the object to be observed (imaged) is optically coupled to an illumination source
+ via one or more optical components. As discussed with regard to FIG, 1, the illumination

beam is typically passed through the center of the target objective (i.e., lens system) along,
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15 invention can al so include anal yzi ng and/ or

processing (fusing) the digitally captured data2 Jr h 2007
resulting, fused inmage will contain a wder range o

spatial frequencies than in any of the origina

hol ograns, thus providing a significant increase in

wol2b@/ofei® nal i magi ng resol ution of the pySiesseosRar ed

to the case where no off-axis-illumnated data is
avai | abl e. 20" As noted above, the imaging resolution
of fundanental DDH systens is l[imted by the optics,
nmpst notably the aperture s ichis [ ired to
anth fhug erAllel g dhe U0 - DS Weo %QF?W%?“ L o

“oi-Rey illahibAns’. and: :hlewa@atat filkg@ensik:0(p) df he lokjex ko e Aedutedmp Gve nt

_ ce%létb T 0@% “clech 1srdgwmmed etﬂe ()eoge%tllv%;peﬁul:g subsequent

Ai s means the optics
of the DDH systen1are such that only object spatia

Tk BN Gh ﬁl%lucm atl h&ff‘a:& 1@&%&1”93@&1@ difdg tﬁk(ahﬁﬂﬁhugﬁsource

transmtted 25 case on-axi.s il un1nat|on
is dipplaced datgrally F‘éthWhF Heama*akl prgs fa@l@ﬂﬁegﬁg objestivesianteraet il or o
paﬁll’éﬂd tRd optidal ARG mﬂuﬂlﬂhﬁ@ will] due totie fﬁtﬁﬁﬁg &fect@f fhe Glr)jdcﬁve,

nlnat on, .the apert
ve e tpop digicol S PRE bt &y e ohihE Spt o HlEE S Ry
illubfinagion, bgherr aaual !fraxuencres {ghred) @i the objead prnipass \ﬂmucgh the tohechve
riur , >00) are
oo bl o 18 i, B B0 Bl RGRGL T} iR
adyaplagppéheineastioni th q close to qO are “lost" in the
opposite direction. By acquiring a 30 second i mage
with the {Ilumnatio shlfte in t Sit
Thy frvendien B mcle%em é’ﬁﬁ’f‘ TH 655w ?Pgmﬂgsﬂ RS @Y O ¢t he
the orgdis) arfilNdhe,t dd Word, bﬂ‘ aﬁpﬂmmahtecf h@@uﬂﬁ @F a_m shhe siﬁj get.f Mhem
va!lhé)n ﬁaénna?:slo eng:ﬁ@.gana szngqaét arbcre]:sesmg smg? ﬁ% QJI %)tll‘l.'?dr dg}’%] t he
The mltnma?ge@@m@gel\wﬂﬂ mnmmowtdm@mwmmmes than in any of the
Oﬁﬂg h&ljm 36‘119 %Z)@lﬁ]ﬁg a 51 ﬁcgnt lin%r%&éle L‘ﬁhe' ngm%%négﬁ%gc%olwoh Iaf

pett er” resol uti on. I nce DDH records ase
the; spiest RBRPATie Birateridere aoffdilriensd doial évaﬂfhlre

|nfornat|on fromboth (or nore) inmages can be fused

e S Eolh g PO et i St peRbED o

mosta@ablgi l:hespermé sty whidh a telqaired tdprevhe dégradgiot bthe image qualitd ude

du%tg ta%eﬁ%ﬁ fous. T ﬁQ§83ue sa? is réﬁﬂjg ﬂg\%& a%g gqu;eﬁl%nmes and

sy

ure on-axl s~ an axl s
sutis¢auentrileszedatidn hbmvegmmhty ﬂﬂm mqqn#ethq onties fdbe PE aystemcraude

suc‘ﬁ%{ambjea st h:yqéﬁlci@p\gl&ﬁﬂ%cﬁ B&adif b babi Be %Stﬁlﬁ&is h the

hol ograns to produce a representation of observed
casg 9f @b&xwwaﬁﬂ e apsEyTe Hith PRy PO APEE SRR %N’a’feFoaSB?t@l in
frefudtey B4+00 " In[b-tage df offkis illumination, the aperture with tadius g0 appears

shifted (e.g., to the leff) in the frequency domain. This implies that in the direction in which
the aperture is shifted, spatial frequencies with g>g0 are transmitted. On the downside, some
spatial frequencies with g close to g0 are “lost” in fhe opposite direction. By acquiring a
second image with the illumination shified in the opposite direction, the apertuse appears
shifted (e.g., to the right} and thus the spatial frequencies “lost” from the first image are
regained with additional frequencies beyond g0. Fusing the information from the two images .
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As evident in FIG 1, the object beam 125 is parall el
to the optical axis 127. As noted above, this §el\/la1%82007
can be referred to as on-axis illumnation. Of-a
illumnation, on the other hand, refers to the case
where the object beam 125 is incident upon the object
wokdfobigsone angle with respect to the ppidseamboRssys
127 (an exanple is illustrated by the object team 15
215,305 shown in FIG 3)6 There are nmany nethods to
achieve off-axis illum nation; the approach presented
hereafter is intended to serve %‘% as a, )
Tequip ARTHER (i) BOHOLEROIFIPR: Piage e TeoH: ¥‘rei1’H"fS? fgradmenhe.
coBﬁIE:e kntiaigd) §adeD the | idbrmaBorafién Both d6r METE)OiEHagee thn 0 fBEN with
surpnT ;(alrd\z 1l.a| |1lflsrrrlesr1]1 : &enmﬁen dgxﬁr%ve? t 8 resol%?oen c?‘ V%gnenc obrlreact
strmgh:sfrqgm‘éﬂtssgfmeﬁtﬂmm FIG 1. Afirst nodification is
that the | aser source 105, the beam expander/spati al
fllter 110, and the lens 115 are ouped into a
The GYEPR PRSP &1 PRsIonphibfndameniad |D%§h%te@ (pseutopically
cafite beB Wh-exi? i JERdRis 111@11%& Mlograry, cmegmaﬁua:xbaﬁ alsh adclutls

ubst ant’i al r al t

waligpe b e QR Sulor e 9181'3%53‘) b S ien f g
obgervedobjest vtlhatorq spatmhxtsslufmnthamwagabbmhmr DRHuih a nor nal

to 25 the beansplitter 120. Still referring to FIGS.

