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WD 2004/ 023218 PCT/ US2003/ 027574 DESCRI PTI ON
BACKGROUND OF THE | NVENTION Field of the Invention 5
wab@4iomszesit i on rel ates generally to the field pET/US2003/027574
direct-to-digital hol ography (interferonetry). More
particularly, the invention relates to content-based
off-axis Illumnation for direct-to- digital
hol ogr aphy. Di scussi on DESUORIPREDNt ed Art 10 Prior art
direct-to-digital hol ography (DDH), sonetines called
direct-to-digital interferonmetry, is known to those
ski ' jnstance, FIG 1 illustrates
B&ééﬁg% ?’?S&%ﬁrﬁé{mﬂh of a DDH system Light from
rield ¥ Iiseutiee 105 i s expanded by a beam
expander/spatial filter 110 and then, travels throug

The #yentien rekies eepmiai toythe fipld of degelrierdipiie} halegrarhy) <f&§ﬁﬂ¥er0metry)

Md'r@ifﬁ'h@ul&rgf D@ ABiBh kd1hey to%gtenffﬁb%ecpﬁﬁlﬁi@|Ill&r¥1ﬁ5tlol12@r direct-to-
be partially 15 reflective. The portion of |ight

d@éﬂﬂ@bﬁﬁthron1the beanmsplitter 120 constitutes an
obj ect beam 125 which travels to the object 130. The
portion of the object beam 125 is that is reflected by
Diseussivij of the BRdatedldgh passes through the beansplitter

P{l%o Qrpd d&re&%?—ﬁis 1t2110 ﬁ‘ 1&%&}#@03@ }gns s&ﬁéﬁﬂqg-rhdage ' gnéﬁt -to-digital

en passes | ens tra
it@fefonodtdr ge kooup Itce ahode\skld:lai ir{ @EDyrt. cBoreinstar(ca oI Hoillmjtrates one

20 ht .fr the,lens 11 hat
siopubeL BRI PhBEsidih £iaf Bobi® lasfiapretad Mbpanded by a
béaﬁi; ?ﬁ}ﬁﬂﬁﬁ/sfbﬁﬁmﬂtaﬁllo'rhlﬁi theh enede ﬁnrbl@[wlﬁa 1636 1:15. Suﬁsequenﬂy, the
refl ecte ma mrror at s angl e, . The .
B P P TR oF 1 e ager 1390Asy be partially
rdffe@tR| Thé pYEGLA of it REIREEPHbth HRIbearhflitterT120 cBﬁ’sftf%dt&rthbeect beam
the reference beam 135 that is reflected fromth

1%%%% frevelsele thoxpiqchet- e ppriga ok the Rbiseidsem Aé> sk rfected by
tﬂe%%?ecflfl'ﬁ) ABH phQUehbubh the Peltn SANES B20o( AR50 ) foc-ﬁgiﬁg lens 145.

ject beam 125 fromthe focusing | ens 145 and
Th@fhnghbﬂi@@ pieenthogsh thedhsusing 1¢ne dd 8 iapd) trpedssto jaqeharge coupled device

ality of object and reference
GOt GpfinBbl 2 LY OF O he

nterfere at the CCD to produce the
interference pattern characteristic of a hol ogram as

THY It)oergoril O tHé §ght Ef)r%gn' thé\lpe'ns 1 1% tggc%asssgsz through the beamsplitter 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 portion of the reference beam 135 that is reflected 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 CCD to
produce the interference pattern 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 illumination.
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30 In FIG 1, the object beam 125 is parallel to, and

coincident with, the optical axis 127. This type of
woDM4me21%ip can be referred to as on-axis il | uPeTiEE20081027574

WD 2004/ 023218 PCT/ US2003/ 027574 2 A linitation of

this technol ogy has been tha® the imaging resol ution

of the DDH systemis |imted by the optics of the

system The nost notable limtation of the optics is

the aperture stop, which is required to prevent

d t [Qp: ' q ] errati .

AR 8 FnbiGe) RGP b hu e L BoBSL 0 S BB yptem

lioljeé by tlepaticabf the eyptean clihe snoai ddidbhe Emitationl of thedf opticathi the aperture

Oc be transmtted., In the se of on-axis . .
s G BRI el 0 desipebich o8 Tfts <O S ppappiations. Wity
r@amg 10 ?&ﬂmﬁﬁm&;si@ﬁbF@ﬁai plate, biilg @Bﬁe@spﬁﬁa Fjuen¥latvith a circle of

ee : erefqQre, is an approach_that permts i ,
r@p‘&ﬂ?) n by HARREHET e I A5t v oprigisafiyraingliop the aperipe with gadius ¢0
aPRafscaitsiell bh @ dero kPatRUYBNRYCy =0T haNYEBIde Nh BB FLis a8 aproach

need for the foll ow ng aspects of the invention. O
thapprraids srafial fraqyensics onsie the gtrcle pf wliug g0 togbettrpasraitted.
aspects. According to an aspect of the invention, a
process conprises: calculating an illumnation 15

angle wth respect to an optical axis defined by a
SP%%U@WR@OPQH%EE@VEBHHQ@tion of data representing a

ThaYié € med & YESL ISR Rpdcs dTah&HREMHA. DR IOEERMhe invention is not
recording a content based spatially heterodyne

ligifed iprthese APREFSdi ng spatial |y heterodyne fringes for
Fourier analysis; Fourier analyzing the recorded

cont ent based gggtjally het er odyne hol;gran]inc[ud[ng
Asprading k9 ap aspecepiglly eertiongueceps,compainest ealonlating ax bmifiation
R e R G R
réposentiog adiouie ahdy=i spasially legterodyna holhghey tedyrdmgaaontestrbased

fr.equency. defined as.an angl ef ween t.he reference . .
SRR R OHE TR R P SRS ot B P e
Fowriet atalyrifg th¢ ghallal @nturidsalspaiallgihsatodard iglograna idlutiiagn

rform ng an.inverse Fourier transfor 25 Accordin

SRt s S R s or B oo et based spatitly
hewerdpyre e Bgragintlodiap bikigiEiethodyh@ringb £ia FothSer3p£c0id §1dn top of a
based spatially heteraodyne hol ogram includin ]
h%tﬁra&wgwﬂ?wh@%lﬁw;ﬂﬁ ngd,3s gangle eepélaﬁqe@rensﬁgqaysqné the object

béats |aﬁ51§i_ﬂ§ a AightCilfek Rbuk 62 Signas Ab&HdtAl oripBE s HeL; 2P HEBh ed
to the interferoneter;
performing an inverse Fourier transform.

According to another aspect of the invention, a machine comprises: an interferometer that
records a content based spatially heterodyne hologram including spatially heterodyne fringes
for Fourier analysis including a focusing lens; a digital recorder coupled to the interferometer;
and a computer that calculates an illumination angle with respect to an optical axis defined by
the focusing lens as a function of data representing a Fourier analyzed spatially heterodyne

hologram.
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and a conputer that calculates an illum nation angle
W th respect to an optical axis defined by the
wo omus22e8 | ens as a function of data representPCyUus2003/027574
Fouri er analyzed spatially heterodyne 30 hol ogram WO
2004/ 023218 PCT/ US2003/ 027574 3 These, and ot her,
aspects of the invention will be better appreciated
and understood when considered in conjunction with
Th¢se, dnd| dthani ssgeaie ot the pveptiorawdll b better epirpaatyd aed understood when
c?ns eggﬁqcon &ené:té(?xb #glﬁ:bi%wg ﬁ§§c§?t§jca \ %ﬁggﬁe\/ gc{c? oh&%gtﬁﬁvmgs It
slemhbldda madﬁrstom ltolwev&rnﬂfantheofollawdlgndﬁsmmms, whée iifdigating various

55t St ol AL A B0 o

ilngitioh ol asidoOrlimitian.” Mg nebitiutoay, bedifieatons) talditions and/or

t he scope of .the i.on without.departi. romth
R PEERIORR aPE e, Mg e O S O ez st OGHipd From the
siHP Hetdoflt dn@Ne iNTALISI eRhidensll saeldistiis@RSonsaEdd@fications, additions
rearrangenents. 10 BRI EF DESCRI PTI ON OF THE DRAW NGS
1'FH‘ETr@l*l’“@%}\ﬂ"'fli%j@tSac:c:orrpanyl ng and formng part of this
specification are included to depict certain aspects

of the invention. A clearer conception of the
BRAGE DESSRIPIRANGF L PBAYSNGFY s and operation of

