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EXTENDED DEPTH OF FI ELD USI NG A MJLTI - FOCAL LENGTH

LENS WTH A CONTROLLED RANGE OF SPHERI CAL ABWMWWWM’“"‘
AND A CENTRALLY OBSCURED APERTURE TECHNI CAL
[00011 The invention relates to inmagi Nng scenes Or+*isgisos

ot her objects that can be brought to focus by
conmbining a blurred internediate image with digital
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al though ot her appl i GBIOVREDNAPERITOREPattern
recogni tion, detection, mcroscopy, machine vision,

and optical neasurenent can also benefit fromthe
TE@WF@I@AE’F—IE BACKGROUND ART [ 0002] bjects inmged by

convent onalfl i magi ng subsystens are sharply in focus

over a limted distance known as the depth of field,
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i magi ng system s nunerica

dy i 0= 1147 ' ' r nt-da aner.as__have
el bt AP R by DrhBRHE % R B b i et aRage Witn
.systens, to provjde high ual ity |mages of particular
d'%%%‘:@@%ﬁ“\'/é?p itﬁﬁé Ps%iglég%s aﬂ&aﬁeé@. ”IE‘%Q# NaviRg amextended
means, it is difficult to photograph objects clearly
depghofsfield. aPariigdar pppljeabHityisfoundifendée. ingantioasin
with a larger depth of focus will clearly provide
photpgraphicmplicatigrs . alflieosh obhgr tplplicatioessinatudihg pattern
i mage data on a pixel - by-pi xel basis has '
recognition, detection, microscopy, machine vision, and optical

measurement can also benefit from the invention.

BACKGROUND ART

[0002] Objects imaged by conventional imaging subsystems are sharply
in focus over a limited distance known as the depth of field, which is
inversely proportional tb the square of the imaging system’s numerical
aperture for diffraction-limited imaging. Present-day cameras have
mechanical focusing means, including automatic systems, to provide high
quality images of particular scenes at various object distances. Even with
these means, it is difficult to photograph objects clearly that span a large
range of such distances. Cameras with a larger depth of focus will clearly

provide superior photographs.

[0003] Digital processing of image data on a pixel-by-pixel basis has

afforded more opportunity for improving and correcting optically imaged
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af forded nore opportunity for inproving and correcting
optically imaged 1 ~~~~~~~ FEEr e reeer el ol
~~~~ ~| | ~ *000002* scenes. Sone of these inprovenents
have related to increasing the depth of field. For
exanpl e, digital processing has been used to conbine

i mges of the sane scene taken at different depths of

scéWE3ITSbMEBPUNESe ImpPEPOSIens IHRGE IREd D m&%&ﬁ@dﬁ% depth
depth of field. The. multiple inmages take tinet -
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filters are located in the aperture of the imaging
Cowﬁ%tm%a\h%ﬂg et xteswiad depsh of field: t Eheaouliiplerimages

outer annulus. However, the filter introduces |arge
takente tokolleghtareadiéficultitohprddesisi andtareageheclyi ons.

[0005] More promising attenpts have been made that
undatisfaetotyefor {dares aubjeat s bdingfles | Mage in a

systematic way so that at |east sone infornation

about the inmaged object is retained through a range of
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function remai ns substantially invariant over
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dec € poi nt spreéad tunction, r

' e _recogni zabl e |i.keness of the object

of 1 Bahd sT¥noc FE3EH e radf §leaT igoaitetHatiogane outer
ex le |ocates a_cubic phase mask within the aperture

anpy P%rgﬁeﬁPWéyﬁﬁg%E'ft@m'PHO&M@&A@&J% agnayaheé light desanwhich
transfer function, thereafter. Digital processing
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[0005] More promising attempts have been made that deliberately blur
an intermediate image in a systematic way so that at least some
information about the imaged object is retained through a range of focus
positions and a non-ideal impulse response function remains substantially
invariant over the defocus range. Digital processing, which effectively
deconvolutes the point spread function, restores the image to a more

recognizable likeness of the object through an extended depth of field.

[0006] One such example locates a cubic phase mask within the aperture
of the imaging system to generate a distance invariant transfer function,
thereafter. Digital processing removes the blur. Although significant

improvement in the depth of field is achieved, the cubic phase mask is not



i nprovenent in the depth of field is achieved, the
cubi ¢ phase mask is not 2 rotationally symetric and
has proven to be expensive and difficult to
fabricate. [0007] Another such exanple simlarly

| ocates a circularly symetric, logarithmc asphere
l ens to extend the depth-of-field, which is nore

rotettmmﬂycaﬂrmmemanﬁdtdtalsrmrowdwmbe eXpendive and difficult to
| og-asphere I ens, the inpulse response is not
fabrecdtect |y uni form over the full range of operati on,
and as a result, sone degradation is experienced in
the image quality of the recovered i mage. [0008]
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Suc i nter ate | ges are O pro

t e effici f, the
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econGBUEELIQ HaTHIBE Gl S dHomaYEr HiT theplodgsphare iens, the
frequenci es. DI SCLOSURE OF | NVENTI ON I[h‘BOOQ] Qur .
impp{senre PN Senisonet perfestly ysriéokmrae rdiniedilheattge of operation,
i ncorporates a multifocal inmaging subsystemthat
anguwuspasesult| yondegradﬁtmmrwlleabernemgdaanlweomﬁgé uality of
such as by introducing a controlled anmount of

thes pdesvetal mb@gé ation to provide a nore uniforminpul se
response over a range of focal depths. Third order

spherical aberration is preferably the dom nant

[OUO%’Jt UIRR st AFCtiOH HR_ft?NHm?'fHF reﬁnc?) gbttﬂke t?l'i:

Su systen1 recovers nages convo roug he nnre

B PRSP SR o SRR N R By ana
effgcu%rgglsgf)gﬁﬁ?kartesuijeptNonIlrwaer glrjcl)éelsfs?r(l:gla gorlgrllms can suffer from

slow convergence or stagnation and produce images with reduced contrast

at high spatial frequencies.

DISCLOSURE OF INVENTION

[0009] Our invention, in one or more preferred embodiments,
incorporates a multifocal imaging subsystem that purposefully blurs
intermediate images of objects such as by introducing a controlled amount
of spherical aberration to provide a more uniform impulse response over a
range of focal depths. Third order spherical aberration is preferably the
dominant feature of the purposeful biur. A digital processing subsystem
recovers images convoluted through the more uniform impulse response
for producing likenesses of the objects that remain in focus through an
extended range of object depths. The multifocal imagihg subsystem that
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3 purposefully blurs internmediate images is preferably
circularly symmetric wth a centrally obscured
aperture, which narrows the inpul se responses and
avoi ds conditions such as contrast inversion for
| arger amounts of defocus. Together, the controlled
spherical aberration and the centrally obscured

pLEPRISER Iy BION ithee An el fdtk GhRlYdis erf@v&tﬂvctirapaﬂly@vmmetric
i mpul se response over the extended depth of tocus for
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Wit A AN o REd Apertl, YA RSB R YBUISe Fesponses

yffractionslimted performance over a depth of field

and Y QAP oS St S PR ol Sip B JEF farodh ot of
Qe achi_eved, Th circuI?rIy symetric structure of -

dey ﬁé“?ﬂé@?%hﬂrb‘j}%?‘éﬁ‘ﬁrg I8l sRhericalaharsation anghghe centrally
reduces overall costs. [0010] One exanple of an

ohseused apedturenpravide ensufficientivgasyeweand mvariamt dapakse
with the invention for producing images having an

resporsceder dhptextehdédedeptihnef fstass formadHielorpldifif FRaidTD-
subsystem for producing an intermediate inmage that is

linRite 8Q5EFOHhinBE WvePdhe iR e AHkH fPGR! farnagd Hing classical

subsystem exhi bits spherical aberration as
IS N9k EBhUIRRL] PR ARAZBLAL ot G PRI [Rliggoed by
. I ce variance .anpng.the blurrin ffects.throygh
six, B B0 Pel WerlEsuBa it £Rn e adtigfef, e ol
subsxlis!ltemdeblur?rﬁ he internediate inmge_ produced_ by
SYPHOeRRIE SErusddre P éﬁ Agagingsithsysteia sigaplifie amagnufacture and
recovered i mage havi ng an extended depth of field.
redocas pvenall costsal | aberration of the multifoca
i magi ng subsystem can be expressed as a phase del ay
function in nom nal wavel engths of imaging |ight, and
[00h8] spiné¢ eabngilerofaan omegrated abmprationddibesyiag system in
phase del ay of
accordance with the invention for producing images having an extended
depth of field includes a multifocal imaging subsystem for producing an
intermediate image that is purposefully blurred. The multifocal imaging
subsystem exhibits spherical aberration as the dominant feature of the
purposeful blur. A central obscuration cooperates with the spherical
aberration to reduce variance among the blurring effects through a range
of defocused positions. A digital processing subsystem deblurs the
intermediate image produced by the multifocal imaging subsystem and

calculates a recovered image having an extended depth of field.

[0011] The overall aberration of the multifocal imaging subsystem can
be expressed as a phase delay function in nominal wavelengths of imaging

light, and the spherical aberration preferably contributes a phase delay of
' 4
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4 between 1.8 and 6 wavel engths. The controll ed

nmeasure of spherical aberration is preferably mainly

of the third order and is independent of the

wavel ength of illumnation, focal |ength, and best

focus object distance. [0012] The aperture of the

mul tifocal inmagi ng subsystemis preferably «circularly

tyr A Al j , fining a .