2 and 3, a second nodification is the addition of the
Ashidestin FEh L.dlerabipet beapn] 135 isjppralie] (g theppticplvais [1 2 s nefed abge.
thi® EH%-h;Q@aH rbg refddrad 'to?»asnﬂ%k& hlﬂﬂﬁ@m‘ﬁo dthals 1thh1ﬁnaﬁ9d @k theRRRM

| ects. of beansplitter 1

h% Pef?ﬁdﬁthf e Ehsit @F O‘a?ct ?@ﬁ% 1805 dedens ppoa e f@@cfz‘i‘gaf ¥He 30
anfl Wik Eesﬂba:&mﬂﬂ@tltdn afis Il Fae sxatnple iotjuaated dpjtiRcdbievtetestil O
2888 el DS THAS SR RS st o ST IR
apprbdchlprpammdl ltamaﬂesw andniledvesirve aniyl aﬂalwa)rﬁwhmrdﬁheﬁf@; no@- j s
tinfids g}gely the same as that in FIG 1. 2 March 2007
WO"2004/ 023218 PCTI US2003/ 027574 7 In FIG 3,
however, the |aser source enclosure 205 is shifted (up

Rere&mg R BGHa dna Gy E]?Ehmbo@l&ﬁft Itoﬁ B @Emnhmﬁ@mw abmt aB%iégﬁhﬁ ct
gss rou e o 0 e
ety Bl G, I Ao ey gy £ ENL oLt B 205
modifitatiod i etanths lasee kgnrd @0% hiefnbaﬁrbxﬁmmr’spa% Gidrersl@0,ahd mbiend
' [ f i e
II§O %Jg é@l{p&%ﬁ’tg ?n g(gmfpgl{e -go%mﬁl gntlgﬁeaﬁ? %n%&ufe%g e’ﬁm e c‘la’osé; g)f 65111
be imeabld elong anguin ﬂn@heswmnm}w rardBl fatthesvmvel aam gme In/wqrhdetaﬂ

thereﬁcﬁtﬂﬁg So5tch deRRvAR AN 428 bt is s]x&?anﬂaﬁil}] EdpRly wak Dhdydi RO
off-axis illum nation. Thus, the obj ect beam 215 can

ﬂleﬁ’éan}sﬂ@f”dé%t upon the object 130 substantially

"~ non- paral lel to the optic axis 127. The object beam

o Stlﬁ)’ Ie emng to Iﬁ&g.eldand 3, a second modification is the addition of the object objective

30

210. In FIG. 2, the Iaser source enclosure 205 is positioned so- that the object beam 125
reflects off of the beamsplitter 120 to pass through the center of the object objective 210. The
object beam 125 then leaves the object objective 210 and is incident upon the object 130,
centered around the optical axis 127. In this configuration, on-axis illumination is achieved
and the system of FIG. 2 is effectively the same as that in FIG. 1.
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fromthe object passes back through the object

obj ective 210 off-axis, but due to the optical 10 4 7007

properties of the object obj ective 210 and the

focusing lens 150 is still focused on the CCD (not

shown). In the off-axis illumnation case, the
woRbRRekigl es of diffraction”' inply that pdEus209b08Ham

formed at the CCD by the interference of the object

beam 305 and the referenze beam 135 will contain sone

spatial frequencies of the object that are not

observed using on-axis illumnation. 15 Thus, the

i nvention can include an apparatus operable to

In @1@:31; aabwrerr @ﬁ?ragér aoﬁ@ainblaﬂufeyzoshﬁt difad mf i €HisO grfomar
N [ n [
it ol St B PR T SR e o[t

Obtuise; e I1eyercsonml eadbstre 205ven hEseively de shiffed dewrc Bedpea nf the
fo&%ﬁg ere%E 'of: og]ect %&gqlﬁlrée 91 Ot fhe Ohjg% *%%Eﬂéﬁ 1e£J1r%rthe Miect

tica cou eans tter;
obfe@m %wng mplém uppp the ﬁbJPfé &0 a;/ SO@?@ Fpalewith @SPB?S fhibg Pféwal axis

zzv %fe%ﬁﬁﬁﬁ@vukg%mlfuﬁxﬁlﬁmﬂ Nhuk, R o@jbdte@?l ;218 cad b@iniddnt upon .
cor |ca cusi n n
o R S S S "g"Pg Bl dne AFsinler solied

froRiXd gbjedichages 1:@1¢kg}ub@h tifeiobjea bbjeceivrec 1 eff-fudis, ibirnige @rthd qptmlr se
properHes ?[h o%_]ect Sb“t‘ch 21 %rﬂ%l fhky Iglfsqg(? ﬂ %gll R éﬁ‘ c!nﬁhe CCD

en erence beammr
(ncm dmwﬂ)o rlwﬁlle oﬁ‘ﬂgb élumawoa ojse dlte prnperkiesi of dafﬁrﬁeﬁlqye mnply theigke t he

hoRbtf Frm@H at AR @Mﬁ%&&@@é&%mj@a b@an O3 dn€ Bk redtdnSe
defined by the focusing lens, the ref erence beam

beagy {353l 66‘}”@5‘& font?esaeﬁal @mveeﬂeses FP:’?tquﬁFttEat grepgrtiotsgryed ysigy

onSkifMlrhiasweus reference and object waves, are focused
by the focusing lens at a focal plane of the digital
recorder to forma spatially heterodyne hol ogram

Thirsathb ingkintien campiatindglad apphrartsepadiernedifitilyngensd £ sprtialsour i er

i el BB e L 5

alaspron treanslplytteh@me&ﬂm eiypled th 81 e ansierenet pain mimes gefictlll | y
cork]:feﬁ ﬁ{tﬁm%ﬂl@spﬁtfef BY&Tect dptidabohpRi toxfe b°e Bitdr; q f&hgmg%s to p

t f
crbh I FFFicR PEmBUER AT Ve L e AT

cowplitl $o thbffécusihgl&ai ﬁd RASoRipilel fariperfiiihigh mﬁimam@fmhgﬂﬁﬁga
n nver Fo ansf
dl@% gg?raa}g]ﬂ ggfg % n éqver 2! ourier éfl fe rmf wﬂeBem a rfafm[&ce I&% is

anh o
incident upon-therefererie P oyt @@ ion-zmmxaﬂ_? oak/ a@@g@q Beam is incident

BT HSAONARAT ot OBl g8 ko EUPELL BELEER e

Itter 11;—)iar at us can i ncl ude
referpnce bepra prdyn ebiast bpamcdhin |°@\§htﬁét H%erélﬁy efifanulpoee fefugier t he
and 6¥ebtSHatg, ArX0sused T e RERTKE Rhd at § Bbal plhddQF the digital recorder to

form a spatially heterodyne hologram including spatially heterodyne fringes for Fouriet
analysis which is recorded by the digital recorder, and the computér transforms axes of the
recorded spatially heterodyne hologram including spatially heterodyne fringes in Fourier -
space to sit on top of a heterodyne carxier frequency defined by an angle between the
reference beam and the object beam and cuts off signals around an original origin before

performing the inverse Fourier transform, The apparatus can include an object objective
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reference beammrror and the digital recorder can ‘
define a M chel son geonetry. The beansplitter, ,t
reference beammrror and the digital recorder ggg%nh2007
define a Mach-Zehner 5 geonetry. The apparatus can

al so include a digital storage medium coupled to the

wocoempesesr  for performng a Fourier tranBCEuSagos/eqpkyi ng

a digital- filter, and perform ng an inverse Fourier
transform The digital récorder can include a CCD
camera 350 that defines pixels. The apparatus can

opfich ’Iﬁ#g}g dhe %%%e%xzﬁﬂﬁﬂt]%f am?!%?&ﬂl,]%l g&é abé)ﬁa ga%an édnc al‘l'lh)é

ween t aser a er
apan@ séop bavplnd batweehibe gbichtandihe cusiog lyna Fe bpmpltﬁm et beam

refRRfbe Beah QR thd fahI r&&d&rc&vdeﬂzﬁq I\Jﬁb‘hefs&ﬁ‘ge&ﬁk@ry shdg | ens,

can be selected in order that the d|§|tal recorder

beprpspliticp 5 pefaenpehsing misgr e the H’é‘t”é partearPyeitet ¥rddyter

geb@elu@grhaﬁaphrﬁmd ddfli1gncRiped digilal s}brdgehe:ﬁ@dgbﬁﬁed t6 thé svg@terf Or
r.ecor.der may