THY %%.Wﬂ% pfc@éfﬁﬂﬁ? %‘aﬁ&] f&r}l‘?né PQ{‘?UF @0 GWﬁICAII(Be&Q %MH@& %o depict
rea apparen ferring to the exenp ary,

cerhar @pmtseofﬁlmmvemnpn ny cle@mb@atmm of th¢ Inyentioat and of thetch@ponents

ar(ljé %p% a%\/\%n g ?}ﬁtem cg}lﬁlﬁde\%eﬁ{lt?né %Rflsﬂ};ce %{ ﬁgl:%%grgﬁ Wit %la% ly apparent by

rdfﬁhhg rto uthel esxsplady, tandr ebefoen cenlkimitige embodimess ailustnta@slein the

dr aw on Wth ti
3 s Bt AP Tetbte B st el o st ot T fnyention
miaby fold $§treahﬁd;6St6£dtH3&ifeﬁﬂhlaélWon@8 oﬁﬁlererUI‘tt}tl]erse GRSAHERS it yorﬁi?miron with
to_ scale il]u tes a schematic view o )
ﬂ@oilﬁﬁ@mtioa rRgpsefied deein. olt off1 14 e BT Grah Sy BB ﬁ%ela%a,tgd in the
%Iﬁfe‘t@iﬁécﬂsshﬂ?%aﬁﬁhtagﬁleoq ART." FIG 2 illustrates
a schematic view of an off-axis illum nation
direct-to-digital hol ography apparatus

ric.Nt BiniEkR rsestcﬁ&ﬁaﬂc mléw opy c@m&loaasalkbm@%%p h§I8§ap iy pparatus,
an enbodi nrent of the i nvention | lustrates

apprepristaipalabaded/| PB‘AQBfARTae off-axis illumnation
direct-to-digital hol ography

FIG. 2 illustrates a schematic view of an off-axis illumination direct-to-digital 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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apparatus (interferometer) of FIG 2 in an off-axis

position. 30 FIG 4 illustrates a flow diagramof a
w@e@eesri1s hat can be inpl enented by a conput er PCT/US2003/027574

program representing an enbodi nent of the invention.

WO 2004/ 023218 PCT/ US2003/ 02#574 4 DESCRI PTI ON OF

PREFERRED EMBODI MENTS The i nvention and the vari ous

features and advant ageous details thereof are

DESSIRIPAEANRF EREFEIRREREVBORIMENTSe to t he

THO m\)eﬁ'ﬁotn' 4 tﬁenp hm{u‘f‘est g@éd\%l?aﬁé(glls lﬂéltd ﬁ%h%% e eQﬁlalned more

acconpanyl ng raw ngs an eta

fidbyseith Wfdrcme tDbs epnlphitiog smbddiments thlahm/lﬂhstraed lmtge 5cc0mpany1ng

dga?&ll?gs ﬁ%ﬁfdeéa?fég i Siﬁet- otw%g:h ges%r ol%%otho %ﬁﬁ%&éé anllq)}mown starting

nmmlsr @rdcbsing Nieetntiques) ¢dmp(d)ﬁé1m land letjuiptment ﬁlreb@mtted so as not to
der st 0o however, .that the _detailed description

RGO Sfiury 16 “Eicaript 28 ceufi e SBohig oont BT tae e

demidcicp®iption &id thhepecilfio bRmipl@Nwhild RdGhURbréframtdliiments of the

illustration only and not by way of limtation,

MySRG By ETe BRYES OV tAY %glustﬁ%lepfqnéYaﬁ% Rt byt ¢fofitation. Various

s@RHuBbns RBATBABANROEBON dnbloPrehfighosRbAtk tmﬁm%@gplﬁ%ﬁ@@r scope of
of 10 the underlying inventive concept wl| become

theppdebane geRtiys sanceR| Vilkbpepme eprarg to thosmskilidsin the art from this
ddbsshkosure. Wthin this application several
publications are referenced by Arabic nunerals within
parent heses. Full citations for these, and other,
| Wi f e s

VBB 8 R PRSOT e l BihBhe oBErA0ERL G Bkl gppgls witin
pathheses tHu mlthtmdlfmgthﬂef mda]ﬂmf,spubllibwlodé 80y bs tivumd aotheant of the
ns_ i ir entlre are

a her
AT BE P eRhod Bl B wEP el b ReR hE yfgonces. The
dipeibgoseofal] thewdipnBlidatignst 1|ﬂ€thebﬁ€1k@¢’tﬁlsl At ety pietile tcbPbrated by

nd illustra th ate of e ar 20.1n general
ek SrER? b Pimetd it Te bickement a6 asrarin e dlistating
ﬂ&ts&tddf@heada}gj/ or replaying digital data. The context of

the invention can include processing digital data that
represents an image. The context of the invention can
IiPdehbral, B! c%ﬁ’t%xtt Jransh b artiad1Rde SoRimhifk stdrik %nd/%gﬁlﬁymg digital
into a i mage. 25 The invention can includ
dafet Til‘e‘s‘dcqﬁexg@& e lrwgntmﬁmaav@dudee@remﬂm@ digife] deje é’pﬂﬁlr@presents an
11hf{£@gﬁ{eycontfe§todf‘tﬁe ﬁjv&ﬁlgﬁ c£1{351$ 19%1&@4 u&Qfo&H{ng %Q% fﬁ%’?#lﬁmple images

usi ng off-axis 11lumnation. e Invention can a
into a merged image.

The invention can include a method of acquiring improved resolution holographic imagery
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-

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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i ncl ude an apparatus for acquiring inproved resolution
hol ographic imagery with a direct-to- digital

whodegerphy (DDH) systemthat uses off-axis  PCT/US2003/027574
illumnation. 30 In general, the object to be observed
(imaged) is optically couplef to an illumi nation
source via one or nore optical conponents. As
di scussed with regard to FIG 1, the illum nation

asethns payalie) i, dbd Ppficplaaxded’ htSWDHeGO@@%ﬁr@ronoqantbn geferred to as

“SEB3 uBRESE R BTy B ERlor M Mkor Mg acpuid wp to o

cérhen lopit {@alwiachi is detdimisedtbyilee @fechBHpedwEi gur ati on can
be referred to as "on-axis illumnation” and all ows
spatial frequencies (q) of the object to be acquired
Theplntve‘ntﬁ»n cétlefnt:hﬁﬂ ah i‘off-bixi§ diminatioh’CstenRiod @har nhenddmigtion source

(&% a%g( %g:% lp/ 59, e ﬁ‘p ﬁ'iltF Er ngc o eﬁogl\éﬁ%ig&gctf qil)gecitixrf]eccl)#-gteentgr}]fet still

parhllel B3 Mabptyal SE4I T illinGindiiGPWHC 86k boakefoadsing &ﬁzcﬁ d¥ahe objective,
the beamw |] pass through the object agb jectiv

by fRcideahmgpn g obiett gt SqRRft ; angle o (B¢ Rk ﬁ‘f‘}scaID“ﬁx'io this off-axis
ililR8ndtibh, WIkHRA )81 i%ciu'enméil'@>&(% dthge b6t ShiPast fill:B6dh t‘ﬁg objective

t he objective, be 1ncident upon the object at sone .
apgriyice 2bd thug deopheprved. tha ean Wil opgxis Hilemppptionyfhis is an important
ad\}ahﬂ&%gmﬁélgpemgﬁgher spatial frequencies (g>qO of the

obj eCt can pass through the objective 10 aperture, and

thus be observed, than can with on-axis illum nation.

Ng: -«

THS oy L b Bhaon 0 510 SRt loptu YL Rigib capture
theappaiiatans Jonadap e, todf-akigilliminated debigmmes of He smeackjest. The

_and. more, of f-axis-ill d f
e i <R A apRiyzng AP BeRPHRE L] g eRAy, fhprured dar
mﬁh@ﬂﬁg} Gusadibiage will oQess b Mgdef tange ofgpatidl dregicgicioathay in any of the

captured dat The resul ti f used W .| contain
o RS R BiorOSE P Ik e ol GRS i3 Tpresolttion of
tHe RPster® mrgpaml to FH2l cag volikee nd dTELExiP IRkl a8 i§ b@Tlable Ccant
increase in the nom nal imging resolution of the
system conpared to the case where no