beBNPER Y. Brand Bpale Rrdls L EERUBIET aftelte M herical

[imt of an annular aperture, and a . maxijmumradi us, R
abgiiAtials BPRoRel Mally of e i, cirar isbs tncependent of the

Pr?fer ble/, a ratio of bRIRis greater than or equal
wayglenath of Bluminatiomt facat lengighandbest foaes object distance.

excessive. [0013] At |east one lens of the nultifocal

i magi ng subsystem can be designed substantially free
[0Q)f2ﬁph'éhle ankerafrerofatticomultifioical ipregiagps wbsystam isopreferably

desi gned to produce the spherical aberration that

cirtolarty s\endemria)ddving eaiminBnued radikispBRpaefihig RhUsuter limit
Often, the phase plate can be attached to an aperture

of af cdritealndbéd fraeRIn ARBSH M thridtomst Sggﬁtarﬁﬁhlia%%%'rmr%f‘%nd a

side of the nmultifocal 1 nmagi ng subsystem
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dified to. e the spherical aberratjan that

ProTRrARIVE R <Bin Bh S8 s GABEO AT BT eBinAbdec-dr AEPideshehat the
) hh t is in a proper range for reducing inpulse
light BeNQLEXS@EHVYeThe spherical aberration can al so

be divided anong nore than one lens elenent to

increase design flexibility. The phase delays
[0} Bjuc At Igashiomet leasagpfetheunuultifo ¢t iamagiRgasebsystem can be

preferably at |east approxinmately equal for the
desgigmeek s wlps taindi adlysfirge atfexp hebjd tabeargton Sah @Gl phase plate can

Anot her exanple of the invention as an extended depth
be desfigeéd to produce the spherical aberration that forms the dominant
feature of the purposeful blur. Often, the phase plate can be attached to
an aperture of the multifocal imaging subsystem at an image-plane side of
the multifocal imaging subsystem. Alternatively, the multifocal imaging
system can include at least one lens element having a surface modified to
produce the spherical aberration that forms the dominant feature of the
purposeful blur and that is in a proper range for reducing impulse
response variance. The spherical aberration can also be divided among
more than one lens element to increase design flexibility. The phase
delays produced within the aperture at R and R are preferably at least

approximately equal for the center of the designated object range.
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I magi ng systemincludes a nmultifocal inmaging subsystem
desi gned as a conbination of an ideal inaging
conmponent and a spherical aberration conponent that
bal ances in and out of focus effects through a range
of object distances. An internedi ate i nage-detecting
“device detects imges fornmed by the inmaging

[O@WPysAﬁmhtﬁ)@ké}h?Ié‘ﬁfbﬁb%@@ﬁubﬂ wsn%ﬁteﬁHeHO&éﬁth of field

fects through the range of object distances.
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imaQTRy gt aRERticts g IBEaC fhayly EPBQV%t%iﬁ&eeaﬁé’aed asa
r.recti onfof t.he, bal anced in and out of focys effects
coffifiBafRn ohen idrgl Bro iy CemReTenied A pelbgBfalaRerration
I deal conponent preferably provides for
Comwwn&@trhﬁdﬁaées H agdypyeaf 6@;%1&@@5 éht@graradratrrg@ of
range of object distances through which the spherical
ObtﬂférdlatartﬁeScoApon&nmbdladaamgm-dmdcbng addvicé artects images
effects includes the given object distance. For

forenedyethd raaging subegedem naghitgtisgbbyineedcanand @utdst focus
a lens designed to contribute the ideal imaging

effeetPEiig e faRfast dhjakediaangssd A eo {erg:% gfﬁg

spheri cal™ aberration conponent. The phase p

[ r
deyREReAcu T alheZbve RRF IiGR favihg aﬂ&éﬁﬁé@ dgeffb el
e det ectin v 0016]. The |nve on c

bah i $ 8 Eot e idh ﬁﬁbsﬁ%gafe@ég. i At 2 hghs itbRetp through

i magi ng subsystem as a part of an. integrated
hec&?ﬁ!ﬂﬂ&lf"chiﬁﬂ !%@F?@ subsystem A first conponent of

the nultifocal imaging subsystemis designed as an

i deal i magi ng conponent for imaging an object at a
[0Qft Men Td1g &teal dmagingecompsseat drebenadiie mrovideshfor imaging an

mul ti focal 6 imgi ng subsystemis designed as a
obmshertiaglveabebjext atisfancehanahthengange of object distances

through which the spherical aberration component balances in and out of
focus effects includes the given object distance. For example, the
multifocal imaging subsystem can include a lens designed to contribute
the ideal imaging component and a phase plate designed' to cont.ribute the
spherical aberration component. The phase plate can be located within an
aperture of the multifocal imaging subsystem between the lens and the

intermediate image-detecting device.

[0016] The invention can also be practiced as a method of designing a
multifocal imaging subsystem as a part of an integrated computational
imaging subsystem. A first component of the multifocal imaging
subsystem is designed as an ideal imaging component for imaging an

object at a given object distance. A second component of the multifocal
6



and out of focus effects through a range of object

di stances. Conbining the first and second conponents
of the multifocal imging subsystem produces an
internedi ate i mage that is purposefully blurred. The
second conponent of the nmultifocal inmaging subsystem
contri butes an aspherical aberration that is the

imdgMdanbs{eriniie dekighal BSr9sREHEaPAbErratdY RSr”B&FaW&mg in
concerning the internedi ate i nage and t he purposef ul

I i gi m

and s SF foullP %L@Qserer%“Pﬁa%gﬁﬂés%géﬁe? %%%3 aéﬁ{fwmmg

el 0017] The range .Q St ances

thefiret, Sofls ORE SR orahRs Bethe muifibaspl irasing nudisSeferm
and out of focus, effects eferably includes th

Prod yess aBJ'Q&%fmﬁéﬁéﬁd@aQﬁnt dﬁtﬁlﬂrposlelﬁ% ly Hhgerest The second
obj ect distances through which the spherical

cormanent ehthonpdtiéacal imagiogssulpsysdath cantrabutescas aspherical
effects is at least six times |larger than the object

abeiratimnc tratos ehevdomindrtefdatusé of alpop@iposefadBRAS Information
diffraction-limted imaging. An aperture of the

conté triihgank .hmgheauawbﬁweeahu%h@&uﬁf@s?fw bRy i%”&?ﬁpned to a

with a central obscuration that Is siz to cooper at

L R e

[ Q range of object distances. [0018]
ex%{fa‘fﬁii’eé’gﬁﬁgﬁ‘gﬂaf an integrated conputational inmaging
system in accordance with the invention includes a

tifgcal imagi.ng.subsystem for producin .
o4, T tanos bEGhiest diftenses il whigh dhersatarical
I magi ng conponent and a prescribed aberration
ab%rdﬁﬁ@ﬁlemmmnermhqdm@emln andl out ofifocireeffieces peefeanbly
i mage. A central obscuration of the 7 nultifocal

includes tige givery ob¢eatradistiarce. pii addiporathd rawgé ofiohgbct
dis?::ﬁ:st through which the spherical aberration component balances in
“and out of focus effects is at least six times larger than the object
distances over which the first component produces diffraction-limited
imaging. An aperture of the multifocal imaging subsystem is preferably
arranged with a central obscuration that is sized to cooperate with the

second component of the multifocal imaging subsystem to further balance

in and out of focus effects through a range of object distances.

[0018] Another example of an integrated computational imaging system
in accordance with the invention includes a multifocal imaging subsystem
for producing an intermediate image of an object combining an ideal
imaging component and a prescribed aberration component for

purposefully blurring the intermediate image. A central obscuration of the
7



poi nts produced with the purposeful blur nore uniform
over a range of object distances. A digital
processi ng subsystem deblurs the internediate inage
produced by the nultifocal imagi ng subsystem and
calcul ates a recovered i mage havi ng an extended depth
of field. [0019] Each of the point spread functions of

maRifRRhR! ﬂﬂhgt@ RUBSFERMn ¥eRBRrs Boff SRladPARC A of object

OSCl atin ng structures, a

j | des for reow ng the.average point

P RRE B W Xhe BBl Rt Y Pse BRiftiEn e Brranae of

di st ance object pqgints, depending on the design. In '
objact 8 SiRares ¢ Aed @?ém rperPC%g'é\Qr s barstpredephmisytheintermediate
. both the widths of the central peaks and the
imags preducey byrtgesmultitacadsmagirg snibisysteranamd caihdates a

obj ect points. [0020] The purposeful blur of the
recov¢ iefdoiraagé hegi mg asubetesided deptipoefidbl y the

starting point for rendering the point spread

functions of object points nore uniformover a range

[00% 9pbj Bath @f sharpuiat sph€ad ¢0hEBbns AFTBjedE Pdints preferably has
preferably renoves vari ant conponents of the point

a @@r’it‘?éﬂpeél&‘{&ﬁﬂ S%IIinﬁﬁur‘i‘ﬁ s*?%gét?ﬁe?,”&r?cﬁgéLagéﬁh#irotgsocruration

narrowl ng the central “pea € 'aver agé
d .QF | € oints, especi.all
orB R 55 bR THOS PR PR RunERREAEAL or the
Isect.i on .of the iggi ng su,bs%stem The digital )
CIOtodBRIIAES ONbBY LietArecs Rieshinpipts, darandingnen the design. In
recovered i mage based on the average point spread
partigutarothe capk@hobscunatipa rfrefenabdy resders hothl thetwidths of
the central obscuration are believed mainly due to
the e nsiatipeskist ared thé dsiwd lqrin gitriraps gadtd scinorasui¥eéfm among
the design range of object distances rather than from
thambjdct pointsncrease of the depth of 8 field that m ght
ot herwi se acconpany the use of a central obscuration
in
[0020] The purposeful blur of the multifocal imaging subsystem is
preferably the starting point for rendering the point spread functions of
object points more uniform over a range of object distances. The central
obscuration preferably removes variant components of the point spread
functions produced by the purposeful blur for narrowing the central peak
of the average point spread function among the object points, especially
the object distance corresponding to the center section of the imaging
subsystem. The digital processing subsystem preferably calculates the
recovered image based on the average point spread function. Increases in
performance associated with the central obscuration are believed mainly
due to the similarities of the point spread functions over the design range

of object distances rather than from any direct increase of the depth of
8



an ideal imaging system In particular, the associated
i nprovenents in the depth of field, particularly for
close-in distances, are believed mainly due to both
the narrower central peak of the average point spread
function and the simlar oscillating ring structures
of the point spread functions over the designed

fieRbtieat nighgBthdARBR dMdrhpshPthe llBR0of 8 deRitPil é@i&f}ﬁgton in

functions that vary less wth object distance, so
t; j r L ' iR . i Qi .