. forrpggr s g gytfa{rf?c)ém Sao%%z?g%tdl L hl%lt zglld ger#?nﬁnaﬁlan mverf;e

RpmaQMEmpeﬂh¢¢mhg®mﬂuanum$mpa6ODG@¢m3ﬁh@mﬂﬂmgnmwbn can
THe ﬁ@' Seafl in AR %pan&r?/gp@ﬁa@ﬁue@ &30 hmmrgwam@eeaag by

ove- descri at us O I'ed ‘'on a conputer-

laswnri @abeawéwéar sl bmwe fhe raﬁegfrnye beprpy anditheebipt begt: A
mdﬁfﬁlﬁ!:aﬂgﬁpr@lmw md offing Iﬁ:{ﬁ Qﬁﬂeﬁgeeﬁedmdr Mt'tl)é et %&?@f ne
OO min udi n I a e rin S or
i PR Qe eSS PRI B PP e PHERs b
frihgat for E»uﬁ@ﬁ:&tyﬁﬂﬁ@thbt&l&lﬂ\gamhcanemiay tesnﬂvelaéeame twefiingst | ng

cobi 1S ELRAOR: EAIN) LYo dnd RLAARUE AL Bheal] 2

hetstofiyne boltaramnodawg brethe ahpweldesce@s erperatug e@wd@é o1} ACAMPUESE S

odi8hd RadLy a focusing lens; focusing the reference
beam and the object beam which constitute a
plurality of sinmultaneous reference and object waves,

AdBbrliBgly, 8 @rvEr@i6rieh Rflude@ R thad ofdechiaingh spBﬂlaﬂflEateﬂfdyt@ digital

sl Rt Sy R Bk et S e cgi s
lasart@dny @ios Tefderga lﬁeah b an elget h&mgeﬁebtmg #p atfirabd byanRfom a
rel?rgtscg &W& g S i Qb Qéarn&hloln)ém Rg%c?a@ Qija\ﬁ

rrnges ourl ana|° ur| er Zl ng
withagsprcite ep @p@i wr@@neh@raévm@lsﬁmua@&twfm@r mgpd ﬂw

obRR AL hivh DELiREADHRRY bf did8RoutiMerblca it bRERWRes, dies of
the recorded spatially heterodyne ho) %apanrrnghudrng

thefprypipglpnsygt 2 fpgat Hé%&%?ﬁ‘@“?‘ Irq‘:ﬂﬁ%? S e A L A T o
indhiding qrauﬂr& h@erbtihechiapey/ feF oGtk drialyis; ﬁfgmm_u &Bﬁ@&ngi&sf dpatially as

b b
oA IR st b e BT b 5 e
mﬁ&@@eﬂdnamﬂﬂhm@mM@mmmmw@whgmmndmﬁhsﬂmw@vhWWWMw@ﬂmw
by W&Eﬁﬁ dEcQsl“Ui' @Fec&r%eﬁ@lﬁﬁfﬁﬁg Hétera_ﬂﬁe mﬁﬁﬁl%ﬁm&ﬂ; 5 htﬂﬁyl ude

rac ] ect eamw t an_ob Obj ective
helgofime @nzeém emer FRgeetidl on B o Eahetepad ¥Ig CATHS ﬁP‘HPFCb‘EﬁﬁE‘@taS at

ma&laﬁﬁk& tﬂursfaexrc@&%@ﬁd thebbE bORL; bypBing @ ¥ighal HRE ey a

cusi r 2007
sxgna S aroum g‘r origina or(i;g-m and then performing an inverse Fourier transform. The

method can include diffracting the object beam with an object objective before reflecting the

object beam from an object at an angle with respect to an optical axis defined by a focusing
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WO 2004/ 023218 PCT/ US2003/ 027574 9 |ens and after

reflecting the object beam from an object at an &2007

with respect to an optical axis defined by a focusing
| ens. The step of transform ng axes of the recorded
spatially heterodyne hol ogram can incl ude
wotoansesr mng with an extended Fouri er treumhesmsFhe
step of digitally recordlng can include detecting the
beans with a CCD canera t*hat defines pixels. 5 The

off-axis illum nated spatially heterodyne hol ogram can
e3p el AR chivct il B B8t s Vol e LSANAREY

srﬁaﬁnetlbaea focfuemjaﬁéﬁhp siép of rrmfg@n@pms iofthe rﬁw&g@@a@yy is

?AUhBlBﬁanll\Mﬂ iofode u%ﬁs@eeﬁﬁn@%ﬂ dneibndedNRBridTRANREL. TRIbtepal SO
|nc ude storlng]ﬁthe patially heterodyne haol ogr

of gtplly dheprgng 3 nelafe df/'fe??é% b raphwitka GO pager fhgde el
Tl&l’cbﬁiayzs lllimaaedlhpgiamsaieteﬂ@,&lahotcﬁhm c%lfjehﬂdff@&d’hlllﬂhlﬁﬂedi ncl gde
rie ed.spati.a grodyne
aﬁ%f;‘ "ﬁr?g’eﬁ%eetﬁ% 8f°ga tﬁﬁpgrgyaﬁnc EREe {ﬁésé%a T ng %/he
fuﬁdamputeé fringespatial freaeneypetelon|theNyhudst mbh;grheuthﬂie oyghedean The
atloCRRl ét&ﬂ%)gl@&aﬁaﬁlﬂét@cﬁyé 1910 al)lhcﬁngl}ﬁ&l ﬁ%ﬁame habLaram

prepared bove- descr i enbodi ed on
fopFourerpRetyels asdigiie dat- éhem@wﬂmﬁalswﬁv@mphsa& #FoEdi on 15

and19ze8 Bty hedrddy@hbBgrhrh. I THE AR Ic hlso GbledediakbmitiGhd Furier

araneters, such as axis illum [ angl e
B N SR L AT
hobfgramipeegaraipy the abaerddseibal tdtiati(s), gnbogitd qmlcomnnter-evcbbly
m%ﬂi ect, or even for every part of the sane object.

um nat| ng "across" valleys or trenches in an object
can cause val uabl e Caetenyased Fhgnnati on to be degraded

T rembleﬁtoﬂaixfs Offeliiifion, JdngihChRkify piRaded, Ssud 39 Meedndsi s

pproach to selecting 20 and/or optini zin
-lllwmaﬁa&.agglﬁ PRdusHerrigR B Sarsdmelsrsis eth Bpickel g
pakaﬁieﬁi’s&ﬁdt is Jﬂﬁaail m/ ety ébeciC N evel) Gr Uiy Parired 1he darbeObbject.