A9hbe@Xbovel th ¥cNRt6d Mgk of ﬁlﬁd&"i‘ﬂe"ﬁ‘cah @@@syst%@ls ﬁslnﬁ@édqg/ the optics,

above, the inmging resolution of fundanental
H@Vgp@\bﬁf the apertpierséap, Wichereapitadds prevensesradatian |0§thte timage quality

a‘?ioﬁst QH? ﬁt@EH.lfé@td Sis | gH cf 6 PrdvOntRiiis: ﬁg‘%f hlgher fre uen01es and
gr a ation o It ue atio
subhmuatpeieg@d@ostqumasmg eq@ht}' e”ﬂnst weprsdhe nptlcal afethé E@H)Bystem are
' re j t t
Sl#lhag%l? %18§ aﬁ%ﬁ%ﬁ@hﬁ%ﬁg&ﬁe@ﬁgﬁ’ H?cﬁ‘e ?fqgcﬁﬁsg#b% h%g B%&mltted In the
cay of enazis dlunsinaion thataperiry with Jrﬁhms ﬂpaipleals céntercidieon (al 2% spatial

fr%mc’(%ltggéyn(q Ofl b lhg cgslfe 0 (gjf% £s qpmlr?atlon thte ra%é‘%rrré tthtg radlus q0 appears

shifted (e.g., to the left) in the frequency domain. This implies that in the direction in which
the aperture is shifted, spatial frequencies with g>¢0 are transmitted. On the downside, some
spatial frequencies with ¢ close to g0 are “lost” in the opposite direction. By acquiring a
second image with the illumination shifted in the opposite direction, the aperture appears
shifted (e.g., to the right) and thus the spatial frequencies “lost” from the first image are

regained with additional frequencies beyond ¢0. Fusing the information from the two images
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25 case of on-axis illum nation, the aperture with

radi us qO appears centered on a zero spatia
wo ec@gozzey (q=0) . In the case of off-axis ill| uPCTEE20081027574

the aperture with radius gO appears shifted (e.g., to

the left) in the frequency démain. This inplies that

in the direction in which the aperture is shifted,

spatial frequencies with g>qO are transmtted. On the
reguivenis iode imagomdth tefen tegdlutioneSiuenibPBsesdrdshe phdso sfommptigoon the

Pl 0 OBRAREH S B o0 BFAY 1, B v
swposdly edwintagent orsplts. Mthe dpentiorr enapys dhe resslotidit efigeneric object

e.qg., to.the.ri and thus the spatial frequencies
Sé‘fcg’g?s'regafcg?ﬁsf’ﬁgn‘%’l ait%’{l i mage are regained with

addi ti onal frequenC|es beyond 0. Fusing the
nfornatlon fromthe twp | 3218
VERSBYI(PEP BeracEAan gXipnSIon ¢ stg‘? ?P“S?f@el}t W a apomatically

car;;ﬁﬁelbuthl &ﬂam&aﬁw ofild ﬂl@ﬁlﬁ{aﬂa& Hollsgrddha S@ie | il AkibM chiP Bls® Anclude
the_ conplex inmage wave, the information from both (or

n'ﬁg]pga toj aﬁﬁléjgsang Apserie qeﬂg@ of Wefqpolmqo §)|'rqﬁiéxp<§/a representation of the
oBAMRALEER A thé&ts Yhakist resUﬂﬁloh MR AV AiRBle i e P¥ieSDD R,
resol uti on of generic object structures regardless of
orientation. 5 The invention can include an extension
o0 B, hcal |
g 5\61%151? ér{ EI@@%QB )l:(cl;ts angﬁsf‘s gg(lla St@ Fi‘fefbgrﬁnédrll g?%éﬁ As noted above,
thio bt gp aAe be Téferrédhtperst droaxic dlumagagion.i (iff-axde illum'nﬁim,s on ¢he other

I h f .
h%n?&%g%%g toai!ﬂg cgslés\gheg l% oﬁw l%eglinol 25 1@ %%%eml 2@}1%0\%1%% at some

r epresen at bserved
amgbe svi&patpeeﬂ tor ths aiptitdl mmst min(aa\mamplbl ie 111um'a1laé byr therobject team

2853 o R e vy oo 30 SNt S affriistion: e

appiossh pRkentd Ippdaftbess itéled Osetv@ oAy 43-@presentative, and therefore non-
|Ilun1nat|on Of-axis illum nation, on the other

Hping ex¢@ler s to the case where the obJect beam 125 is

i nci dent upon the object 130 at sone angle with

respect to the optical axis 127 (an exanple is

Referringttp d1G8 hynd Reatb Bbediment phan pibapss dlygrirgiignP [ apparatus is
11ﬁkﬁ%ted3)1n FIBSI £ afid 8, BRAY alBlB O indrP RRIHAUEnORbmANEST. A first

| um nation; the "~ approach presented hereafter iIs
mOdtﬁédes that ﬁ@ﬂw@r &oilrge K0S, therbepm espandenspaténl filfieri110, and the lens

1 ifh%@ gltoqge% R ¢ {R& h%groﬁé(cﬁ gable%%fcﬁ) rE R8s t ’?heF é %%}-Ig 205 can

enbo an’off-axis | un1na
bamowabdt aleng an axis that is substantially parallel to the optical axis 127 In more detail,

the enclosure 205 can be movable along an axis that is substantially coplanar with a normal to

the beamsplitter 120.

Still referring to FIGS. 2 and 3, a second modification is the addition of the object objective
210. In FIG. 2, the laser 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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20 illustrated. In FIGS. 2 and 3, there are two
primary nodifications fromFIG 1. A first

woR@leeat i on is that the | aser source 105, theChES2003/027574
expander/spatial filter 110, and the lens 115 are
grouped into a conputer-cont?oll ed, noveabl e encl osure
205. The encl osure 205 can be novable along an axis
that is substantially parallel to the optical axis
127. In nore detail, the enclosure 205 can be novabl e

& n [.S ' S r .

soRigh P2 bl SoBPRHANIEAY GOIAIELE s poie
cdnlfigiiatidh) am thaBthe abgetdend 109 gastdsambiginthe sbjbti@bdietd10 mff-center.

of the ect obje e 10. In FI 2,.the.l as

e BrEresaies SoiaE 208 S plshel ey Ve ey oS ieanpe of e

fd@ﬁﬁﬂfg g%gerﬁe%f et ijélﬁfobjbf:tlxtel']m(b&ﬂd‘rgﬂhd:tt beam 120 lebﬁiﬁ@aﬁeSobject

t.hr ou the center object o e 210. e 30 .
OB 5 b s 498 UpH 1o O OB T Wb EEEH e Dy ptoal axis
12 ehetefay MR- B Nubie:tieR] Biaks, théObject GEHhH g[f@bnafemm upon

the optical axis 127. In this confl uration, on-ax

i topigh A EHesinTa e Ropadlel o ABRORTR @S, |2 GhReRIce egamz30B geflected
fr@tfnftﬁé35 %Xssgﬂ?acﬁ %H@u%'l\sthé Q%Ect 'oBJe&l\@Zla) ofiRi? @%&%@P AkSptical

PCT[US 03/027574 7 1n FI 3,” however, the |aser
Poperfieseofdhe Phiediobicod 318 agh ifetfeensing denisrl 5p h$ gilbpeysed gp dhe CCD

P @5

GFpRhAN B 8ok 8% AnahiifoR0)AEbrolAR JERERORLS mply that the
haziogrmd‘pnnddsat [tes@CDsyuthe anterferdnos af the 20 ccbgam 305 and the reference

al t at.i vel be shi f.t do
bea OCS{’Sg] F]vbﬂ 6?%%% SPmg Ssp%c ??rﬁ%uen 163 X &lgblﬁ% Ih\?{e Q 1%)‘( OP%erved using
obhyiedlumixedion.2 15 IeaV|ng t he obJect objective 210 is

i nci dent upon the object 130 at sone angle with

respect to the optical axis 127, thereby achieving
TRisf thaXdventidnl ddﬂirﬁﬁidb @mappﬂ’aﬁﬁ opérhisle @jigiedllybenra 2shatiAln

be i ncident upagn ject 130 substantiall

heigradiig hglogram IP%}“@H%S%Bﬁliy&eﬂ?@nﬁwge&rfﬁ@%ﬁj% Lyisepmprising:
a BQa; & BdahRpked optﬁcraﬂmaub%d @Pihg qaserggﬁes&&mb B6dn I Uphcdipe

ob{ect objective 210 off-axis due to the optica

coupled i fhe beamesplitier; arrbieshprsicellipsppled fobe bepmspbigery fhfécusmg lens
oﬁtﬂ:ﬁﬂ'ysédﬁgleh %tﬂ'ﬁl@ rétereRdeiehm hAGMSAE dRLLIE a%@%}al 1eBRler optically

he off-axis illum nation case e
ccmpb'ﬁé(v the é@u@ﬁg ting;fand e eoToP formsrfrmiing e Fereer tesifesgy applying a
c
BT Bha bR Yo b UM P RE S b it RO Rbun
insjlattiuvabn fhe e«tfetemel besm ofirrorwat a obij-earinat frgde, am ebjecdbeam is incident

u ookr)lscﬁe cYbeéjct gtsalnng le %vrlltharc)e(s ect ItoI allnuomtlgaﬁ ki3 r(léﬁril'eg by the focusing lens, the
p ] g P P

reference beam and an object beam, which constitute a plurality of simultaneous reference
and object waves, are focused by the focusing lens at a focal plane of the digital recorder to
form a spatially heterodyne hologram including spatially heterodyne fringes for Fourier
analysis which is recorded by the digital recorder, and the computer transforms axes of the
recorded 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. The apparatus can include an object objective
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Thus, the invention can include an apparatus operable
to digitally record a spatially heterodyne hol ogram

w0 p@iaeizngy spatially heterodyne fringes for FoRET/882003/027574

anal ysis, conprising: a laser; a beansplitter

optically coupled to the |asér; a reference beam

mrror optically coupled to the beansplitter; an

object optically coupled to the beansplitter; a

opitseliy ¢avgled dptgveanthe heanasalittsy andinp lobigett Bharpperatub ean include an
C