e LSRR B, AU Rt A o e
00211 Yet, apother exanple of the inventjon a
deBth B isip apar Bk S TBher T TRATAGE s Rchr Fored mainly due
roduci ng i mages having an extended depth of field
to E’H&'ﬂ GESs"gaa[ﬁOW%ﬁg%eﬁgr%Hﬁ%J%PgmGF Ve mRaRIpSinysaread function and
i nternedi ate i mage of an object and neans for
theysiilar agcidlapingoisr structures dfrthehpointt spreadi furectioresgever
using a predeterm ned anmount of third order spherica

thedesigatddobjdwatracgye! Mhuseesvd facdrexéadde paiapishrohd
field. A digital processing subsystem deblurs the

fundiTestitalfy B89 SviRh %Bj@@@dis@ﬂn&@,esént'hégf}?& ﬁggh@@ bBéht

subsystem and for calculating a recovered inm
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. lncludes a multiple lens el enent systemthat is
'mB[f% QPEI‘W{/mbI urred by neans of a third order
spherical aberration that contributes to an extended
ﬂth f field. The trir order spherical aberration
[0G4T )i gtianatber exsngleaohthe ivention asmn integratedrent s
and forns a dom nant nonochromatic aberration of the
cormpittatipnpl Bnaging pyste rodor mabde cois imagieisdmaviogpar akesnded
with the third order spherical aberration for
depth of field includes an imaging subsystem for producing an

intermediate image of an object and means for producing a purposeful
blur in the intermediate image using a predetermined amount of third
order spherical aberration that contributes to an extended depth of field.
A digital processing subsystem deblurs the intermediate image produced
by the multifocal imaging subsystem and for calculating a recovered image

having an extended depth of field.

[0022] An example of the invention as a multifocal imaging system
includes a multiple lens element system that is purposefully blurred by
means of a third order spherical aberration that contributes to an
extended depth of field. The third order spherical aberration is distributed
among a plurality of the lens elenﬁents and forms a dominant

monochromatic aberration of the system. Preferably, a central
9



reduci ng variation in the purposeful blur over the

extended depth of field. The plurality of |ens

el enents can include at |least two logarithmc

aspheres. [0023] A nethod of designing a nultifoca

| ens systemin accordance wth the invention for

extended depth of field inmaging includes fornulating

[ i.ng system as..a..conbi nati pn of_ an ideal inmagin
o8 b R W i FRlrBConfet sHindtieal SHntiar She
n aberration conponent dom nated b¥ a third order _

redHHa Vanatigs intnebRUTRORETMbUME over The,exiended siarsh of field.

spherical aberration is determ ned so as to reduce
Theapluralion of demn gle mpoks ean daphudeeat rast timoel ogparitheeid

depth of field. Preferably, the anount of the third
aspheees.spherical aberration is determ ned by adjusting

the amount of third order spherical aberration from

one anount to another to identify nore uniform

[0028bi natrietiso®iof démghﬁ%aaﬁgmml W4 sy ERneXh YreBAdance
depth of field. [0024] ot her nmet hod of designing a

Wi b e EhyIoR Tor A B Rl U0 ARF fithll 1Audes,qes
i £yl an ideal | ens design hy. incorporating jnto.
fofRiathd Sy lnaflith, sv &in ae % POringtoRar ad inedd tedSing
aberration. The Perf,;man,ce f the nodified |lens ]
COARPRRANT driaggesy Rl ractighgdingited dmagipgsand ansaberration
amount of the third order spherical aberration is
cogpenrerddporingted dy aghirdodndersyphericd] wietrratient Fehe amount

vary |less. over the range of focus positions. A
of abetthaid obdensphéecdval sh@rrafienals! geteratinpdrst 8¢ toreduce

the design to narrow 10 the point-spread functions,
vafiationsadmohg Thpafse FesPcHsaRCoVer! e ERGrtid HEPHIYDF field.
Preferably, the amount of the third order spherical aberration is
determined by adjusting the amount of third order spherical aberration

from one amount to another to identify more uniform combinations of

impulse responses over the extended depth of field.

[0024] Another method of designing a multifocal lens system in
accordance with the invention for extended depth of field imaging includes
modifying an ideal lens design by incorporating into the lens design an
amount of third order spherical aberration. The performance of the
modified lens design is tested over a range of focus positions. The
amount of the third order spherical aberration is adjusted for producing
point spread functions that vary less over the range of focus positions. A

central obscuration is preferably incorporated into the design to narrow

10



[0025] A nethod of designing an integrated
conputational imaging systemin accordance with the
i nvention for producing i mages having an extended
depth of field includes fornmulating an i magi ng system
having an aberrati on conponent dom nated by a third
order spherical aberration for producing a blurred
thé HAhfEerabe fuigionsT ey AHUHe AbskDfm blYthAcOL #6F the p-
spherical aberrationis deternlnea so as to reduce
degg&;ations anong inpul se responses over a range of
us positions. A calculated inpulse response
departs froman arithnetic average of the inpulse
onses .over .the.range of focus positions to . )
0QZ8] e ysHTof of dESign a8 intediiad corspuratioal imaging
ext ended depth of field. The cal cul ated inpul se
sy$tedp dRAccosdane With Bhednyention for girodlucpia imagieschaving an
algorithmfor deblurring the internediate inage
expendied skeih afhiielduind v des formmadativgg smbsyagieny systenh draving an
calculating a recovered i nage havi ng an extended depth

abefrafticrt domp W] ddhninated iy vhirdl ordey BPdrical aberration for
spherically aberrated, nmultifocal imaging systemwth

pr%@?ﬁfﬂqhbl@%ﬁﬁ@r@%ﬁﬁt‘ér ﬁnﬁ@& bl%éjﬁﬁngbgdl rﬁg(_)iaﬁ'ﬁé;mﬁacc?rder

e invention for 1 nternedi ate |

' [ S e_ | fficiently invariant
sphERcal aDEraL Bt <8 RT3 3538 el fHERohg
. pbrocessing for recoverin I mage that remains in_ .
imBYIETEIRISEE PUTIcR TBNIF RUATOCHEHRSItIoRs: nbRlEataddmpulse
loss in light_intensity, this conbined system can
resamaeaamfaem an-anlt?{nmeaclrae@oage iofrthevierpulse responses
extended depth of field that is ten tines that
ovehthe madgeyffocunvsitionalto lieeseslysieightRhiedimpulse
approaches to extending the depth of field have not 11

resph desi sveratabekidnded e poieufi fidldi, Tohe XAl @Mated #nplilse
econonical to manufacture, since it can be circularly

respoR®R! {d corporated into a digital processing algorithm for deblurring

the intermediate image produced by the multifocal imaging subsystem and

for calculating a recovered image having an extended depth of field.

[0026] Thus, a circularly symmetric, spherically aberrated, multifocal
imaging system with centrally obscured aperture can be used in
accordance with the invention for intermediate imaging. The resulting
impulse response is sufficiently invariant over a range of object depths to
support digital processing for recovering an image that remains in focus
over a range of focal depths. Without too much loss in light intensity, this
combined system can produce diffraction-limited resolution over an
extended depth of field that is ten times that obtained by a conventional

lens system. Prior approaches to extending the depth of field have not
11



[0027] The invention can also be practiced as a nethod

of recovering an inage based on an internedi ate

i mage, which includes accessing an internediate inage

of a scene and performng an iterative digital

deconvol ution of the internedi ate i mage using a

maxi mum entropy algorithm Using the maxi num entropy
hadl €05 icapabiltynerhé MULirhagifs siERITYs aMY 8BhBHhi

conbi nati on gf directi ona(r;"i?gsnages. T%ese @S?ngr%li@gln%

L TRAes Nfall | 1. ' etric paraneter
mgtlo speLé '%éﬁﬁ‘%/grjgﬁgg {'g@gaﬁéﬁﬂg&}gﬁéd i mge while

avoi di ng points of stagnation. [0028] The netric

.reconci |l es conventi onal Xi_mum ent,ro .