Pr.ovij aphi c_i ng o . Sy.st e t hat
L M R e R SRR R
bei dmh@dnanlbe dltqgethemﬂ'handqrre whEthis glsanetded ¢b ancpprodch &l sgldaing he
1 ' | ters as a
sl bR o Pl il Bl T PR PRERT™, 10
observed This method can i nprove both the spatial and

TH3 @lvettibn 628 Skuil 4 fdod ?or n‘ﬁbr&%:{g Aetholbariic %Jgﬁllg oPBbRGyRRRY

n t of f XIS mnation, in a
e o R JBTa . T Gens FRagsve e n AP gt
caﬁ)fnc]ludlbttﬁd’ :ﬁ&tuon [l gsig m&%&mm piameters iaSa Aadtios vile conbatitaiigh
|taJ o]0 ng.,of multi ete n
theS Oe ecbtemﬁglﬁe %S:rﬁnasns thg catn 1mpro ebothgn airﬂ] al%cf ghttr%Pfél nuoﬁ der
a dimgetyd-digjtal liOIoamlm @Dlé)nmwtglsmm uﬁhmf‘émﬂéammah@n inrneper on

’ deﬁéﬁﬁlén?ﬁi:qﬁ'%%oﬁ&?of & given object of interest. Improved resolution is achieved

through digital processing of multiple deterministically selected holograms of the given
object captured under varying illumination angles. Therefore, the invention can address the
need for the off-axis illumination parameters to be determined by the content of the object

being observed.
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30 need for the off-axis illum nation paraneters to be
determ ned by the content of the object being ﬁ%{ ;ZMW

observed. - ----- - - --------- oo 2 Marc

WD 20041023218 PCT1U82003/ 027574 10 The selection of

off-axis illum nation paraneters can be iterative.
worddiotsesnal of f-axis illumnation i mgescuunohe7i4sed

into a conposite inage. The additional (off-axis)
i Ilunination images can B® conpiled and fused into the
con‘posHe image as a set, one at a tine, or as sets.

Q'éﬁgnoﬁ lee“f{ ngnﬂl% m%ﬁ patheterd bin! Re%dvé) NaRifto Rz)"%%r%ﬁ

F'e conposi I mages
ﬂlerawmon e@a@ﬁ datc denfiesee dnto ASCOBJ@TSWE emagp v@heo pdditigpab (off-axis)
IGBARRS ithdBes! AR BLHmRA Andfusel Micthe bdntpddil Radeh X RBLAIREEr S

used to obtain the fused i mage wi th the best
PG @SE % on can be used as gui de points (e.g., end
points) for the further optimzation of those
Tl% seI%cg{?n (% ro%‘ a%us 111?1m:1)1§t1e9 uz?rgrﬁete%socaﬁ ete %ggh%%glﬁ%ple%o}negsﬂeat la I‘e ley !
cap [bg mpﬂed amé worpmreé vt @W@eru@@ d:r morecioinpdsite irlages,fane edmprrrage
111%151;9101"1 f;h?an'l@ﬁfs%ged rttﬁ%&lnldﬁe' f&@d gk vﬁtﬁ the @gs@’feg)%mg&ﬁ btﬂﬂed as

Su sequent iterations. hi s et can i1 ncl ude
s [PPIgf e’&ﬁ?&’é%lt%@%f““h?fﬁ?ﬂﬂﬁﬁ%’mﬁ those| RAEgRLRTY mssy@mmf
itetibr3. lﬁerﬁaﬁmyt@rbemsﬁ e be ehofa;bbc@@bsnehhluga N @NmbOr MB

..a_.hol ogram of t se ab ect igital .
Pt B PO0P PRE o P b it P MR g plain 52 1o
avoidnipluting sutaeydenditaitigist al r epr esent ation of the object
wave (i.e., the inage) is reconstructed and stored.
Features of interest can be identified either by a
Thisstapthag reai jncludy the fllpyiag proesdaessi h dpologtanhiy dmeging: vem avith

cofnB@dr RNl objeR iIREBRtionGaHAs B BolodinP¥ tdelscB¥d Ofdcd ABiphd

indicates a variation of anplitude and/or phase across
TeRIRRERIbPn Rfghedolgram i tapsked g gopmtor 39 o gigitad PR FPARIO G T
ob&mﬂawd (Ugi @hecinalelik repdngttiCteda@t 68d. tPReMureof fiRfest c&lﬂje&léﬁt[ﬂed

el 57 s o) RRTEL P o GRseTs Borfiee mip v
préviged bbgdatahdnahundxcem a yanigtipe ofrbpiitudegnd/or ;masemgmss twi pEenzre us
adja@gﬁfels Db?a ﬁ%ﬂ&l (Efgmbﬂﬁ&%mg@'dpﬂsg Es@ @\Hf‘%r ord Ia.djacent

I'nterest are analyze results o
P“@Héﬁh}@lyénwwe%qf%“ﬂ”@ﬁﬁ nate the process or provi de
new i magi ng control parameters. These control

AI&ar ar%ﬁers whi ch_i.ndi cate teﬁ%y ext il lum nati otg angl e

PRy ?sglﬂtlon compostte image 1s comput sing the current image with one,

or more, previous images. The composite image and the features of interest are analyzed; the

results of this analysis- will either terminate the process or provide new imaging control
parameters. These control parameters, which indicate the next illumination angle from which
to capture 4 new iniage, cain be passed to the holographic imaging system. This process can
be repeated. In this way, the invention can improve holographic imaging capabilities by
allowing off-axis illumination to adapt to the characteristics of the observed object.

Referring to FIG. 4, an overview diagram of the invention is shown. Physical components of

the invention can include an object 1, an off-axis illumination direet to digital holography -
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to capture a new i mage, can be passed to the

hol ographi c i magi ng system This process can bezMarch2007

repeated. In this way, the invention can inprove

hol ogr aphi c i magi ng capabilities by allowng off-axis

illTumnation to adapt to the characteristics of the
woahmmezsd obj ect. 30 Referring to FIG A4PCHUS2N/ETHew

di agram of the invention is shown. Physical components

of the invention can inélude an object 1, an off-axis

illumnation direct to digital hol ography 2 March 2007

&25259 %{ 92%(% cglgltleruﬁzqgéé O% ?1%4argd;0r ﬁ.( 5 nal %

rage an
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off B&sl 1!1%115’721% bRrsgstem! NeTIRYELLs iun@fatidaBISH %%fem' SSca.h gaged

off axis illumnation DDH System 3
Sywdea%e%lw K443t i on DDH system 3 can be the syst em
Raﬂ@mgcatgﬂdtolm =1| muqﬁt ek TShH §ysB@1ffﬁE i Hipgh! Bkat 1 hifhl i
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nbodi men t he conplex 1 mage reconstruction sta

Sk@%lne%‘p%yft PO Felees bRt amphiyde of diesnmplpudisiiabinag yeh

indiates) 1 réMRbdvitk BOIE obj@t 1| RARE the Phist bl iobnpidrCdidal inkfe 4 S

i ?%;n telthat anpl i tude of the conpl ex
‘ld?'r%?{hs L h’ga’g &ﬁ 10 indicates the reflectivity of the
obj ect whil e the phase of the conplex digital inmge

Suﬂ ?fér?% t8§ t%@%iﬁ% c@%}tﬁl xﬁgc% 4”% k%&&%t{)%?th?nma ¢ sﬁ)raige

Stagmé@dmé@@welmmbww afheiimagg etmgze@hagkcollwtsageonh qmrea

imhRabtsy & Q¥ 86 tnhapld cﬁattl@&%rgche o’sjeec 1 'ﬁg’(ﬁm%tc%ﬁg@e ‘ﬁ‘%@m 1

collects into one, nor e |maeset§
ImRGE IR GRS € A8y F grory ﬁ%ﬂ’(ﬁb‘]‘“éﬂftse 5) Hgng djengsygoiated
paﬁﬁéfaﬁ)sz tochel ﬂmgalgoﬂithﬁ 13. nﬁ@%ﬁ@fg&gﬁn $3 a@€oné 0PRSS BSthONE,