ée?t]é%rs? c%u g@%tﬁ%@n BE lﬁ&‘]q allgﬂﬁ 90% 319 | l’gtésﬁé[?% géaﬁrg*%lét;ter, at%e 2

raferemml’)emm mu&mfanp drefchg'ltai ngoréer Féexudﬂfmb atMiamgfonrgapmetry. The

T e A T

gbdfdtgeTHe alppﬁﬁ]tuﬁ beh dl@flﬁcﬂﬁi’e&&hgiﬁamnﬁgd’ m@dlumtcoﬂ?pled to the computer

non- nor, nal n o ct a I Ngji . on the
PR B GieT P PO B g e Gvere
Fe@icr aeckidm. Thedibig usorigr 48 ngclude REED cdnedr £ NGBS d@ﬁ@dpplxels
and an object beam which constitute a plurality

The prpriedis Spiigchigs &bemtarandqrsnatiyl diter mgcale(rceunlﬁfkﬁ%wn the

1% ahfd ﬁxefb‘éé&ﬂﬁllﬁ& ll"ﬁé"élgﬁetbeﬁvefeﬁ’ 8R e fHeAR et ahl ﬁxe@'bﬁ:bttlﬁ!am and a
recorder to forma spatially heterodyne hol ogram

njagrifieption groypsled ba heyfodysing lepdparebs seladtsd dn erder thadihq dgital recorder
oA SL SO BB sl g £ RE08 o
frigas foaFouyrich enadyssdynthatibé digital mecordet wey regolypafeaatd, ywo fringes,

t
AEIAENIE S04 RIS e AR 0 g
hitedodgerholojgemm prefieee hy the beeverdasttibt dhepeljue cdmbodioa adomputer-
gﬁi ﬁ{ S|gnals around an original origin before
THEYOPRTNY the i nverse Fourier transform The
apparatus can include an object objective WO

2004/ 023218 PCI/ US2003/ 027574 opt. cal | ou
Aﬁ@f&é@ﬁ fﬁﬁm@gﬁﬁm Peids a mAgGed ﬁé‘e%is@%ﬁ pofilly ’éﬁPS?{a Y2 us
h6BFamNAdIESs SAtial BRIy B SheR fHONRLEChnRREWRSMpHER: splitting a
obj ect and the focusing |l ens. The beamsplitter, %

lasaIfbedta ifite 2 Frfermasibe#ts ARGHPbI G Ebed gy retﬂsmgélefoﬁe&éqm% hwm from a

& AR SniftoMt & HBh-3.81 0 %@T’@Hﬂéctm—g’tﬁe oﬂ?@@ﬁ&% frbih @h obfeltGt an angle
reference beammrror and recorder can

wilb frgspect & awephicat ekia éPﬁIEd@EQﬁ@NFlyg cT# docupipa hetrefsreaggrbeam and the
ecct%eérﬁ] %!/}H?g O%Stg{lt? ﬁ)ﬁlral% Of l?lta[ﬁg(gfs YRR pdll‘lg Gb & F\;{atags with

onputer r per m ng” a urler trans orm ap yI hg
the folduging &dns £ d foeal plaam df pdigitad ragprdgr tarfomma/&pasély letenrdyee hologram

ir}c[u%nSf B4 gtBy P%ero | t %5 rfoer 3 rli(ije% bindlf 313‘1'3 dlgctalgl fordlg%cgle spatially

cane
hétm@ﬂjaﬂéxohgbammclampg El;de]A}SMrd)c@he fnﬂgbsefor E&&xeo pdallyeial Fourier

R b PR Y, BB Bl e

befishsforming axes of the recorded spatially heterodyne hologram including spatially

heterodyne fringes in 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. 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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10 magnification provided by the focusing | ens, can be
selected in order that the digital recorder may

w0 e@alozR18 eat ures of the spatially heterodyne POT/O§2085027574

including spatially heterodyne fringes for Fourier

anal ysis. So that the digital® recorder may resol ve a

feature, two fringes, each having two pixels per

fringe, can be provided. The invention can include a

lens and affer yefleptineethoehjert bérol bem arrrpied dbareanglsyvithrrespect to an optical
I

o B B e PR PR o R 208 Rl

hetermkdytehodograt haodnczlﬁdertemsfpmhing with spetieradedl Fouret erwsfymeThe step

BRI UG SRR Bl e LR AN LhRGE Sl Slee pinels.
Thabff- aalsnmhﬁmetﬁd: Qaahel@rhemmﬂywhcﬂbgmﬁtcmble@m off-&fi¢ #laminagd
ence n1a 20 Eeference mrror

the refe e

ST g e TR s e Eomienr e the
fefda@eitalatingd spaid e quenkyt 16 bEI6® FIRONydudst SipliRk lifhidl Tiedhéthod can
defined by a focu5|ngﬁlens focusing the reference

alse efuds atofing the gpgtislly heseradyne WAl gRmMABHYding spedally heterodyne fringes

f&l Péhﬁéﬂ dndly Qb asSdigih bAN SO SneftRh 85:LNELnANGE RPl PGS (HR¥ESer
the focusing lens at a focal plane of a digital

af“éﬂ@ﬁ aeatiafyphaterppmg helogramalhemethodoan @lsadnalisie fgpapfting the Fourier
agaga eg ‘éﬁbﬁgnyﬁﬂéérb@rﬁ'elﬁoﬂa & @gé/lﬂger{qﬁh @&%ﬁcmg Jf)QHJlfy%'éterodyne

diglt ding the spatiall
hhbg@rruuwﬁeem tb«garlf@m dmmhﬁdumﬁ@loslﬁsatmﬁiomyd heta emmgtweeadable
Jed es for Fourier analysis; Fourier analyzing the
recorded spatially heterodyne hol ogram i ncl udi ng
spatlally heterodyne ﬂhmn@eﬁammwhmmansforn1ng axes of

he rec ti.al,ly heterod oqr n1in ud

oo Sppls o AluBinety Enh ot dp R R, e |5 B offais
11<Dﬁn1h£tﬁ>n0£ng&b had eirecivne nhidyr bé aet. f ITheteeRC Nowlelet, nﬁd saSof imaging
an angl e between gge ref efence beam.and t he obj.e
PRAGHeTS, ﬁ*m 35 Ayl orFtey JeFt OF SVER Lot ©V§H% Pagh © ﬂben%n%? object.
TRNRiHA hg ¥ BerOdsl' GAIRSY orQfenCHel in AN det R cRRE WAILABIEERi g information to
inverse Fourier transform The _nethod can include

bgidegradsct orgstialfesssisye dberslrmWiRt 1§ 3lse wsfwlis WBpepsh/te selecting

ah&® Blo(;}i@in{lﬁflé 6@ 1k R AUnnkRatioR Bhﬁﬁl%tegqginﬂnf Jbpidt SnRiect at
an angle wth respect to an optical axis defined by a

focusi ng WO 2004/ 023218 PCT/ US2003/ 027574 9 |ens and

T%re'i enﬁo%f ‘%?ﬁ %c'h[ﬂg atrﬁle‘%ho(?ibﬂole g%%'?h '3%1% ? %gﬁgotﬁtDlﬁﬁ systems
angle wt _respect'to a!'lOtIC axl e ya'

thap emplion gfﬂaarssillurﬁihetlcmt dpisahcthadaas boimmlergentedds seffward dhis method
e?n%fugg ghesgﬁgﬁo (#y i Q}? E ﬁ{uglgxyaggxﬁg%]a%g{e% scaaﬂyét{e%lolfl e content of
rans orm ng an extendae rrer trans orm

tist adypect bémg‘iobg;bﬂvadl | Thisr reethadoéan gmpmne both ftheckpatiie bt hdighy rdsbhatlon of

at%hre(gﬁo \%gltal holography ?IBBf—I?lrrtlag%ltg sys tfanll leelgg gff-)é)eulsslllumination, in a manner

dependent upon the content of a 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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5 The off-axis illum nated spatially heterodyne
hol ogram can be an off-axis illumnated spatially
wo oa4feRagiency het erodyne hol ogram the phrasePCT/US2003/027574

| ow-frequency inplies that the fundanmental fringe

spatial frequency is below the Nyquist sanpling limt.