g2 a8 Tk A0 b 3P4 PLicticad 88 erBrg ahtecsvring an
. Values of the netric, paranmeter are preferably chosen
image Rated epAiftesmedigte AR Whedh énsluggs asdceshing an
_ weight of different pixel values. Preferably, the
intgsmediapeaimage @f hacene aaldupe tformieg an tesative dégitdhe

appropriate choice of the netric paraneter

deconvolutisresf the dntadhédiate infagenséiag 4 wagkirdDm BAYioH
a shape that increases contrast at high spati al

aldorguancicing aROARBGRIUIA enthBybolihi 2 hORAMaJOR:

I nternmedi ate i mage can be produced using a nulti

esgﬁ?a&ieﬂgcoﬁi’tﬁyﬁﬁ‘g a°‘Qﬁ%ﬁiﬁagiﬁnaapﬁ?rreicﬁolnﬁ'ﬂﬁg\%%ei. Cfhese

ol nt sprea nctions such I'enses

.osci|]ating bases, which reduce image contrast. The 12
dirgirionat iAgeS AE Yol ltEEed Uy AR mEtEC HaRENe el tO speed
range significantly reduces side |obe oscillation
COPH%?Q% neestawandha rReokead Knagawile pyotingveoinds ef t o

this new formof nonlinear digital processing as
stagnatior. par anet er - maxi num entropy al gorithn' or the
MPME al gorithm

[0028] The metric parameter reconciles conventional maximum entropy
algorithms at metric parameter values of zero and one. Values of the
metric parameter are preferably chosen between zero and one to
advantageously adjust the weight of different pixel values. Preferably, the
metric parameter has a value between 0.2 and 0.6. The appropriate choice
of the metric parameter contributes to a modulation transfer function
having a shape that increases contrast at high spatial frequencies

approaching a Nyquist limit.

[0029] The intermediate image can be produced using a multifocal
imaging system, such as an aspheric lens. Typical point spread functions

of such lenses have oscillating bases, which reduce image contrast. The

12



which is expected to have wi de applicability to

digital image processing. The attributes of rapid
convergence and the avoi dance of stagnation can be
general | y advant ageous for image reconstruction,
restoration, filtering, and picture processing. BRIEF
DESCRI PTI ON OF DRAW NGS [00311 Fig. 1 is the bl ock

métf R AT s 2 B USRI IS A3/e00Red TaRgN OB HBLEH

I'n accor dance present i'nvention.

re e oo SI1Ryobahalie eaRom WP obd Sty

3A- 3F are graphs depicting point spread functions of a

rally obscured ,B--type I'tifocal 6 lens for
0§01 o e dathrie tas %%pr@appﬁﬁﬁé'ﬂﬁaf idbgital ppoegssmgas
. 4A-AF are graphs depicting point spread functions of a
'MRbIC Panamete - wBxdmusd emntreyy algerith mo el theeM®Mbalgorithm,
various anmounts of spherical aberration. [0035] Figs.
which t-eapectrchphhasepivicte agphcabilitg poeatidital waigensradessing.
centrally obscured y-type nmultifocal |ens for various

Thantribatesf of PASIH €Ghverfediceain ®ithe B did¥38d ofis¥Sgnation can
6A- 6F are graphs depicting point spread functi on% of a

be@?ﬁ%@?%ﬁmé’?@f?ﬁ Z%h’é@%é%fegébﬁ%ﬁﬁdnﬂ"f&é&%‘*f%gf_"tering-
anérﬂdgg‘ﬂgf@%; eve ow chart or nonl i1 near Igita

CCacttd-di ng to a maxi num entropy al gorithm
[0038] Fig. 8 is a flow chart showi ng steps within the

BRIEPDEYERBVIORPHE DRAWINGS

[0031] Fig. 1 is the block diagram of an integrated computational

imaging system in accordance with the present invention.

[0032] Fig. 2 is the diagram of the multifocal imaging subsystem having

a centrally obscured aperture.

[0033] Figs. 3A-3F are graphs depicting point spread functions of a
centrally obscured S-type multifocal lens for various amounts of spherical

aberration.

[0034] Figs. 4A-4F are graphs depicting point spread functions of a
non-centrally obscured S-type multifocal lens for various amounts of

spherical aberration.

[0035] Figs. 5A-5F are graphs depicting point spread functions of a
centrally obscured y-type multifocal lens for various amounts of spherical

aberration.
13



al gorithmfor determ ning successive estimtions of
the object imaged by the nultifocal inmaging system
[0039] Fig. 9 is a graph plotting the curves that show
a convergence advantage associated with an
optim zation of a netric paraneter in the maxi num
- entropy algorithm [0040] Fig. 10 is a set of imges
.00i _elyj ect . . .
(00301 B3, BF #8 SreHRAEbRrY plint spread fupctions of a
avi f aperture, including: internediate i e
nof¥eBfiallyshscuRBTE VPR muiitaeliths rif FafBismEoufta st
jdeal , 1 ens for the point objects at the optinmum obj ect
Spbﬁgfaheé?fﬁaﬁm-nedi ate images (b) (c) (d) show ng
blurred i nages by a spherically aberrated nultifocal
| magi ng subsystem for other object distances, and
[002¢bv drigd 7i iveyteptleyel {loy, chant formondingdrmdigiregeecessing
recovered by the maxi num entropy algorithmfromthe
actondingddi ameaximgeseappytdlgocithnand (d),
respectively. [0041] Fig. 1 1 is another set of inages
of the two point objects separated by a
[00B 8] r Rigi 8risla flohedhditsirowing Sfe @ withagithe rAdREYEHe @ntropy

14 having a centrally obscured aperture, including:
alqdmﬁﬁ_f()?)detéhhinih% u )ssi\/%né’stiﬁﬁ)tic;r%rgf%@}ﬁp 4 t igrg?ﬂ.)ed by

ens with the cent scuration at eren ]

. . . £ . ), d
thé{*ﬁﬁl?fﬁﬁ%hnrﬁ%bﬁﬁé‘%ﬂéet?ﬁa: ngzeg r?at et(JIg)rruI t(i 1)‘0021: )o@

i magi ng systemwith the central obscuration at the

jegt. di stance and_recovered i es (k), (1),
QFYF Fh°Sknch BT ARl HHEGELTs S ihsertonis Chhubidence
maxi mum entropy, algorithmfromthe internediate ]
adyariges a590cighed i ap ioptimization of resjsieici Rasiageter in the
[0042] Fig. 12 is a graph plotting recovered data for
maxipwgmpRn e pyidleetithm.

[0040] Fig. 10 is a set of images of two point objects separated by a
diffraction-limited distance for an imaging subsystem having a full
aperture, including: intermediate image (a) showing a diffraction-limited
blurred image by an ideal lens for the point objects at the optimum object
distance, intermediate images (b) (c) (d) showing blurred images by a
spherically aberrated multifocal imaging subsystem for other object
distances, and recovered images (e), (f), (g), (h) showing images recovered
by the maximum entfopy algorithm from the intermediate images (a) (b) (c)

and (d), respectively.

[0041] Fig. 11 is another set of images of the two point objects

separated by a diffraction-limited distance for an imaging subsystem

14



at a defocused object distance conparing results from
a spherically aberrated i maging subsystemwth
different central obscuration values and the blurred
i mage data for N kon lens without a central
obscurati on. L(S)O43] Fig. 13 is a graph plotting
haygg verestt ralhy absevred tamrpmennnolbudeng imagan (apt(bimur), (d), and
obj ect distance conparing results froma spherically
(e)atsrmed diy amnidg aldessbeiybttem genthadobiarariorc 8P difkrent object
obscuration values and the blurred i mage data for
didtakags| eﬂ&rmedl’mlétlnﬁiﬁ?]éif@ﬂ) CS ChY, ahi aRd (505

is a set of images illustrating t he' maxi um en ro y

: sph@@n@‘éﬂwabﬁrrﬁe@erfr@ﬁﬁﬁ@cdalt h%m'g?ﬁg‘?%m' RAuglng L rage

(c) fornmed by an ideal Ilens w central
b
obPrareis 382??%%%%“%@%%%?%% & edienet rahaks (0. 0,
N : , ct I [ 0045

(e 58 o shBrdaR e hegcqu%eeﬁ%f §vq i PhiAae BT encropy

functi t t ted t th
alqgi oot (Reamesiicuraansr (6 @ o ebt, 2ad ancsnectively.

15 [0046] Fig. 16 is a graph depi ctlng the relatively

tween the overall transfer

Lfference Dbet
[OC?%U g '3 RIaRreBlRitiB® rersyiengd slasadmr aubvagoint object
poi nt obj ect and edge object. BEST MOIDE(S) FOR
at eARRPCNEE IbITHET | SKWESE ICONN pA0AT] reGuitssfrod ass mherically
circularly symretric nultifocal |enses have revealed
abetated igwigingIsuddy ateounwitbf different cahtralb@seiur@tion values and
provi des a desirable distance-invariant blur that

thd bhdseddnsagredatr fateNiko®ie hi Wlﬂnout@gbﬂgral%scuratl n.
preferred nmultifocal lens for extending the depth P
field can be based on any standard imaging
(OO I]angegens isadyfdpdpléxting recovered data for a two point object
at an optimum object distance comparing results from a spherically
aberrated imaging subsystem with different central obscuration values and

the blurred image data for Nikon lens without central obscuration.

[0044] Fig. 14 is a set of images illustrating the maximum entropy
recovery of a defocused tiger image, including image (¢) formed by anideal
lens without central obscuration and recovered images (a), (b), and (d)

from a logarithmic lens with central obscuration values of 0, 0.3-R, and 0.5-R

respectively.