14 .th t ed
paifia kel 14 901E T R S B 57 s s i e o mt o
12 abeg ﬁapinmﬂbsmg@m thee(sp to qmpee mhxgltehﬁ:solqnaxs sepoitreiged
t163Xn Jn% ’em@dd&?lgt %tf'xgloglal Onﬂgﬁ£§ Qa%o s?nIct hgg nﬁ:?: ;ﬁk% ed

ing control paraneters used to ca
m?ﬁ%é%’é@g iths Fourier domeip approachfescriiep inrelation RS 2 aJI!dés ol uti on,
conp05|te fused 20 image 16. In one enbodi nent, the
fusion.alg can construct the conp03|te fused .
RefHizg G2 t%’glﬁn% e, élsaédaweelrﬁ B P PSSl r 8 R R
seléctior ﬂgatll Bvell @ tHEld@ay, goragehn®or fineinilysHGrg03] Thelfawdd G

sel%ho 5' gtta%el{ac%s as mpug fhe com;ﬁex d‘lé)lgl Bl%ges gndt IJ.OSGIaiqut or zgltongtlc
feature identification 6. The purpose of the feature selection stage 9 is to identify a feature or

tD

feature(s) of initerest in thé observed object 1. Such features may be identified by a user
through a graphical user interface or by automatic image processing. The feature selection
stage 9 then passes the feature parameters 8 to the imaging parameter selection stage 11, The
imaging parameter selection stage 11 takes as input the feature parameters § and the current
fused image 16. By analyzing the current fused image 16 with respect to the feature

parameters 8, the imaging parameter selection stage 11 can determine whether processing
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sel ection stage 11 as well as the display, storage,

and/ or further analysis stage 15. The feature

selection 9 stage takes as input the conplex di SZBMaTChzoo—f

i mge 4 and user input or automatic feature

identification 6. The purpose of the feature selection
wosbags:8 is to identify a feature or fextIarse(s)27eh

interest in the observed object 1. Such f-eatures—may-

be identified by a user 2through a graphical user

interface or by automatic image processing. The

sh&ﬁc?ﬁe%‘ e%el Elct.%e cg{é thab tilcaﬂged Qmagg ?g] is He%?&? 3 bé %d En%@ Ul @

arane er se sta e
ms_telad wikttieer @@utiplma et ?fammtcenﬂolsmrametﬁrs oh Wagw@lcontwk es
pa%&eiex@ @MEantlﬁkﬁucﬁ ﬁ‘nélbtbﬁesya%{ PIELSE:S a BevPRMibela R usig! b %ﬂlaxns

fused i mage . anhal.yzi ng the current fused
ilyrgmagon ﬁnalee@fféﬁff‘ bi’ 6het ‘Fi‘ég“fge%?fﬂml ParaipelEry bt Opes v ﬁl&l
hologafli N cpafiaTRE ove Rb@s is tpeadddagh ihdze Gaameatseledtion 1
Stvm%%?ewer nggEicess.i ng lgdbl\élalg?ch 2007 WD 2004/ 023218
P FE2603 L5 7] Blfﬂdd be stopped - in the case
that the fused image 16 is deened to be good enough -

THe ﬁlsclés%érxﬁ@ﬂmm%ﬁm co&ﬁu’t&%ﬂ@t‘dﬂeﬁ %d@@a‘ﬁ’le%ﬁ‘cﬁosﬁ% asi tﬂgasg'iuﬁge

contr ol paraneters . MIIanlng contro paraneters
for)perfprgiing; thecfmetien; of ﬁh@m@@ﬁ seuyegt eepm pxpepsloviagsial filtsr apddeng so
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RO, SOE TLRES ol itke B SRR Weuiily of o o LORRRY |
mwbbabtf@méwélsni@mg dhe é@nlsmtelsﬂw miEtoy the objgobebjepidie the dbiepiy

thd B&Rsih 0% bhORe @ID @ik RiAGke b BE seieedbefn ex?ﬁt@ﬂ)spa’ual filter and
expander/spatl al filter and_ |ens so hat the

leng9r asapothrs spla e s8%s HoBblPP iRk larREE £ BBoEY £f a9 @uother
ex&ip1eCAIRLIBIE offtical Gbek ar@@Pdable, but the structure for
al i gning the source, beam expander/spatial filter and
| ens can be any other structure capable of performng
The tevemsfaon axt, hsoweddibreia) aregiefineg at due oohjreidbin doe dhe ©xm filinality, iag
use[a?l?éﬁsis dJﬁHJdQIy% of Q&e 9841 E‘%t 'I'l'gk?éng?}n&th\ép qu}%&hﬁ% danEﬂ

center, 1ncluy exé vea
as f{loggtp srepRdfopmore) :3a et qu}gdltlm@ HRHRG b tlsqdélpremwredeﬁw ROr

coﬂzﬁlﬁm@ Blee %(6%% BuBge. THSternt BEplP1BGLD hebR, it BEinf PG USnRGedl €NS

%h‘l‘( canera relative to the_source, beam
sty ERePS S gl 3 ofpeoesFielly siegaucallp The G spromRtcly,

as G@éam@éuﬁ is defifsed ad £ SeaQfclopany alpiven ﬁhmel(é}g’iJ préfdr@ewitisn (02 &,

o iy ity PRof A e PR Gt of Hhoe 8Bl 1,

as paed haded, iindstined gs lergely but nptoreepssatilp whdlyahat Whieh & epenified. The

- _tenﬂlgUx'fe?alll ta¥ use@%erel%QS WsHach D&k géaﬂ'a?ﬂr&clg&zds%%q B, P

nDret term an herein, is
Hygfrqgngdused herein, is defined as designing, hulldmg, shipping, installing and/or

operating. The term means, as used herein, is defined as hardware, firmware and/or software
for achieving a result. The term program or phrase computer program, as used herein, is
defined as a sequence of instructions designed for execution on a computer system. A

program, or computer progiam, may include a subroutine, a function, a procedure, an object
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as at |east a second or nore. The terns including
and/ or having, as used herein, are defined as mth2MW
conprising (i.e., open |anguage). The tern1coup|e
used herein, is defined as connected, although not
necessarily directly, and not necessarily
womehaniscal | y. The term approxi mately, asrusedohsnei n,
is defined as at |east close to a given value (e.qg.,
preferably within 10% of 1325 nore preferably within 1%
and nost preferably wi thin O. 1960f) The term
St S use ned as
m%tﬁ‘? Pttty RGeSt o eIk opact § Fue
cofih ean ﬂm$mmgeneﬂahﬂymmaghmsmdhhbhbmmamMm daﬁnﬁ@dma$fat
métﬁaﬁahs @a@x%[eg %‘Ux&:%&ﬁ (gll V&)ﬁlgﬁ'tgragrg 1;[1%? %%&”ﬁhéjﬁgés&’ yokvng’

as used hereln, def1 ne
fregugngsp iphpsed hesain, aﬂm P%‘@fﬁ’éﬁﬁldiﬁ @nplmwbat alteu fnrgﬂamqrﬁpé fringe mahal
HHBABSs belsw theBuill @4l linki® def i ned as hardwar e,