The method can also include storing the spatially

het erodyne hol ogram i ncl uding spatially heterodyne
The i sgkgetdon o roffmeiy iilbmingtiohyedrameders diagi healiterdtiven. Adthigonal off-axis
: | c i40.c Lepl aylng.th urer . o
lgﬁgﬂgggdﬁg%%%ﬁg?ﬂ% hgggﬁo y%é’ o”%%?gﬁggTﬁg%n% 6ﬁmkgﬁfmu®
ilingoationdinagks dan &n sempilddregd tthed Faorthecompmsitd inmgel as a set, one at a
spatjall.y heterodyne hol ogram The invention can
n%%t#ﬁ%éaé spatially heterodyne hol ogram prepared by

t he above-descri bed nethod(s), enbodied on a

onput er - r.egdabl.e nedi um nt ent Based ion 15 To .

TR SO oF SR Py P oot G o o e composit images
cRababBhSiled, and Wohpasd.t Reb@ivtendditoSor mble WdlpaditeOihagdtdbfe or more
.and djrection, nu té$e,§§t. There is, however, no set
il 1P?’P£§ipﬁ@mef%ﬁ’l§ﬁ‘&° tai gfus?%mg]'g? qu;h thefhgst r%g?gytlgn can be used as
g@idk 6ints (8., BNEPoihtS) fof MR MixritRA bbtirBizatt JACLf IRIIE pARInEeEs-in subsequent
Illumnnating "across" valleys or trenches in an object
itgrgHonsg u sltayaatijelis @s HSIvgIsn Wef OF FAQIP ofPIIRgSitd dmaresy QB Pr more
ifmihARh e8! D& to IWHRAEHRY RisedRse | wWitAhs Ay 1SEHEHutich can be

an approach to selecting 20 and/or optim zing
il 1ig pubsegieniateiaipnspar amet ers for an obj ect of

interest. The invention can include a nethod for

i mprovi ng the hol ographic i magi ng of DDH systens that
Teisphehobtin axlude ithd folfowangi mocediies.s Anbblogdpltiaimbging system with
PGB Bl Befon (s alPloatine CREobPELL LRt digial
rdpussedtaton offthet Hodogeammn isennsferfedb atchmpabt @dta digitah epresentation of the

bserved. Thi.s thod can inprove bath the spatial and .

oG GHS s STUTIOB P s B SR ot o apy et
eithoity 4 HRYoNBy SWBe0 Piotdfin®f Guiddnse tdwakiTeatds T, infefdstBcan be

manner dependent. upon the content of a given object
p@f‘f@gﬁ {8 daeywhighigdisaistie varsabion of amplitede pyanbase acris trghor more
adih@ht BkelBl QC @S/ NFiaBbn BHAhMIRLE SRIE PRARI BtdsE &ld ¥r more adjacent

sel ected holograns of the given object captured under
pixgls s Wghly imdigaitvefiadenten of @restther ef ore, the invention

can address the 30 need for the off-axis illumnation

paraneters to be determ ned by the content of the
Aghijnproved psolngorotyswositedmagiDis 20041102 B figing the current image with one,

oP &I{e%gg’s/ 1912456%7 4l"he 11:8nposite 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 a néw image, can 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 direct to digital holography
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The selection of off-axis illum nation paraneters can
be iterative. Additional off-axis illum nation inages

w@ a0v4boe32fisised i nto a conposite image. The addi P€DO&1003/027574

(off-axis) illumnation inmages can be conpiled and
fused into the conposite imke as a set, one at a
time, or as sets. 5 The selection of off-axis
illum nation parameters can be genetic. Multiple

(RBRpositen I nages compwel Eorcdisplay, exragedansidorplurtbet. amadysis 15. The
%ﬁﬂ@? Bf I¥nRhtidPEn QR o&)'f&v%f nﬁ% ecp ?%f %{tergrt) dg m rTéed by the

um nat i on paraneters used
offtaxts illlmingeert DDEL BYsten dn %arofﬂeaauwﬂlanhlmaon fIiH eyspeni Btcsn be the

lgﬁl‘lgdépw%e%dln mgtzsa)ndgor the further optinization of

ose parameler$ T n subsequent 10 iterations.
Rafetrirrgnghinve [FYG. 43$hebﬁitpm eﬁm‘e\MDIQ ISysterh & i€ Q@i hdlogram 2 which is

i m one or, nore m nation ameters_used
SRR b GO e G oI T kot e SgmBIa Gietish fnage 4 of
tHeeobs@ved elgebt dus cagmBet SROsR Hmboligleat, RNompldkl inaB® tddesktruction
can_i ncl ude the f I 1 oW ng procedures. A hol og raﬁhl C
St F%’gﬂ@ﬁ Pain Bnage KesQRERICiQ Phish ibpove el kpown to those

sltﬂlédlﬁi' A8 tattony ﬁ&ﬁﬂﬁértﬁlﬁh@ ey @50 Mplinle &Qﬁ@ﬁ&ﬁﬂeﬁ Righ&i image (4)
A digital representation of the hologramis

Hldrca?‘?é files F%Cttvéfy é’fdbfhﬁhi?@rl aiile dhepliyise af theepnmedendigitaloimage 4

Hfafca{egﬁw h@%hte&{the% e%tfl ., the inmage) i S reco_ns_t ruct ed
and store Feat ur es of |nterest can be identified

ei ther by a user or by automati c processing. Qi dance

s%!é@%&n% g?lgfgi{ gsthg Ece/rh ?2&51 11%3& Ap 1% th [ O\s/s!eg ?o (QM an hmz&p storage

5 a on o and
stager ‘basl 4 igatugrseleciion S%e adjThe anétgemtdx&ge?»tagév balﬂ)acti; 1nto one, or more,

in\la/a%% ;s%gs:)]tch agro)lz e Suln:a%elél %i%j&ﬁ rég /f orrtaa%)g £5 \} eclré)ft?)gn f égpﬁésétrerg%gge, the

inhagte atcﬁsge stAge 17 npassay eﬁe r aSﬁiousI b ﬁh@@lﬁ@skeﬁ(@) i1e@a thé associated
b ng t rr i,mage with _one, or

Elis 39&9%&%&%@%@ Bt Bfbeh fEo¥ g Rt more of the

pefs@a’ﬂhﬁfa@éseﬁ&) lmblﬁﬁ%ﬁflth all LoraBAL YA asbdifiteddMagias UbidtD] Pirameters
this analysis will either term nate the process or

Topsdity éam‘éfﬁ/ﬂilerﬁ’@g%g}n chsriek(ol topeompttst 8eliﬂsher TerelionsRmpetite fused
inRAE ABE IR 0Be cMBbdiRehtNHe GBLign LIBEHMEXT3 ! c%ﬂétﬂt@g 1@ Qoﬁ?@gn@ fused

fromwhich to capture a new i mage, can be passed

image 16 8iagthe Fapréer demejn ﬁ@rggpbtdemlbenwselmcmde EKG% drand Be
repeated. In this way, the invention can inprove
hol ographi c i magi ng capabilities by allow ng off-axis
Referringi againi onFliCo dadlapfused imbge thammabt erised ite sndfmaging parameter

se%ﬁ&{ é@gg% lqkys Gl as I%Q display, storage, and/or further analysis stage 15. The feature
selection 9 stage takes as input the complex digital image 4 and user input or automatic
feature identification 6. The purpose of the feature selection stage 9 is to identify a feature or
feature(s) of interest in the 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 8 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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Referring to FIG 4, an overview di agram of the
i nvention is shown. Physical conponents of the

w0 poogfoei2esr can i ncl ude an object 1, an of f - axi BCT/US2003/027574
illumnation direct to digital hol ography WO - - .
2004/ 023218 PCT/ US2003/02757% 11 (DDH) system 3, and
a conputer for display, storage and/or further

anal ysis 15. The renminder of the invention can
shawdd %ffd%omv@ﬁ twatr e ¢ dhad Bjecfased image §6ris deanzad t be gorslgradugh — or

: -axis. i 3 L

epd Wrnlh ol bt WP Tty BUBRE2, J08y imaeing conol
patepeietseld dan iFEHHGS. thQDMﬂsseten& Recfa@tum mgexa@na]ogratrnusﬁig@he off-axis
11ﬁ6rr1neﬁ1r%groﬁ1lillt§f%m oﬁec{ 'By tl%engrrl] %Igs% élgo Bargmgtsrﬁ_p* Olnﬁ% a new digital
hﬁlegxafmsl i edpinaed, Shagevd prdeedsas aepean® lual thage patametthgelection 11

b d ted. In one
Sté%ﬁ)%g‘i Bk Vgceég%ﬁ’ﬁﬁld%ﬁllﬁ%B ei(‘)lgzrf:)(l;nst ruction stage 5

can enploy Fourier domai n image reconstruction, which
ow wel |l known to those skilled in the art. It is