[0045] Fig. 15 is a graph plotting the overall transfer functions of the
integrated imaging system with centrally obscured aperture for six object

distances.



incorporate a third order spherical aberration as well
as higher order spherical aberrations. Such standard
i magi ng arrangenents include Petzval |enses, Cooke
| enses, and doubl e Gauss | enses. [0048] In addition,
our studies have found that a further inprovenent in
depth of field inmaging, particularly at

[0G46] gggl PB-isi Tt &oh [RAEHR G e reldPHaAhall Rfifference

ext en depth of field, can be realized by obscuring

befwe &6 ThE 0PI it%‘nggrtfnﬁcﬂeﬂggqfemlegipfput{agﬁa@' %’g%g@adf system

I magi ng subsystem narr ow e Tres

cl ose-in distances (0-design) or for far distances
using pg&q%%e_c{mdgegégp g the range in di stance over

which the inpulse response is invariant. The center

el PR Ol TN el ATERUBHBRS T °

response with distance. The conbination of a central

(OGRZEY ot Sl ol RSP rar Rl L aRi bt A5 havs

field, or to support higher resolution imging through
re\ﬁ@zeg éhﬁbﬁmtagﬁe% agRoRnNkPf sp @owgi agéfatrqm@rwdpeﬁga

1, an integrated conputational inmaging system 10 for
desirabldistanpe tinyariginglbdur el legdisrtol siiperiar delpthfotdield

i mgi ng subsystem 12, an internedi ate i nage detection

imdging.e Qu#, prefdigid alultifocaldens for exibeng irgtHé depthl of field
di splay 1 8. [0050] The multifocal imaging subsystem

cad be batarion @nyisteh@aref imﬁfg'irfzcj ﬁ?ﬁn@e@ﬂ@ﬁ%@&ﬁ?ie@t@nd

a phase plate 24. The lens™2Z is prefera a

h
incERPBER 2 Aird SRR PHEA 0T RI08 55 ey order
sl B SFsir AR SoR BB iad PR PRERHEN R include

central obscuration 26
Petzva‘i Ienses,SCcooke ‘enses, and double Gauss lenses.

[0048] In addition, our studies have found that a further improvement in
depth of field imaging, particularly at diffraction-limited resolution
throughout the extended depth of field, can be realized by obscuring a
center portion of the aperture of the multifocal imaging subsystem to
narrow the impulse response for close-in distances (B-design) or for far
distances (y- design). This increases the range in distance over which the
impulse response is invariant. The center portion of the multifocal
imaging subsystem can be a major contributor to the variation in the
impulse response with distance. The combination of a central obscuration

with a properly designed multifocal imaging can be used to further extend

16



can also be located within an aperture 28 of the

mul tifocal imaging subsystem 12 for further inproving
performance. The phase plate 24 can be fabricated
separately and aligned with the | ens 22 as shown, or
the optical contribution of the phase plate can be
incorporated into a surface of lens 22, such as in

thd Bepmrdﬂfﬂéldadrqaasru;sﬁmwgﬁa?-res%ltdﬂwhnﬁgfrip tRfough the

| ens 22 and the phase plat are prefera

ex{%ﬁ%@grﬁgm%{ﬁchher or both of the lens 22 and the

ah be alternatively fashioned as
reflective surfaces such as in tel escopic photography
| i catd ons. .Th entral obscuration, 26 c al sp be
(0G4 | F&ferting;tey ﬁseﬁr E\na% deted campyatighlimaging system
central stop wthi aperture 28 or by arranging
10¢tgr eaﬁeaﬁﬁm%pttfb F fi@ iBAgiNg iRt Iges oh Myiifogalsimaging
center darkness. A pre-existing central stop can also
subsysiest 12o@rpintpovediate imagée detection devigsh14ds aadigital
secondary mrror of a telescope. 17 [0051] O her

procasgimg sapsiystamciaiit v lhadisplady 18he i nvention include
multiple |l ens el ements such as for dealing with
chromatic aberrations or other inmaging requirenents.

[0080] | Wh’htﬂlﬁlfﬁtﬂwnﬁ@g?lnlgnﬁjﬁﬁ%%n{ hoxineihddy a s%@ré ar

such multiple | ens elenment deS|gns to distributet

mtﬂﬁé!é @ﬂzrﬂ@ﬁ rllqséQP SN e ?Eﬁgﬂ Fhe 923 is preferably a

rality o ens eI enent examnpl é

co@%a@ B RRSTRR B, 98 ST e SO e

€£her| ca aberrat| gap &40052 Th I mage detection
imggifg.angd 4hephase platectt & Rt {arABhHatFaoed ihE@atripuisy a
objects 20 that is generally blurred, can be fashi oned
pregetgrminsd laaneunteb sphiesicgh abenystian. dévtertrabobenmsition 26
(conpl enentary nmetal oxide sem conductor) detector or
carabser beilghatexkndittinven dpeitage ZBef the multifocal imaging
subsystem 12 for further improving performance. The phase plate 24 can
be fabricated separately and aligned with the lens 22 as shown, or the
optical contribution of the phase plate can be incorporated into a surface
of lens 22, such as in the form of a logarithmic lens. Although both the
lens 22 and the phase plate 24 are preferably transmissive, either or both
of the lens 22 and the phase plate 24 can be alternatively fashioned as
reflective surfaces such as in telescopic photography applications. The
central obscuration 26 can also be realized in different ways, such as by
adding a central stop within the aperture 28 or by arranging for an annular
pattern of illumination that has center darkness. A pre-existing central

stop can also be used for purposes of the invention, such as a secondary

mirror of a telescope.
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detector pixels can be arranged as a two-di nensi ona
array, as a one- dinensional array, or even as a
singl e detector pixel. Any pixel conbinations short
of two dinmensions are preferably subject to scanning
for collecting enough information to conplete a two
di nensi onal internedi ate i mage 30. However,

[00%Er dicyaps ig@@% i g'gg%@tgﬁescgggféﬁgpmed Bﬂhé’%\t/éﬁt‘i‘é)ﬁ[ig% ude

appl i cation processi ng subsys
| C C uter-processing device
iR 5 BRntehE pictF s Tos BN Wil C6GT DAl Sfiqus or
urpose, of image processing. The digital processin o
otHE G20 ing reAUEsmats e Buandion Arevidesdnereasarhilenibility
that also includes the nmultifocal imaging subsystem
witipn ssiche mailtipls tens eleseentsdagignsbydissnibule tharddsired amount
arranged as a standal one i mage- processi ng comnput er.

of Fhberipal aheyrapiorpaswny atplarality dbthetaoeskirments. For
subsystem 16 is to sharpen the 18 internedi ate i mage

ex3plénat @t Iwd of HRd |dis elemERE tak e RIPned a8 logarithmic
Wener filter, can be used for this purpose.

asph&ie’r %’éw’in@om%ﬁﬁgp@dgﬁﬂ B??h?nose‘é‘ﬁléoaﬁaﬁggcal aberration.

Iterative maxi gori i's Us®
sharpen the internediate imge 30. |f maxi num entropy

or i ' N cel eration factor, ..
(OGS P IAgH el SRILEIR, PG Foliodan A Ehisstiate
. _and .conyer genc 054] The djgjtall rocessed i mage,
im3 3Pt Obledsren ther ioanselbibhined; i besshioned as a
.outputted to the di SE| ay device 18, which can be CRT

pixilased SeDr(gharamepuplachdeviaplior €MRT tdoraplhanyaryr metal

ot her display device appropriate for view ng
oxigler prméconduictorhdetemby ortdtiedilxitage ritive el elBceahebe

omtted and the recovered i nage 32 can be inputted to
deteicher pixgistda®nbé arranged as a two-dimensional array, as a one-
dimensional array, or even as a single detector pixel. Any pixel
combinations short of two dimensions are preferably subject to scanning
for collecting enough information to complete a two dimensional
intermediate image 30. However, one-dimensional imaging can be used

for particular applications.

[0053] The digital processing subsystem 16 preferably includes a
computer-processing device having a combination of hardware and
software for the purpose of image processing. The digital processing
subsystem 16 can be incorporated into a camera system that also includes
the multifocal imaging subsystem 12, or the digital processing subsystem
16 can be arranged as a standalone image-processing computer. The

primary purpose of the digital processing subsystem 16 is to sharpen the
18



har dwar e/ sof t ware. For exanple, the recovered i nage 32
can be input to a pattern recognition systemor a
machi ne vision system |If the recovered inage 32 is
used for these latter purposes, then the digital
processi ng subsystem can be incorporated into the
pattern recognition or machine vision system The

intelirgeti Rlte dnteeRs 30NgAHdHVEB ecfilteb@f At it ifRAglons, e
dependi ng on the ampunt of blurs in the i nt er nedi a%e

filte g bk QRRY foTrhﬂn’s ?ﬁgb@keom?@ﬁtﬂlgt 4 %l.dé?rgélagmhm

system 10 is applic bi nary or gray scal

range
suctPa? arL REAI iy -%@ﬁrﬁﬁ%ﬁﬁﬁ#ﬁgﬁa Yssabfthgharpen the
. 005 An optigal diagramof a nodifj nul ti f ocal
intd e RIage dUIER SBm | TBEK GPURD SALGMLAIGRITATD dF ieRace
image 30 is illustrated in FIG 2 based on use of a
OD‘N@@&# Acpieatigp heeloramatkic pammeteds cahdb¢ dbalsen taghplimize
of the 19 lens 22 with a predeterni ned spheri cal
theadpeechndncarivargenpgbase plate 24. A point source 5,
which is located along an optical axis 36 at a
di stance so away fromthe |ogarithm c asphere 34 at

[00&]ecThel digetally prodesgddnisgd whldh Iseebfepter] tBdk & Pecovered
poi nt imge Pat 1mage plane Il at a distance tal ong

imadee 39014 Bkpatted G0 didifag dIRice e uifichgn be %PAT, s

|ogarithm c asphere 34 ogarithmc a

entur

(c 9@#@%2%%59 - ﬁS"a‘P bkl iAo 5%6 Rlgg dévice
radiusg.f ent r al obscratlon? %nd Ris the

aPRromriade Prwé%w"gq)ew BPée%sA tR1eatively, thegdisplay d?HEe 18 can
center portion of the lens aperture 28 fromthe

be ppitied anditheggcoyersd i|@a|g|eo§?<@@nbl9e fimputtedt raapther functional
obscuration 26 in the formof a disk- shaped stop.