- firmvare and/or software 30 for achieving a result.
The term program or phrase conputer program as used
herein, is d@ticietApdicstiossdtemdenivh | NSt ructi ons
desi gned for execution on a conmputer system A

A&E@%ﬁ&ﬁbmﬁﬁmc&q@éﬁn@éﬂn&f AN BB ¥k ﬁlew&%aogwal arts is
groutlne function, a procedure, obj ect 2 March

FoP- e BRI 335EH! PEIPUE b m%&elﬁom%%fchwal) an
falﬁibjttﬁﬁ‘,tsudh rzpfoesmmsﬂhdt@ inspedifbn ERE Erhténdib i€ al&ﬂﬁbﬁ;ﬁﬂﬁdnﬁﬁctmla n

servl et n.obj ect. code, a
I%.Foz hl}oi% resear he dbve rcr>Pn1er1ltJ Sngldnz}n}l%ﬁ%g@% Sg‘f}ﬁloaf &Pnovmua 73 idn,
lmgevuﬂnmemcﬁﬂwﬂﬁsﬂ%amemmswd@ﬁMgméﬂc@@mﬁe%mammﬁmmwan a
us{ﬁQ 'H?;HJ] %Focé%gmé:ﬁﬂ}ayg%ﬁgztﬁycﬁ{a 131 Qrge de%ﬁlﬁel Offect-to-di tal

uencg as used ereln as
h"%oﬁféE yitqeh aﬁ?ﬁrﬂﬂéi?etfwéplosrmhh&éerg pra virtaglly higumerelie eserc nf};r fh@s
inVeeo@ A b WehidMeRdinsibe 8B heRy | i M t. Practi cal
Applications of the Invention A practical application
of the invention that has value within the
t echnol ogi cal ar iAdvanmgesmiethe tivagign The i nvention is
useful in conjunction wth mcroelectronic(mechanical)

A ﬂa&h(fdadﬁﬁdr&lﬁtahcﬂd? coxﬁﬂdﬁppr@g?arrf %re&ﬁﬁﬂg GOOMAGRL: of tﬂéﬂ?e&ﬁdno n.

he I nvention is | so usef I N conj unction wt
ca ot LA aafbgﬂ‘f%ﬂéag@a? fopat I%mf‘a‘ﬁmﬁ feaggpy The invention can
provRB idbAiitai6r oTehierGS G TealiSes mﬂmbewéaabujem&m@zmutomancauy ot by

lmgq@qﬂggﬁy emen or tﬂﬁﬁ% SP The |nvent|o is ug Iul
B AR P PPISE W AP SPD TP CRRs PIRY: ‘H."&‘F‘P P
hologrepbissimhging sysiehh based uphinghd sikntiflat Ratarequoi Bbvidecsonterft-based -

resaﬁmlﬁmﬁmﬁ'ﬁs&kwh& % lotid 2 feéagicfe ﬁﬁéfe &Q%eg%%qu on

el ectron re are V|r I 'nnuner a
imagg dspnglyzed to|deci er@eﬁm\p‘émswmho@ ftopeof tqmmmrte the bejt imaginghe
pardhfitdd o @PtRES Rw hOY AN TBIRFenin ohil1Rovidd UGk Pontrol of object

illumination. The invention can provide fusion of resulis from multiple hologramé. The

-

- invedtion can provide significantly increased imaging resolution. The invention improves

30

- quality and/or reduces costs compated to previous approaches.

All the disclosed embodiments of the invention disclosed herein can be made and used

without undue experimentation in light of the disclosure. The invention is not Hmited by
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A net hod, apparatus and/ or conputer program

representing an enbodi nent of the invention, cajmlglechzom

cost effective and advantageous for at |east the

foll owi ng reasons. The invention can 20 provide

identification of interesting features in the observed
wogluestis ei ther automatically or by userPETARW30NF76Ugh

a graphical user interface. The invention can provide

control of hol ographic magi ng system based upon the

identified features to provide content-based

th{o?eﬁ%L Hst{e(rﬁ)éﬂts rd R IIE oug-{;q}?e ﬂeg\ﬁ?ﬂ?u ot rrﬁl?%lcglﬁ) Y YAVQI%OI?

mhere e current
copipraptlapedcy theomerater i disglpred: m@Fﬁcp rHbe Fxpnten W@Uh@teé ﬁ}@fﬁt‘)o r

AJc&dlﬁ H&rﬂa gemagr&ea&h vy MRS Alled T MRLARRE BE Snviidiof 8f BE € a
new ogra he_ i nventi on can provide

PrEEtied &f{‘%'\”‘s?:%??ﬁ Fregplgicdtet i uni nation. The
[ nvent| on can prow de fu5| on of resul ts from mul tiple
Vi i cant,l
e R A T S L A R S
cogjdibd dompinedinl vigvally dbhsmf@ratmsthrﬂm mMasiatice dnay be padein tha peps
or%p@{a%ﬁl@fé ‘of g‘tgps%llansﬂE ng{h&ﬁl d&&ﬁ&d%ﬂ&d Fﬁfﬁl@(t %lﬂﬂ\gghttnae

i nvention disclosed herein can be made and use
PR Jereriteh Geren esribe o istraate aroiwn 1t vl bp gpwifew that fhe apparatus

ma} b8 GhePSid futo TG stdrDWRINN Rt i Sssétarbed! I'rumletnﬁ&e, QY &8s chsd&ed

Mar.ch 2007 04/ 023218 P 2003/
PR PR L (F BT BT o B A B IR R
forh ths tlisclmetbelodents audr fyatungy o6 exteryt dier diseioasdtembodimeno m.c@rmhm ed
' sed, practice of the
Su‘?%%?;éln |66ﬁe\éiﬁ{c%£ %%Itnﬁtﬁang'%’?ﬁ%‘g)f her elto 0. Accordingly, it
wi ||l be appreciated-by those skilled in the art that

1t %l Be YRR aP ViR YutRButioR, ABdifiGaAchs, BRIV ERR: &s}aﬁgeasnts
speci fically described_ herein. 5 Furt her,

of i fFp et IR Ale T EHsbRETHE Sadredon Btviefes B ﬁﬁ’é’&aqdlﬁr opg of

thedlin8glyRg @flentieendohcgpt! I&Isldedﬁ&d thbtthe spﬁﬁ) bildebr B@peCalitiai undelythg
ur a .t her riati