Thﬁlé?lt)sgﬁtemﬂﬂadlﬂla{ﬁé shayat compitsrCauERliss. mevsatlppslosyre as the structure
f(ﬂ';ﬂfﬂ)ﬁi‘lmg ﬂﬁgﬁnc(tl@l ok Qligrcl ﬁl@ts&%cé heath %&ﬂaﬁ@%ﬂsﬁﬁay fiftkr 4dd8ens so

j ect whil e the phase of the co I mage
ﬂm th%@moatbé@mtm&qeh digieh e obiset eljpesive op-ceger py off-center, but the
sthfh&e rfén”ﬂlgtn Fﬁlg‘soﬂce tﬂ%gmc& d@fys q{lzg' ﬁl?elr ahﬁrq 'b% any other
t hen passed tg an | mag rpage st age and a
stfustire cepablel @merfenmsg d@eﬁlgctlonhcé’ aligeige tlet ohjery @ean ag éhaI lt passes
egts s a
thgﬁlélh [ {rir%g% éyct: gop uﬁveed {l_o %rh%r gé&g}ét?ﬁ%gdﬁ%ﬁé’o%ym%éy J’fl example 2
nlowqblrsmzttéomnrfmghspletchg themwgmslﬂttmr dlgenisiog glee oquaaslsaswemhaa object,

Qr. nor e, of e associ.ated

o8 g 19 e S TR IRt o R s RGP R ) e and
leak,gxﬁ ] irfa)theﬂ. Sxadfples a 6dtiRs Of mobEs @plticdl RBEmepREE L fmirfREor as another
set s% 14, al ong with all, or some, of the associ ated
e’faﬁﬁ’éﬁ ]ae @ﬁ{’?tzﬂa fhsr apfirsple. 12 used to capture the

i mges in the set(s), to conpute a higher resolution,
conposite fused 20 inmage 16. In one enbodi nent, the
The/SrBhe 91 Yors %Sﬁ%q?smcagﬁ defiied e oreq oripRze Hianeng i The terggdality, as

ude@BORInl & dé?ih&gasttbzg of %[‘é t‘ﬁﬁn W@h@teﬁﬁ Qﬁ&ﬁ&hasq,ﬁ§&ﬁérgﬁdls defined
inrelation to FlGS. . Referring again to F

aspat Iqapier eegdpr mmahQEHBSalﬁclb@ng arderchayiog 2o usqdﬁ@rqarg 2t defined a
t I
CBBERISE 37156 5, s Mokl B8NS,
alfipuglehagictassaridy diteatis ahd he@eaﬁsarﬂp mechtahigaldyo Ffpe &xm approx1mate1y,
[ Qi n t.or a mat i ¢ 0
b8, IR G RS LOBY o, YOI 68} Yo
meteggrefeMblyswitlon il theofy arfdym@st fpﬂd}rablg wathin 0.1% of). The term substantially,

as used herein, is defined as largely but not necessarily wholly that which is specified. The

~ term generally, as used herein, is defined as at least approaching a given state. The term

deploying, as used herein, is defined as designing, building, 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 program, may include a subroutine, a function, a procedure, an object
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feature(s) of interest in the observed object 1. Such
features may be identified by a user through a
w@e@plo2as user interface or by automatic i mageCT/US2003/027574
processing. The feature selection stage 9 then passes
the feature paraneters 8 to the imgi ng paraneter
sel ection stage 11. The 30 imagi ng paraneter selection
stage 11 takes as input the feature paraneters 8 and
meffwdcapr plapat implgmerfaiionn ge ei®utaBlp applidation, g apblet, @uervdait a source
S f a
6 Al IR ol Michlhel ARRGhp ha BN S QoRARP Lo nce of
inggtieions desiguedtihe pxqgutume@sarrgnmm62004¢>rﬁﬂ3@1@stem The phrase low-

é{lr tn%S ougég é 13,{1%%;1526:1 e%ucll ds 111{,}%13}11? gc}?ag eg gtl&game fal %nge spatial

ﬁ@quencmﬂaeladthvtmyctmmt satnq:ﬂmglhpmt a new set of imaging

control paraneters 12. New i magi ng control paraneters

12 can instruct the DDH system 2 to capture a new

hol ogr am usi ng thecedal Appiications bt Didenon angl e

specified by the i mging control paraneters 12. Once a
new digital 5 ho ramz2.is_.c

Bl eyl 8 3 Ebion B i eth B8N Gwplggicatars is
nfetralggy. d Ther iff/¢ieisn t BatisefiloGe S‘Jﬁhjﬁﬁcti@ho vhtl becredl@ppaid(mechanical)

he di sclg enhodi nents show a conputer control| ed,

%ﬂﬁ@w o At 106 STRETLCIpHAsRepiqf L1 WVertigR iR WS pgeonjunction
whth ehahotechinbRBy @fseadd, GBvdMehnidAe a&pﬁlﬁﬁlﬁ”ﬂcuﬁﬁéqbuch as nanovisualization,
expander/ spati al filter and lens so  hat the

nggemsagur 95 4 Hke- {The duygmtiomés eisfubdn ﬂ@bﬁO@@M glean interferometer

uﬁﬁ‘g ‘a?g"t%leﬁm@éssﬁé fan@Bhh Qflgltalp WYhtat e[?:§u1§ﬁll:)1l1J CoH re?anflﬂf a direct- éo-dlgltal
al' 7 gning the source, beam expander/spati al ter an

holegrgplyaiaokleasethon eledien h0§?tgrapby uFherecarp aiﬂuelljofnnpmmfable risergfor the
i B8 Ao ool ARl A1 O] eCt beam so Lhat it

passes throu e obj ect oBJectlve on-center or

of f-center, |nclud|ng, by way of exanple a noveable
platformfor di spl agi the litter, the mrror,

t he obj ect objecti véd tages 09& '}%9% Phe focusing | ens

and the CCD canera rel ative to the source, beam
Aenﬁmﬁsl eppaggiestandfor favhriugar progchm, rgmesentorg aasmbnditriestrof the invention,

ca%f(&%sfa 3ffectn§ ee{nlde%vantt%eousa}grx %&‘fﬁo % %hc? o%vn?gglf?egstog%t(ﬁg gﬁn}entlon can

p]fowi@le ndeanﬂéanbn ofinteeestidgeatiies irstha ob)sfer\ad] pbjag, ¢ithedaddehaichlly or by
are _defj.ned. as one. of ore t han ne The term
uist dPRY Pptend Sephisal g oo S iveRie 4 meyids, control of
hdiiﬁgr@pltlch aRagdi® sys'trdiiﬁ bhRE Nipah ahd @dentifidl BrsRebs e r}ﬁb‘ﬂde lcéntent-based
defined as at ﬁast a, second or nore. The t

oI TQATHREO G0 LRGN o2 PRI 2rfgvdlack, patly hege e fgront fused

in®e i€ QTRZbS todkcids v@eﬁhelolﬁﬁ&sélg@ SHéaREKop IS cbpiRe the best imaging
coupl ed, as used herein ef i ned as connect ed,
parameters to capture a new hologram. The invention can provide computer-control of object

illumination. The invention can provide fusion of results from multiple holograms. The
invention can provide significantly increased imaging resolution. The invention improves

quality and/or reduces costs compared 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 limited by
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al t hough not necessarily directly, and not necessarily
mechani cally. The term approxi mately, as used herein,

wo goodepizned as at | east close to a given val uePCBEUS§2003/027574

preferably within 10% of, 25 nore preferably within 1%

of, and nost preferably withld 0.1%of). The term

substantially, as used herein, is defined as largely

but not necessarily wholly that which is speci fi ed.

tippstical etatengetsaratef aeretns Alheehhibe bpst mads of eftiryies oetsthainvention

c&ﬁ&%}g g(? Bg %Cﬁlvélﬂoﬁ s\éﬁ)@e %@atcg% Jﬂﬁe tu%zre ﬁglo?iﬁknntgd thereto.