harewaredsoftaiRra iFonexamede atheareqmeered iowge 82 rf belinput to
aperture, which is consistent wth a particular

a patteodirgeognition Bgstament a @rachine vision system. If the recovered

Wiener

image 32 is used for these latter purposes, then the digital processing
subsystem can be incorporated into the pattern recognition or machine
vision system. The digital processing device can become optional

depending on the amount of blurs in the intermediate image.

[0055] The integrated computational imaging system 10 is applicable to
binary or gray scale or color imaging. It is also applicable to a range of

different wavelengths including infrared imaging.

[0056] An optical diagram of a modified multifocal imaging subsystem
12 for producing the intermediate image 30 is illustrated in FIG. 2 based

on use of a logarithmic asphere 34 that combines the ideal imaging of the

19



[0057] In optical system design, the ideal inmaging
conponents and the aberrations can be described as
follows: O k=WdA den! 1k (1) wherein the phase del ay
O is neasured in radians, k equals Zrr/Ao where Ao is
the average wavel ength of illum nation, and Wis the
optical path difference (O P.D.) in mcroneters.

lensODD §ithrarpidietef®dhed E%'eﬁ‘&aﬁé%te?fﬁudr‘i o*fsthﬁgﬂylllaéﬂqﬁl’!ie 24. A
that idea! k( tZ +Yz -t S02 +r -s0

polfftisJurthes AR ﬂqﬂeégé I“é)?@ 36 A 34R%nce 5,

aperfect dlf mted ens,

oo e in th focuse
awgf i FRClA B Palccn GeBR) 3 2R Rhidy blasie Lris imsiad as 2
| en as an, exanple with so=1500mm t=62. 5nm
blugred intsrmettiate f%&'ﬂﬁ HNagad? akkNAGS rdﬁaadbabn dﬁstance t along
O deai, one can readily find: AOden, = 6702.07(')2
the Qatlsal(w)tw 39 omi{l®y ether side 6f thmgmrlﬁqum aephéB) 3ds The
valid in the nonparaxial reginme. [0060] For the O P.D.

logéfithinit s phave t34 s nodu hegawithinitheaamdaeSor @ﬁ@ﬂi tPfe)

by subscript band subscript y, one can express em as
apd LI, haling Al rdfius Frorh 8R 18 R, whélte SR is the radius of the
central obscuration 26 and R is the radius of lens aperture 28, where 0 <
OR < R. The center portion of the lens aperture 28 from the optical axis
36 to éRis blocked by the central obscuration 26 in the form of a disk-

shaped stop. However, 5R=0 is treated as a special case of a full aperture,

which is consistent with a particular embodiment of the invention.

[0057] In optical system design, the ideal imaging components and the

aberrations can be described as follows:

Glk=W+@,./k
(1)

wherein the phase delay ¢ is measured in radians, k equals 277/Ao where
Ao is the average wavelength of illumination, and Wis the optical path

difference (O.P.D.) in micrometers.

[0058] For the ideal imaging system, it is well known that

Peat = k(\/t2 +r? —t+\/so2 +rl =s,)
(2)
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where so is the center of the depth of field range, Ao
is the wavel ength of illumnnation in vacuum and the
expression of Opfor the two types of logarithmc
aspheres, 'p, and g5py, can be witten as foll ows.
OPa(P)=aQt 2r2 {InNfAQt2+r2)]-1}-a. 2 [1n(Apt2)-1]
(5 where: _ 2~r 11882 +s,2 -1/ R2 +s22 aQlInR2 +t2

. 12 exnl R

m G Y 8 8855, 0.2 R s g el
SRR Tond PO ARl b 0 i s o
roc bRyt ST A O 2 el 2T 2 2
[0059] For the ideal lens, as an example with sp=1500mm, t=62.5mm,

R=8mm, and Ap=0.5um, from a power series expansion of ¢;gea, One can

readily find:
b = 6702.07(%)2 - 26.35(7;—)4 ﬁao.zl(%)6 4o
(3)

which Equation (3) is valid in the nonparaxial regime.

[0060] For the O.P.D. W, of the two types of logarithmic aspheres

denoted by subscript Sand subscript y, one can express them as follows:

A

W=ys,’ +r’ =5, + 2
27

s
(4)
where s is the center of the depth of field range, Ao is the wavelength of

illumination in vacuum, and the expression of ¢p for the two types of

logarithmic aspheres, ¢ps and ¢p, can be written as follows.

2 2 2

Ltr {ln[Ap(tz+r2)]—1}—a/,t—2-[1n(Aﬁt2)—l]

2
(5)

¢Pp (p)= ag

where:

[ 21/ R vs -1/ (R4 s}
a”_-}: R*+1? )

In(
1 VR +s,] " R +1°

3 SR* +¢
Ay = ————exp[-
8
\ SR +1° \/RZ +322 _\/5132 +S12 SR? +1

)l
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(8) [00611 From a power series expansion of Equations
(5 or (7), it can be appreciated for purposes of the
i nvention that additional spherical aberration is the
dom nant feature of the purposeful blur that is being
i ntroduced. This will be made nore evident wthin a
description of sone specific enbodinents. [0062] For
conpleting a design based ongxquations (4)-(8), the
desired range for the depth-of-field s,, s2 can be
anéelected along with representative values for t, R
R, so, and Ao. Thereafter, the variables ag, A 6,
and /p,8 (or ay, A‘kkﬁnd cbp) can be c%gputed. From
these, Eq@a(ppa-@ M[be(tsethLo Cp e
aberrat i oﬁgg'g)r)fn W[ 0063 [Tﬁ% I o?gjglr {qt hrfi Zﬂgg‘é{%‘gr el]c,
descri bed above are exanple f a multifocal |ens
that can be constructed in accordance with the
hinvention. From a nore general point of view, a
WNEtifocal |ens useful for extended 22 depth-of-field
imging c be co of ndard i magi ng
arrangenent t hat isRtes! ghedsRb+isficorporate a

predeterm rﬁ’ed_“?munt of $7s§per| cal aberration,

i ncl udi ng [t hi rd orderIg al aberration as well as
hi gher order spheri cal Beffati ons. For exanpl e, such
standard i|magi ngy; and proj ecmnpsarrangerrﬁmﬁz such as
Pet zval | g & , 3].1 enses
can be used fofRthése pUdpbses.—{{BO64] FOR delcri bing
a nultifocal lens in terns of a range of aberrations,
it is useful to expand the d8&rration function Opin a
series in terms of (r/R). For exanple, if the design

[00gdr)amtrensa mowdr S0Aawex prin31di9 OfBguaRiokELE S (7), it can be
t=62. 5mMmm R=8mm Ao0=0.5pm and 5R=0,

appreciated for purposes of the invention that additional spherical

aberration is the dominant feature of the purposeful blur that is being

introduced. This will be made more evident within a description of some

specific embodiments.

[0062]  For completing a design based on Equations (4)-(8), the desired
range for the depth-of-field s, sz can be selected along with
representative values for t, R, R, so, and Ao. Thereafter, the variables ag,

Ag, and ¢pg (or ay, Ay, and ¢p) can be computed. From these, Equation (4)

can be used to compute the aberration term W,

[0063] The logarithmic aspheres described above are examples of a
multifocal lens that can be constructed in accordance with the invention.

From a more general point of view, a multifocal lens useful for extended
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from Equations (4), (5), and (6) are used, a power
seri es expansion of the phase delays of a 6 -type
| ogarithm c asphere or a logarithm c phase plate is
found as follows. Table I (r/R2 (r/R4 (r/R6 (r/R)8
(r/R7 o lens 6721.22 -45.63 0.32 negligible
negligible systemldeal |ens 6702.07 -26.35 0.21

o4 g P dorosey o sl o
ariéfrrgf‘ef]méﬂi"’ I?thg 'bﬁﬁgr@ @%%Egﬂp%%& p?%iqurfnglrﬁ%t fhount of

5.6 672 2 4.8 /R4+03(r/R6+.