. virtuall nf i ybe
iy e S B i e i i el o A
mmmmmmsmmgﬁwﬁmhﬂdkmmamﬂmﬂammgmwmﬂn Furt her, although
the apparatus described herein can be a separate
module, it will be manifest that the apparatus 10 may -
The, aﬂppwgfbﬂ?ﬂm weingt iy by iptprareted astinglding meengplug Ringtion jigitations,

mBEERE la %&nﬁﬁnon BUkibey ARt in aaén}en Elﬁﬁl ntﬁl'l@ &k pEads) ﬁieﬁlmt S
enno

fe d
- an ‘gﬁﬁm@ 5%3%0568@%%% .Sf the glaenﬁ? e e@lﬁ%% P%@? @aﬂed
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15 1t wll be manifest. that various substitutions,

nodi fi cations, additions and/or rearrangenents t

features of the invention nay be nade wi t hout fﬁmnéﬁboo7

deviating fromthe spirit and/or scope of the

underlying inventive concept. It is deened that the
wopMnezisand/ or scope of the underlying POWVES24BOETIST4

concept as defined by the appended cl ai ns ‘and their -

equi val ents cover all suth substitutions,

nodi fications, additions and/or rearrangenents. 20 The

Rﬁﬁﬁﬁﬂﬂﬁ% clains are not to be interpreted as including
neans-plus-function limtations, unless such a
limtation is explicitly recited in a given claim
(Husi Hepdrie) pwh Hoetolyductipp ifouen Prtics, aMeFay-Hilk {998 £ or .
@PubyensE & ale rfsdhdini $lcofonHoRglhy £ KiuweNA@ddmidPlevie at ed
by %hghggﬁﬁﬁded i ndependent clains and their
equ‘@ \l3 S Specific enbodi ments of the invention are
5 (325 Bligkdedledhh (' Optice @hiblEditls” Adlreniiedeyd 98 paeA65-490.00%s and
theip equivalents. 30 2 March 2007 WO 2004/023218
PCT/ US2003/ 027574 15 REFERENCES (1) Goodman, Joseph

W, "Introduction to Fourier Optics," MGawHill,
1998. (2) Voelkl, E. et al., "Introduction to El ectron
Hol ogr aphy, " Kl uwer - Academ cs/ Pl enum Publi shers,

1999. 5 (3) Eugene Hecht, "Optics, Third Edition,"

Addi son- Wesl ey, 1998, page 465-469; 599- 602. - ------
--- - 2 March 2007 16 CLAIMS: . 1. A nethod of
recording a content-based off-axis illum nated
spatially heterodyne hologramincluding spatially

het erodyne fringes for Fourier analysis, conprising:
calculating an illum nation angle with respect to an
optical axis defined by a focusing |lens as a function
of data representing a Fourier analyzed spatially
het er odyne hol ogram -




reflecting a reference beamfroma reference mnor at
a non-normal angle; reflecting an object beamf

obj ect, the object beamincident upon the objecC %ﬁ%%éﬂboo7
the illum nation angle; focusing the reference beam
and the object beam at a focal plane of a digital
recorder to formthe content-based off-axis

illum nated spatially heterigdyne hol ogram i ncl udi ng
spatially heterodyne fringes for Fourier analysis; and
digitally recording the content based off-axis
illumnated spatially heterodyne hol ogramincluding
sepiiv. | y heterodyne fringes for Fourier analysis. 2.
The nmethod of claim1, further conprising: Fourier
analyzing the recorded content based off-axis

i]1umg ﬂl‘éﬁgd Sthadokdhd ycon!aat xﬁgéa%ymlshmm%a%atfaﬁy H(gérﬂcgme
spatlally het er od rin transform ng axes

t hpdogranpinelpéiegispet éntﬁrom%@g@:f Kv r Bourigr dnplygisvicoraprestng:

spat i alylciaf g ﬁl%ﬁ%lclﬁozlnglg My th ﬂeﬂ)gcl:t Yl f gptlcﬁpéktlé @rhn¥d by a
het erodyne fringes in Fourier space to sit on top of a
hiecusigdspnas & fnptioarof dets egiracitye Bawigealyzcdgpatighy heerodyne
bgfiwesn the reference beam and the object beam

app Iy|n a digital filter to cut off signals around an
ori gi rigflcctng agfﬁf@renaﬂmam P 2 IpfeTeResTRATAIA. & Ror-piy@pleasle;
Four i erEﬂchlx?%]ﬁ SiéBt bdm FBR ABRIReM 1R obfe Abdiinlincilidhk LG the
conpr|5|n usi ng the Fourier analyzed content based
offbﬂe-c’a%ﬂ?ﬂi ymiggtiop gl spatial |y heterodyne hol ogram

W th gbakifgdle RRREOHENShd tﬁ%ﬁ&@@e@m%@ atrb@l hidne of a digital
heterodyne hol ogram to conpute” a S|ngle conposite

i Heeider toqforyithe qoBtepigrassdrofbaxay ipminatggh gratially hefrgodypg pqlegram

AN AE G SR bbb 6/ @elysier Aab@gnam i ncl udes a
CONpOS gl?mge e e s e a1

PCT) UShRSBY Goerding thersontsnt e ofE e dugaied gpaipldy beterodyne
FRYIdRRT in QIR dpdiialg nE8RIAY el BEFRLBSyGOMPOSI t €

i mage. 6. The nethod of claim 3, further conprising
transmtting the single conposite image. 5 7. The

et hodrneneb@bfMidkm 1IWRARAG BmfRlfpy! ating the
illumination angle with respect to the optical axis

def i nd@v iy FAEziRg dhsTergdedeprnteat basad offrarist illarﬁméqed daitiglly
MRS a&m{ondgan{ Qu &R b @dily h@t@x%h%é%g%?@yt ﬂralsﬁoxmng axes of the

het er odyne 'hol ogr am i ncl udes sel ecting f eat ur e, of

rﬁ@tO&CésCPntﬁlrtdwfquéf-a%uwﬂémarﬁafr%ﬁé aetgrﬁésne drejogram including
heh@1P W¥RRINR! PEEANh Fourier space to sit on top of a heterodyne carrier

- frequency defined as an angle between the reference beam and the object beam;
applying a digital filter to cut off signals around an original origin; and then

performing an inverse Fourier transform.

3. The method of claim 1, further comprising fusing the Fourier analyzed content
based off-axis illuminated spatially heterodyne hologram with at least one Fourier

analyzed spatially heterodyne hologram to compute a single composite image.

4. The method of claim 3, wherein the Fourier analyzed spatially heterodyne

hologram includes a composite image.
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10 8. The nethod of claim7, wherein the step of .
digitally recording includes detecting the bea a%c'iﬁﬂﬂ?
a CCD canera that defines pixels. 9. The nethod o
claim8, wherein the feature of interest is defined by
data that indicates a variation in at |east one

wo'thilegsigsel ected fromthe group consi sti prr@hordtdtsht ude

and .phase 15 across at |east two pixels. 10. The

met hod of claim1, furth& conprising determ ning

whet her to record another content based spatially

het erodyne hologram 20 11. The nethod of claim 10,

5.1 ur Tasarethedefsieims . figther sepprizipgeplaviig thespelpepesdinimegh based
spatially heterodyne hologram 12. The nethod of claim