as use rein, |ne esi gni ng, Ul I ng,

Mhir@ip'gllygjt Wlﬂs}teﬂhﬂwwgﬁﬂlﬂbﬂ those elpkedatn thg .artThet therinvention may be
ed. as hardware,

d
oG e B RS Bl Sesf e e R o S s ¢

The tern1progran1or phrase conputer program as used

her e efined as a,sequence, of.instryction
FiRdir g e R PeBh R RGP LPGH g e Songurations, but
chUU1@BE edthbifYd if QiFRLILEAl] @ﬁlﬂ@ﬁr@mns NBithe Gris@ien éhay be made in the steps
subroutine, a function, procedure, an obj

on o A03RIBTISe PE TIPS FOTR}GRE7 RO ée%?%laﬁrelan Fb%l}eéc%hhough the

ap PRI RN ERBS bl BBreindiin H%GCh AR SnRRR) at%ill&nna@ﬁsﬁﬁ&l tﬁé apparatus
a servlet, a source code, an obJect code, a shared

njay e AESErEGhER e Spdrm Pithrdrsh i ifopsenciagdn Byrthsemerendlkthe fisclosed
eleehts Ud Té%ﬂﬁ‘esd&%a&ﬂ gdc1 £4 e%%&lﬂ‘fehp&n% &nﬁg{éﬁ%lﬁ{ 09 substituted
conput er system e phrase low frequency, as used
fdretheidisclosainel¢rentkedridrfeafurgs of eiysioy pther disvedased pmbodiment except where
frequency is below the
S‘kl;l/{ %?‘gﬁgsglr% Hsg ?H%‘F%Sg?‘? cal Applications of the
Inventlon A practlcal application of the invention

th wth t ech i cal,,.arts
roaft s R S iRt oo Rtng Yaafbbi iefoy reaapgpments
ofihe gkt thérih\tb(lfm{:ﬂﬂﬂ)ﬂbd:r&hde w1ﬂ1ﬁ»uf dhtatingirb@ihe itithndsr scope of
f or ,sem conduct or %ﬁélon |nvent|on is

g B e O PRl AR BTG 889°r 0B P underying

uﬂ'gMﬁiler@H@Iﬂi a@ﬂﬁirﬁ@rﬂ)yftﬁ@ hpfeh el c18ikE in@Sheir equivalents cover all such
nanovi sual i zati on, nanoneasurenent, or the |like. The

sybgEHensomodificaions, addifions pRdlonishrangemets. an
interferoneter wusing digital processing and/or a
digital data acquisition, for exanple, a
Th¢ prnepdedcslading preaiot tehis mg‘:mpm a3 yoluding sesdnvpluefusetioroimitations,
Q 22
B ALEP Bk SE By SoeR & Jivil QPR B YRS phpoans for
"steAd‘Ma'rﬂ@ge@nobmbb@mbm efithiednveatioreth aldlmevmge’ayathw gppended
1@%}2&8{% ec;f{l%'t shd RER ggqumalen%prs%gcﬁﬁé I %ogipneggb 8 Ithrge ?r}veﬁ)tgon are
differentiated by the appended dependent claims and their equivalents.



can be cost effective and advant ageous for at | east
the followi ng reasons. The invention can 20 provide

w0 deabeRigati on of interesting features in thePODhES200BCR7574
object, either automatically or by user input through
a graphical user interface. he invention can provide
control of hol ographic i magi ng system based upon the
identified features to provide content-based

REFFRENGCBR i nprovenent. The invention can provide a
f eedback path where the current fused image is

(Bnal Ye&ehahOrodehiI e “MREHREEN f&rﬁﬁﬁéﬁoﬂ%s SRR £-$62R 964,

to conpute the best I magi ng 5 parameters to capture a

Hew Nodldgl atral., Thurodwgiieon t¢ Elnctgcmd{cmgga,pha,é’ Kluwer Academics/Plenum

COMPtREnEONsdo0l of object illum nation. The

invention ¢an provide fusion of results fromnultiple
5 (Aol OﬁwmeeCﬁhéOpthTélmtd Bditicg'hA pdison- Wesleyi, 4995, pagrioby69; 599-

incr&?sed i mgi ng resolution. The invention inproves

qual ity and/or reduces costs conpared to previous

approaches. 30 All the disclosed enbodi nents of the

i nvention disclosed herein can be made and used

wi t hout undue experinmentation in |ight of the

di scl osure. The invention is not Iimted by WO

2004/ 023218 PCT/ US2003/ 027574 14 theoretica

statenments recited herein. Al though the best node of

carrying out the invention contenplated by the

inventor is disclosed, practice of the invention is

not limted thereto. Accordingly, it will be

appreci ated by those skilled in the art that the

i nvention may be practiced otherw se than as

specifically described herein. 5 Further, the

i ndi vi dual conponents need not be conbined in the

di scl osed configurations, but could be conbined in

virtually all configurations. Further, variation may

be made in the steps or in the sequence of steps

conposi ng net hods descri bed herein. Further, although

the apparatus described herein can be a separate

nodule, it will be manifest that the apparatus 10 may

be integrated into the systemw th which it is

associ ated. Furthernore, all the disclosed elenents

and features of each discl osed enbodi nent can be

conbined with, or substituted for, the disclosed

el ements and features of every other disclosed

enbodi nent except where such elenents or features are

mutual Iy exclusive. 15 It will be manifest that

various substitutions, nodifications, additions and/or

rearrangenents
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of the features of the invention nmay be nmade w t hout
deviating fromthe spirit and/or scope of the

wa@n@ekizisig i nventive concept. It is deened theCT/UR®03/027574

spirit and/ or scope of the underlying inventive
concept as defined by the appended clains and their
equi val ents cover all such substitutions,

nodi fications, additions and/or rearrangenents. 20 The
appended clainms are not tdCl&IMBterpreted as including
means- pl us-function limtations, unless such a
Whatlstclih@nsi S explicitly recited in a given claim
usi ng the phrase(s) "means for" and/or "step for."
Subgeneri c enbodi nents of the invention are delineated
by t -

Lot Vo SR ERERE SRt G LRl By heterogye
holog@infifidnding spatidly Hsieredyee ﬁptg@rfdleﬁbuuiemb'ein,t conipaslng an d

15 (AN gl ol RS0 bl e R otusing

ldns aﬂaﬁumctmn obdbta a:@;réserl#h@’a&%uﬂrbrlahalyzﬁbﬂ Q&tla(lﬁhetéioéjﬂe [hplokram;

"I ntroduction_to Electron.Hol raphy, ". Kl uwer
e adienetiny AR ten el e B O PRSP ele
He c hieflectinp tah 65ject Darh Bromdintobfeot; "/Addi son- Wesl ey, 1998,
page, 465- 469; 599- 602. 004/ 023218
PCT/ f9esinsahoiefassnse begn ELX\E Jecfpeein 3t faqal plapgiof adigital regorder

1Rk @t BhtehtaddciekiilkRiMaRAtspRRARR Het@tb iy Hofogram including
i1l um nated spatially heterodyne 5 hologram'i ncl udi ng

sRaSially léﬂt?rwyﬁéff&géﬂ% Boyrier apdsis 91 Fouri er anal ysi s,
co ”pﬁlgﬁdl?gecoﬁﬁﬁfgﬂile bt baRd bfflasammﬁlﬁlhﬁsh ﬁﬁaélfy ﬁMefr&i
respect fo an optical axis defined by a focusing Pens

halggramfleﬂi@ctlngawamﬂyd@te@dw%fr@g@rfmi Frpyrigr anebrsus er anal yzed
spatially heterodyne hologram reflecting a reference
beam froma reference mrror at a non-normal angl e;

2. The method of claim 1, further comprising:

Fourier analyzing the recorded content based off-axis illuminated spatially heterodyne
hologram including spatially heterodyne fringes by transforming axes of the recorded content
based off-axis illuminated spatially heterodyne hologram including spatially heterodyne
fringes in 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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reflecting an object beam from an object; 10 focusing
the reference beam and the object beamat a foca

w@b@am2x2is a digital recorder to formthe contReT/UBRSE0R7574

off-axis illum nated spatially heterodyne hol ogram
including spatially heterodyhe fringes for Fourier
analysis; and digitally recording the content based
off-axis illum nated spatially heterodyne hol ogram

5i nc| Tt mefhepaeit dlain| 3y findteoogyisiag feplapipe shef singld@mposite image.
anal ysis. 15 2. The method of claim11, further
conprising: Fourier analyzing the recorded content

6bas ethaxhéthakofldiil 3 furthat eehpsigiag iradshyttihe the sindlervemposite image.
hol ogram i ncl udi ng spatially heterodyne fringes by
transform ng axes of the recorded content based

70f f - Bixd rBethdd ofvldiatie hapiatchioblhihghbd Blugehafion BQHOGtRMspect to the
.het erod 20 fringes in Fourier .

i nc| udi at | al
Og‘bcsL%l% drtiaed D ie fRgfising loms i Befipret daif Fepeseonting disdiougjer
afh@fe QFAtASy Ifleradiab ﬁolo@ﬁﬁx"i&@tﬁeﬁ Bectiff £ raReECoMRRI Y the

t he obj ect beam ap a digital filter to cut off
Feyrish élll@’zﬁﬁi &?ﬁﬂllwt%?qygiﬁ hgp%mi gin; and then

perform ng an inverse Fourier transforn1 25 3. The

met hod of claim1, further conprising fusing the
8Four Thermethed gfodaim Jorherpin thesstenf digithllvuerarding inehridnndasesting the