Spﬁﬁé'ch%BﬁUa%'&n dé‘ @'59.%‘" e %{dg%'herps le%berdétw as well as
function for an ideal |ens arrangenent, e.g., Petzval
highesordeoxehericall ahgsrations! & awRMAMPiSsSUGh s@ndargr imaging
system The third row of data is the aberration terns
andf prdjectibaseraegeyehtncuchras Pétizeal lenddse ChdKetaes, and
bet ween t he phase delays of the nmultifocal |ens and an

doudirelGdiaRdendbe caflasé RRBH felpehbaé igtpbses i n the
nmultifocal lens is the third order spherl cal

aberration (i.e., the fourth order termof r/R). For
[0@'631 r qf‘dr‘ <§’é‘sdr'itB“n‘i_;e&JI mﬁﬁﬁ%kéﬂ e mtt'é‘?n%sabgﬁsrtan@e{ gyvabl e
P.D. is generally 25x. To achieve a ten

abbge” éfnfkl é?%frug:iﬁ%né Eﬁ%: gbgﬁ'%eucfr?lﬁz&ﬁ%b @gin a series in
J t t
termax,a(%(”%f JEEXaTRIE, Hithe eSOt RaRmEteds: serg] AgOmM,
Good performance of our_nultifocal |ens includes
S/sbﬂ@pmraq, sasdErlaameh {762 HenahoRm8run, Aog 0. dbus, and SR=0,
from Equations (4), (5), and (6) are used, a power series expansion of the

phase delays of a B-type logarithmic asphere or a logarithmic phase plate

is found as follows.

Table |
(r/R)? (r/RV (r/R) (r/R)E (r/R)9
B lens | 6721.22 -45.63 0.32 negligible | negligible
system
Ideal lens | 6702.07 -26.35 0.21 negligible | negligible
B phase|19.15 -19.28 0.11 negligible | negligible
late

[0065] In Table |, the first row of data is the whole phase delay function
of the multifocal lens from Equation (1), i.e., ¢g(r)=6721.22 (r/R)?-
45.63(r/R)?+0.32(r/R)5+... . The second row of data is the radian phase

delay function for an ideal lens arrangement, e.g., Petzval lens, Cooke
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whi | e the hi gher order spherica
insignificant. The nultifocal
have an extended depth of

wavel engt hs,
aberration is largely
| ens designed this way wl |

field from6 to 10 tinmes that of a conventional ideal
| ens. [00661 Anot her exanple of our nultifocal |ens
has the sane paraneter values as above, but with

lerflY d¥ithle Gaudd |eHt 't Cad ey rafd egileranehe t‘ﬁﬁrcﬁro&ﬁﬂt&éﬂa is the

obscuration 26. The phase OTeI ay for the differen
' ' 1 Ng. el b | |

bty ferPly i e A (Rl WrRBol Wifich i dRcd Brdgpce

52 11, 0.36 negligible negligibl system | deal, | ens
bepBer 3h8: ptasdEdelads Hiaia BuifSsal e iy aschanddapblsds: The

32.99 -25.76.0.15 negligi ble negligible plate 24 )
doijagt aRer i teH®e '%rﬁhedmla@casldﬁeﬁ iie 4he 4béndr ekdesnspherical

(r/R4 | ooks larger than.w thout central obscuration,
abgpatient da.i the fourth orderrteabeof ayRonFor déffractidre-lhited

del ay difference contributed from spherical aberration

resuitiviean the hergdgyalldwilile OgMp. andehleaky 0e2 HA. theachieve a
central obscured block is: 25.76- {25.76x(SR/ R) 2}

terr 3@ IncRAsanf-thehdeptH B?_ﬁ%fl(]f],:frﬂe%; %ﬁh%ﬂ%ﬁﬂ%ﬁéeﬁ%iloln is around 3

aberration anounts are sim
It ly bens,desqgr.i b T el dth

W Rt (T L0 2B e AL S TS il PRsfsyy Whigs BFe

I .. Agcerdi ngly,.the good perfarmance central l
algwabld B5Pach T Reveif Sl Red Titias, ;GRofhedormasce of -

aberragtion that s stil|] within a range from1.8 to_ 6
ougvmlé{t ﬁ@gﬂ@_ns includes spherical aberration’in the amount of 1.8 to 6
wavelengths, while the higher order spherical aberration is largely

insignificant. The multifocal lens designed this way will have an extended

depth of field from 6 to 10 times that of a conventional ideal lens.

[0066] Another example of our multifocal lens has the same parameter
values as above, but with §R/R=0.5 to illustrate the effectiveness of a
central obscuration 26. The phase delay for the different terms is shown

in the following Table I1.

Table |l
(r/R)? (r/R)? (r/R)E (r/R)E (r/R)0
B lens | 6734.06 -52.11 0.36 negligible | negligible
system
Ideal lens | 6702.07 -26.35 0.21 negligible | negligible
B phase|32.99 -25.76 0.15 negligible | negligible
late
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[0068] From the above description, it is apparent that
the nmultifocal lens having an effective third order
spherical aberration in the range of 1.8 to 6

wavel engt hs, can increase the depth of field six to
ten times over that of a conventional lens. This
conclusion pertains to any reasonabl e amunt of

oBE7L AYFREGH 14 B S ORTRNRE, P ok e
4 F5RGE TS S R R TR BT hen,

to the |ncrease of depth of field, but has the
the phasedhelay differgnery contidbptrd fram siherical @bestatibe between
focus range. For the second order term we generally
thpiedgeaof theibeninandwhy ddgd of hbeadeantraitotoscuiat Bloek is: 25.76-
i nner edge of aperture 28 and the aberration Wat the

{2963 (5RYB2} oL 1 9 FadiafBS CTH @4, Gy eﬁ@cﬁ@é’?hﬁﬂr@)ﬂd@r aberration
values to facilitate the phase plate or [ens

anfcﬂhﬁﬂscg@ Q'FmIérnfoFEt_IB‘&l"F?r?eef Ih%gzerr‘ﬂf&eﬂﬁ{lﬂ#on%gﬁggggﬁa&‘eplbed by

IS use a coe

T AT TR R R G B il

different ways that .these controlled aberrations can
Acpardi ”rginr éPeE! Rerfermpacagantidbiabs eergchmulsifacal lens has

arrangemants e.g., Petzval I|ens or Cooke |ens. For
anaffestiva thigd iasder abesragioretbat is stilpyichinay rasgedrom 1.8 to 6

fabricate the aberration part of the nmultifocal |ens
waaslarngthshase plate 24, which can be attached to t he

aperture 28 of the lens arrangenent. This nethod is

nost effective if the aperture 28 of the |l ens

[0@88Rhngaoenthe bovet Sésteipdien) asSt dppirent QHEtnihéleﬁl"t‘ﬁocal fens
i mge plane (I11) side. [00711 Another nethod of

havid &h i F A5bA | hBet :
aabg?aﬁfgénalﬁq?l @@rﬂgngbdggl:canth 'ﬁﬁgﬁjﬂ{ glri@tr%h‘gg of 1.8t0 6

waBERIMgths3¢an Pcrease the depth of field six to ten times over that of a

conventional lens. This conclusion pertains to any reasonable amount of

central obscuration and also is independent of the wavelength of

illumination, focal length and best focus object distance.

[0069] The second order term, i.e. (r/R)? of the series expansion, is not
relevant to the increase of depth of field, but has the function of changing
the position of center of the focus range. For the second order term, we
generally pick a value in a way that the aberration W at the inner edge of
aperture 28 and the aberration W at the outer edge of central obscuration
26 have similar values to facilitate the phase plate or lens fabrication. In

the case that no central obscuration is used, i.e., 5R=0, a coefficient of the
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nodi fying a surface parameter of the logarithmc
asphere 34, the overall phase delay function can
still include the ideal lens part and the aberration
part. This nethod has the advantage that no actua

| ens element is needed. e.g., the flipover of the
wel | - known | ens arrangenent introduces |arge anount

B j.Gal e j [ I th

seEbnaiEler QrnPRtcIBH s fof fné Abelitfun i Audhereifas of

enpodi pent _are that it contains good angul ar
aplegg%euﬁd%z%owell as good col or correction. The

desi red anount of spherical aberration can al so be

g'zéﬁri Hted armgfg multiple |l ens el ements of the
[0Q401 gnThere,ars giffagant ways ghat thesentontrglled|auerzptians can be
. substantially distance-invariant inpulse response is
incofpnrated intothaewellekovsvry imagimpderss Banange mehesded., Petzval

dept hs of focus. A predeterm ned amount of spheri cal

lermder Gdolanlersn Per aaakittingriedycaran @it €a simple way is to
di stance-invariant inpul se response for effective

falpAcAQ fRNEBehQtidbn Wi ' Clghkr
¢aobscur at i on? In tnhgaftggf% W'?@%E:ﬂ Igﬁga% t%epf’ihgaﬁ]plate 24,

W@E@%t" BE FRIH, ioc}_gci tl’?‘é’gbﬁ?ttlj B §3F tggﬁﬁg%ga%?g%éggfe&%tl JThis

e
3~ Waves. wever, tairly goo

taj ned for heri.cal aberration.in the range from
méthe o e RASTnEE eI B goud I afrddBerent I
range fO[ a di stance-invariant inpulse response. O
outgjde Hielasiyens glemeat pt she derags plsec(l) Bidehe
simlarity of side |obes; and 3) the energy |eaked to
side |l obes. Figures 4A to 4F show the correspondi ng

[004pLil sAnotherpmesbed rafr maltifocal den$ rertizatipndy 3p imberporate
above di scussions apply also to the case of the y-type
the aperiation intaspietens designhef vhe Yemarithgnid atwhere 34. By
asphere, the coefficients of the power series for
molifipimgea Sugfitebpdradh€tedtdreiid Ryavithihidl as phd re3 & Sthe overall
phase delay function can still include the ideal lens part and the aberration
part. This method has the advantage that no actual lens element is
needed. e.g., the flipover of the well-known lens arrangement introduces
large amount of spherical aberration, which could be used as the starting
design point. Two important features of this embodiment are that it
contains good angular resolution as well as good color correction. The

desired amount of spherical aberration can also be distributed among

multiple lens elements of the design to proved more design flexibility.