6.1 0P HEOH SR R E =R GBS0 TRt BB e

hol ogram 25 including spatially heterodyne fringes by
tr anst i . ; . .
R S o F‘%g%ﬁ@%%%ﬁ%ﬁ%@%ﬁg%
°P§$9h%KFS§F£ﬂ9dWéb P y&ienswt?{erfg@soqqﬁ Fogpresapting faFauiert o sj t
anflfred SBtia0¥ heterddGHeRbIOEINRIERY Jleing b FeBGUGNGHdabh Bgd as an
angl e bet we the reference beam and the object beam
F"&’bagf“wyﬁ’aS@“ﬁﬂé‘?@’%@“ﬂ"ﬁ%‘?‘ to cut off signals around an
original origin; and then 30 perform ng an inverse
Foug,i 3 od of clai.m12. further
5. ot Ehnbd ARCY, Bhdng S AP Kecllnepolleliahgmmid 101
bea@Ovith a C8€Deamerethat difmsseikelspat i al | y het er odyne hol ogr am
with at | east one Fourier analyzed spatially
amto conpute a | e conposite

heterod%ne ho| o% . : 'si?r}g n@ it
9.i rrathe method of phim $rvhaseivfhofeatire ofiiniqrast s defined hydete Brpindicalng
a VadiGibd 10 gt [ nE AR elehATOM tiRRalp nbkiding BRMGHIAR WiEphase

m i.nql udi ng spatially heterodyne fringes for

hol agr
ac’igﬁﬂglgagr aRafYsis as digital data. 15. An apparatus
operable to digitally record a content-based off-axis

il lgm 4 ' NG h ' di ng
10's papft!ill a: i {’/fﬁﬁgltmzr?lg ynék%lp P%ﬁggglétg or o%#h?rgégmédnag%egi S,
coptenfpreddspasiglly hatarodling bpldersat i on source; a beansplitter

optically coupled to the illum nation source;

11.  The method of claim 10, further comprising recording the another content based

spatially heterodyne hologram,

12.  The method of claim 11, further comprising: _
Fourier analyzing the recorded another content based spatially heterodyne hologram
including spatially heterodyne fringes by transforming axes of the another recorded content

‘based spatially heterodyne hologram including spatially heterodyne fringes in Fourier space

 tositon top of a heterodyne carrier frequency defined as an angle between the reference beam

and the object beam;
applying a digital filter to cut off signals around an original origin; and then

performing an inverse Fourier transform.

13.  The method of claim 12, further comprising fusing the Fourier analyzed another




a reference beammrror optically coupled to the
beansplitter; a focusing lens; a digital recor
coupled to the focusing lens; and a conputer thgﬁthMZO07
controls an illunmination angle with respect to an
optical axis defined by the focusing lens as a
function of data representing a Fourier analyzed
spatially heterodyne hol ogrem perforns a Fourier
transform applies a digital filter, and perforns an
i nverse Fourier transform wherein a reference beamis
| picdersed spuially heterodyhehdogran béhat lrast o Fowrier enahygert spatially
n dent upon an
o@&%@%m%@ﬁ& Inéﬂm@@ﬁ?%ﬁn? 8?“?@8 optical axis
deflned by the focu3|ng Iens t he reference beam and
t obec S
e ODHRSRHRATALE | ERRUSHpiind U5 LORHIA hEDSoBla
cbfmretbme hplagren) ipflfdine spatipliy hfmrn@med‘rnagatfqraﬁduyer analysis as
gLefiadyne hol ogramincl uding spatially heterodyne
nges for Fourier analysis which are recorded by the
dig|tal recorder, and the conputer transforms axes of
the regpugediafs germ B dh%ﬂtaﬂ 081 EHoRALE orRel AhTuRe
hol ogram "I nc Ing s eterodyne fringes In
Fmaha kr hedgyedyae thelogiam insluding wﬁtlfél)fhhqt@@dydgl rfangeg dpr Feprier
%%gqg%_g§$§ned by an angle between the reference
fhe obj ect beam and cuts off signals around
an orlgmﬂmmﬂﬁwngWﬁbefore performng the inverse
Four | &f bealyfidalidHly Coufil enhgﬁ%ua&&g% ¢;The appar at us
of claiml er c rising an object objective
opti cad n6§¢reneq§wpm1@@|rr®epwg§h cm@ fretherbgempnlitte; and t he
obj ect, fliking TAe apparatus of claim 15, wherein the
|Ilun1nat|on source includes a laser. 18. The
appar at digitatecerficgiopnpled to (i &acuding lenseandi gi t al recor der
i ncl u@@on%u%af:mgl@ an tllhﬂmﬂlﬁfl 'aﬂﬁeswﬁﬁ @ﬁe%t tola opgw axis
a paratus ‘of claim15, wherein the angle between the
lé?‘bhlc dhepforusinariens asheefuspfioncel dstearepresentingsa Fourier analyzed
n@gﬁuu InERtobHe BBl @ Y AR RN atﬁ?ﬁn&%ﬁg%rﬂagaﬂpﬁ&sd d1§lfa?ﬁlter and
sélectfed in order that the digital recorder
- ressfemyseanfigigtse Fasientansfaan,of f - axi s il 1 umi nat ed spatlally
het er g RUREIA RIS iflefitipdh e rdibdc BB ALY AP non-
frlna for Fourier analysis and two fringes, each
ganglwnmbjgg l@atp@;(melpleqq geon a@ro@eptrqg@ ansle with respect to an

optical axis defined by the focusing lens, the reference beam and the object beam are
focused by the focusing lens at a focal planevof the digital recorder to form the content-
based off-axis illuminated spatially heterodyne hologram including spatially heterodyne
fringes for Fourier analysis which are recorded by the digital recorder, and the computer
transforms axes of the recorded off-axis illuminated spatially heterodyne hologram
including spatially heterodyne fringes in Fourier space to sit on top of a heterodyne
carrier frequency defined by an angle between the reference beam and the object beam
and cuts off signals around an original origin before performing the inverse Fourier

transform.




20. The apparatus of claim 15, wherein the

il lumnation source is noveable relative to th
beansplitter. 21. The apparatus of claim 15, V\,hez MarCh 2007
the beansplitter, the reference beammnmrror and the
digital recorder define a M chel son geonetry. 22. The
apparatus of claim 15, wherein the beansplitter, the
reference beammrror and {phe digital recorder define
a Mach-Zehner geonetry. 23. The apparatus of claim 15,
further conprising a digital storage nedi um coupl ed

to the conputer for perform' ng a Fourier transform
Féhglr Ygﬁ%tal%ga%t S ofa cla § %ﬂh&?%gm s%ngs O{)‘gjec o@’@ctlfg og{lcaﬁy
mpledhatwdeeﬂmdimﬂphﬂteranﬂ thmbmces the illum nation

angle with respect to the optical axis defined by the
focusing lens as the function of data representing

t e Fdlheiapmaraaalf ylziedl 5s phdreia HHeylhinetatiposhyrve idvbidey lager.

18. The apparatus of claim 15, wherein the digital recorder includes a CCD camera
that defines pixels.
19. The apparatus of claim 15, wherein the angle between the reference beam and

the object beam, and a magnification provided by the focusing lens, are selected in
order that the digital recorder may resolve features of the off-axis illuminated spatially
heterodyne hologram including spatially heterodyne fringes for Fourier analysis and

two fringes, each having two pixels per fringe, are provided.

20. The apparatus of claim 15, wherein the illumination source is moveable relative
to the beamsplitter.
21. The apparatus of claim 15, wherein the beamsplitter, the reference beam mirror

and the digital recorder define a Michelson geometry.

22, The apparatus of claim 15, wherein the beamsplitter, the reférence beam mirror

~ and the digital recorder define a Mach-Zehner geometry.

23. The apparatus of claim 15, further comprising a digital storage medium coupled
to the computer for performing a Fourier transform, applying a digital filter, and

performing an inverse Fourier transform.

24. The apparatus of claim 15, wherein the computer calculates the illumination
angle with respect to the optical axis defined by the focusing lens as the function of data
representing the Fourier analyzed spatially heterodyne hologram.