%‘i‘f?stwlﬂeldcﬂ%ﬁﬁ&gqya@ﬁeﬁh%k 1%15 gmwth at |east one

rier analyze spatiatly heterodyne hol ogramto
conpute a single conposite imge. 4. The nethod of

clal rein the, Four, ana ed s i aj,l .
he t e’?i]%) Cfi)}?]te cﬁ fecllalm 8 wh%ram theetfea e o% }41% %Sltrﬁ fi{le q%ﬁléhatwglcates
a Zﬁlﬁhtﬂabﬁ)ﬂﬁﬁlﬁsﬂ?ﬁf kﬂdﬁﬂ)@ﬂé&le@@& rédh thélgroﬁp cohsetiiprdaaghlitikie and phase

further conprising replaying the single
a%&ﬁﬁﬂ%ﬁ%@W?ﬂ%@é 6. The nethod of claim3, further
conpri si ng transn1tt|ng the single conposite imge. 5
7. The ne hod n11 wherein calcul atjng the
194 u?%l?eﬁla? fe??ﬁgr F CPEBIHRE detgminias Wbﬁhqrg%m%éiagother

oéiftént BREJ BpatibiReheiRbdint Rlof®RS as the function of data
representing the Fourier analyzed spatially

het erodyne hol ogram i ncl udes selecting a feature of

1i.nt ef}ﬁe%etﬂcfcp@ g 10 FiﬁHﬁér %5mﬁ%%gy1€@0‘iidlﬁg fHe'aftbth¥ content based
het er odyne hol ogr a
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
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.

13.  The method of claim 12, further comprising fusing the Fourier analyzed another
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10 8. The nethod of claim7, wherein the step of

digitally recording includes detecting the beans with
wa 2@ raser a that defines pixels. 9. The net hpdr/v$2003/027574

claim8, wherein the feature of interest is defined by

data that indicates a varial§on in at |east one

menber selected fromthe group consisting of anplitude

and ghase 15 across at least two pixels. 10. The
corienh beped spagiplhy hpterodyne helagram it feastoge Heurier anahizadspatially

f : ased spatially
B AP 5L pof e e ot 1 m 10,
further conprising recording the another content based
pat i.al n | ogr . T t hod of cl.aim
0% PR RS ERARA R RERAThe g S BT RS b Bl
hetaotyreholbgratreintludiag eshtisihalictaddyye frefger fodfneich alabygisasdigital
d2t5 i ncludi ng spatially heterodyne fringes by
##ansform ng axes of the another recorded content
based spatially heterodyne hol ogram i ncl udi ng
patially heterodyne fringes in Fouri.er s%g?ee to Sit
L3n (- EOBPUE R e R A PRI oF BN e slomnts
traB1de impeRedtit hehed engamheam and the obj ect beam
applying a digital filter to cut off signals around an
original origin; and then 30 perform ng an inverse
165:0Ur A &fachih@RadPldhedtdconBRingRhA QehetfteCbyBthfntahod bEEILRET.
conprising fusing the Fourier anal yzed "anot her WD
2004/ 023218 PCT/ US2003/ 027574 18 content based
pat i t . i ;) 1 p .
D T A R DAL s P R Mfmigared
sptintiyheteredyse hejbgramonghobing spatialiy geterotiine ffingesrfet Frodemdalysis,
cgfh isfﬂ 1, further conprising storing the content based
Sp%fl ol y 5 heterodyne hol ogramincluding spatially
het ematlymmafien soges; f or Fouri er anal ysis as digital

data,, 15. conput er ram.. conprisi ng conputer or
macht %eé‘mrg%@l%ﬁ? a‘éy’f%oﬁggﬁwgoeﬁgm R FASF at abl e to
I mpl £fFRRdncé B@nBirfue dptidallg baipled 1o the Beamsplitter;

a focusing lens;

a digital recorder coupled to the focusing lens; and

a computer that controls an illumination angle with respect to an optical axis defined
by the focusing lens as a function of data representing a Fourier analyzed spatially heterodyne
hologram, performs a Fourier transform, applies a digital filter, and performs an inverse
Fourier transform,

wherein a reference beam is incident upon the reference beam mirror at a non-normal
angle, an object beam is incident upon an object at an angle 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 plane of 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
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16. A machi ne readabl e nedi a conprising data generated
by the nethod of claim1. 17. An apparatus operable
wo eoodiogizi®l |y record a content-based of f-axi s PCT/US2003/027574
illumnated spatially heterodyne hol ogram i ncl udi ng
spatially heterodyne fringesl¥or Fourier analysis, 15
conprising: an illum nation source; a beansplitter
optically coupled to the illum nation source; a
beiasfeen tin cafervrarbenri pndthe opje¢tdadnh yndanmifEdgiats arbiad an original
BEATRRY! e Bhmine Bl B6HS Rl AeroP @ U1 01 tal recorder
upl e ocusi ng lens, “a computer that
controls an |Ilun1nat|on angle MAth respect to an

| axi fine by the f
1Bt Pemra it 8 SHPE L S8t g SR gt Piies e sgesty coupled
bsip@tn fk byanipligsrady e objeed ogram perfornms a Fouri er
transform applies a digital filter, and perforns an
inverse Fourier transform 25 wherein a reference
1beanThéappaiGhd 8nElaP 1) whb@in'eaé s fRRCiBuRBATd Juf Rlindide®a laser.
non-nornel angle, an object beamis incident upon an
obj ect at an angle with respect to an optical axis
20ef | Meap¥ralbld 8f E1084E], RBeleRNRo dlﬁllf‘ﬁ chglfd%f BBRGesRAETD @é}gera that
t he obj ect beam are focused by the focusing |ens at a
deftpeapixgisane of the digital recorder to formthe
content-based off-axis illum nated spatially
het er odyne hol ogram i ncl udi ng spatially heterodyne
Ari n@le&sapﬂ)matuﬁoﬁdhim 27.3 @heariml thesingledieivoien dhregeferocr e apy the
o%ﬂg b%éngl atna a A mg’r cd 11(1;1 prov1cged bh ?hecfgcr{g%ng egnst arragei?c? R ofdetthat the

recor axl s | | um na

dipithler@aiden enaly oésotye dtiresalf tiabi omigamanmajate;a sjsmiany m:tgmeyne

relakpfiar g Tuieh wERA By dhr S ool Sulinoousid st
hiRGg D303 £b2 o4, ard Probi@taveen t he ref erence beam and

the object beam and cuts off signals around an
original origin before performng the inverse Fourier

2b 1 ansheodpiiratud 81 cldine] 2 RRGERUMSTIOhitlie] Hudd is xfanetaBI% '%elatlve to the
conpr|S|ng an obj ect objective optically coupl ed

beraspBés t he beansplitter and the object. 19. The
apparatus of claim17, wherein each of the

i I'lum nation source includes a |aser.
23.  The apparatus of claim 16, wherein the beamsplitter, the reference beam mirror and

the digital recorder define a Michelson geometry.

24.  The apparatus of claim 16, wherein the beamsplitter, the reference beam mirror and

the digital recorder define a Mach-Zehner geometry.

25.  The apparatus of claim 16, 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.

26.  The apparatus of claim 17, wherein the computer calculates the illumination angle

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



20. The apparatus of claim17, wherein the digital
recorder includes a CCD canera that 10 defines
wW@Ro0el0232121. The apparatus of claim 27, wherei PCT/H82003/027574
angl e between the reference beam and the object beam
and a magni fication provided2by the focusing |lens, are
selected in order that the digital recorder may
resolve features of the off-axis illum nated spatially
repeqsenting yiret opbiet vk yegdaspatialy heteliodynedobogiaal. | y het er odyne
fringes for Fourier analysis and two fringes, each
having two pi xels per fringe, are provided. 22. The
2appaAanaghine feaddtdé media comprsingidatatgaseratbd usingtht apparatis i claim 16.
is nmoveable relative to the beansplitter. 20 23. The
apparatus of claim 16, wherein the beansplitter, the
reference beammrror and the digital recorder define
a M chel son geonetry. 24. The apparatus of claim16,
wherein the beansplitter, the reference beammnmrror
and 25 the digital recorder define a Mach-Zehner
geonetry. 25. The apparatus of claim 16, further
conprising a digital storage nedium coupled to the
conputer for performng a Fourier transform applying
a digital filter, and perform ng an inverse Fourier
transform 30 26. The apparatus of claim 17, wherein
the conputer calculates the illumnation angle wth
respect to the optical axis defined by the focusing
| ens as the function of data WO 2004/ 023218
PCT/ US2003/ 027574 20 representing the Fourier
anal yzed spatially heterodyne hol ogram 27. A machi ne
readabl e nedi a conprising data generated using the
apparatus of claim 16.