[0072] A substantially distance-invariant impulse response is important
to the recovery of images having extended depths of focus. A

predetermined amount of spherical aberration can be used to produce a
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shown bel ow by way of exanple. [0074] For the y-type
| ogarithm c asphere, the sane design paraneters can
be used including: so=1 500nm s, =1400nm s2=1615nm
t=62. 5nrm R=8mm Ao0=0.5pm and SR=0. From Equati ons
(4) (7), and (8), a power series expansion of the

ase .del ays e logarithmc here o
mpBRs B tacF Ly Rad e Be 13B0nsC dor effiatvepedraance both
HI MMeHI&HQO(H®4(H®6(H®8(H® O
with andpwithoss centpsl @bsaunasign. glrbtie derg Mithhi6&R=G.bs aem
| deal lens 6702.07 -26.35 0.21 negligible negligible
optipbas amagnt6f spheoical @berratieyhagibden feghd gotbe about 3
plate 27 [0075] As another exanple of the nultifoca

wdvarss, Hoaklver, fifly dosddmage idtoveayes @&'téllﬁﬁ@defor\/ﬁ'sbﬁéncal

as above, but with SR/R-O|5t0|IIustrate h
e
ab‘(:égf]ﬁ‘?%h X@Qﬁg?gﬁbeaﬁéﬁﬂqrS‘Ito(@rWzﬂ%@‘ 9511112%? 3-51 t;?(%F the
AN 4 T AT e o i

i ble _y phase -

i I
th%égﬁgﬁ <8 C%nlvtgg & gf)ghggigm'garﬁb'@f ydstlebes; and 3) the energy
leaked to side lobes. Figures 4A to 4F show the corresponding impulse

responses for a lens with 5R=0.

[0073] The above discussions apply also to the case of the y-type
logarithmic asphere. For the y-type logarithmic asphere, the coefficients
of the power series for Wchange signs but are otherwise similar, which is

shown below by way of example.

[0074] For the y~type logarithmic asphere, the same design parameters
can be used including: so=1500mm, s;=1400mm, s2=1615mm,
t=62.5mm, R=8mm, Ap=0.5um, and 8R=0. From Equations (4), (7), and
(8), a power series expansion of the phase delays of a y-type logarithmic

asphere or a logarithmic phase plate is found as shown in Table IlI.

Table il
(r/RR (r/R}? (r/R)5 (r/R)8 (r/R)19
y lens | 6682.92 -7.05 0.10 negligible | negligible
system
Ideal lens | 6702.07 -26.35 0.21 negligible | negligible
y phase|-19.15 19.30 - 0.11 negligible | negligible
plate
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[0076] A difference between the 6 -type and y-type
phase plates is the sign change for the second and
fourth order ternms. The fourth order term which
corresponds to third order spherical aberration is
positive for the y- type lens and negative for the 8
-type lens. However, the absolute val ues of the
corresponding third order spherical aberration terns
are simlar for the sane design range. [0077] To
.denonstrate the performance of the y-type |lens, Figs.
[0GASEF Asiappther exapgiletoftheean | fifoxdlilens, TablediVi fsehaséd on
anmounts of third order spherical aberration in units

thekadphramet@ovdluestdsoabavd bat G8tH BR/R=005 abl iALisOfate the
of 5R/R=0.5. Figs. 6A-6F depict the point-spread

effefick he8s$ of fa0ke itk A ff 6 & radidht B6S %ﬁ Bt %sru\%t ?%r‘i“r%)ge compared to

spherical aberration in units of

ent scuration. It is apparent that the w dth of
th%h@ -E%ilﬂﬁﬂlPQS spread function changes fromsmall to

large with the object is farther away, which

contrasts with the results of the 6 -type lens. From

the Figs. 5 and 6, it isTapangnt that the effective

1 e and ARG onc| (LN hotdl BKe. - anplIRE post {00

=4

yfor larse §67QrES5 | eps.5hd negdt0.0g for theedligibiee| negligible
S)J.s?&'?r As| a further|conparison between |ens Types| it

& + + i
AnAarlan f1 $ 3\ pr oA des he d | \ng

—S—apparefit t+Hhat—t+he—H P
Ideakteanscel @202 france26wd5 | e te2}-t ype | sedlyibied| weghigible

th sle- 4 | St apgeggare nor, ritical. [ 0078] . .
Y Bads S%n t%%‘oséljm' I a?st?}gof t he qe'r\%ul se r%%@g?]'g’ig hgpligible
plate rande of objeft distancgs, e.g., s, to S2,

digital processing of the internediate 1nmge 30 can

be used to sharpen the inages of object points

t? oughout the depth of field. One nmethod of inage
0970 diffekes aecleinieemhe fréyre and y-type phase plates is the

sign change for the second and fourth order terms. The fourth order term,
which corresponds to third order spherical aberration is positive for the y-
type lens and negative for the S-type lens. However, the absolute values

of the corresponding third order spherical aberration terms are similar for

the same design range.

[0077] To demonstrate the performance of the y-type lens, Figs. SA-5F
depict the point spread functions for different amounts of third order
spherical aberration in units of O.P.D. in combination with a central
obscuration of 6R/R=0.5. Figs. 6A-6F depict the point-spread functions
for different amounts of third order spherical aberration in units of O.P.D

with no central obscuration. It is apparent that the width of the point
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filter, such as the Weiner-Helstrominverse filter.
Alternatively, a maximumentropy al gorithm can be
programmed into the digital processing subsystem and
a preferred approach to the application of this
al gorithmfor image recovery is set forth below
[0079] For the known, neasured, noisy inmage d, point
spread function h, and standard deviation o 1 of
Snﬁsaégugiclﬁiqn shangescEorasraall Aadargemitin tejokject s, fastieer
can wite the followng relation: d=h**f+0 (9) in
awy, omhidiecenirss ts withetheske Uity of sha Apgpe déns. From the Figs. 5
convol ution. For an estimate of the object'f, we

argt 61 it s iﬂspmm&hutrﬂﬁie ebfer¢ivel apwcantﬂawt.aﬁqerﬁym the
to Fig. 29 S. The maxi num entropy criterion is to tind

rafge &St b@ﬁ%@er?fl S’%Ja?icé v&v%\’fé'lgng@_ézl %@E‘tﬁg %@%eirs. 5€smve for

const ral nt

b b HUE L -

e maxi mum entrop
gyerage of i mage % Lt 5€

Y"&Sﬂ lens, types, At e w-twpe provnyes a better long

distance performance, while the y-~type is favored when the close-in

distances are more critical.

[0078] Based on the similarity of the impulse responses over the range
of object distances, e.g., s1 to s, digital processing of the intermediate
image 30 can be used to sharpen the images of object points throughout
the depth of field. One method of image recovery involves use an inverse
filter, such as the Weiner-Helstrom inverse filter. Alternatively, a
maximum entropy algorithm can be programmed into the digital
processing subsystem, and a preferred approach to the application of this

algorithm for image recovery is set forth below.

[0079] For the known, measured, noisy image d, point spread function h,
and standard deviation o, of noise $in /it pixel of d, and unknown object

f, one can write the following relation:
d=h**f+3
(9)

in which the double asterisk (**) is a spatial convolution. For an estimate of

the object /, we start with an assumed object A% and iterate according to Fig.
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determi ning an estimte of object 20. A diagramof the
algorithmis shown in Fig. 5, where an unknown obj ect
is convolved with the actual point spread function of
the |l ens. Then, noise is added in the process of

i magi ng. Starting with the initial estimate of the
object, an image of this object is calculated by

copvol ving with the single point spread function.

SThERE MaXimY Ry eTHEePY &f IBHAN RGO K an éstimate efiobieggdwhich will
and the calculated blurred inmage is calculated. If

naduei nalizief & ugdkes the darsgeainstodft Cstigal |y than the noi se
in the experinment or the criterion of entropy
maxi m zation is not reached, the new estimation of
whereobj ect is generated until both noise constraint

and entropy maxim zation criterion are net, i.e.,
Equations (10) and (1, l)~arle satisfied. [00811 The
single point spread f %éﬂgﬁiﬁéé&*fﬁﬁmhe convol ution
can be calcul ated as an"“avéfage of the point spread
‘functions observed for the 300yifferent focal depths.
However, i ndividual focal distang@s can be weighted
differently to adjust §fe sifdlne—fpoinl) spread function
for favoring certain objeé¢t distamces over others for
conpensating for other effec{gy) The single point

spread function could also be varied experinentally to
aghjeve desired results_for particyl ar applications or
aBfckren Ts HODAORE PUBSE AT PreeBinahe MRoSaRdestr tatheAverage of
.of object is calculated from the earlier estinmation
I"TB98edi ng three (or four) direction-images with
appropriate coefficients. i.e., f(n+l) = f(n) +CSf = f
(n) +xe tt (12)

[0080] The maximum entropy algorithm is an iterative approach to

determining an estimate of object 20. A diagram of the algorithm is
shown in Fig. 5, where an unknown object is convolved with the actual
point spread function of the lens. Then, noise is added in the process of
imaging. Starting with the initial estimate of the object, an image of this
object is calculated by convolving with the single point spread function.
Then, a difference between the measured blurred image and the calculated
blurred image is calculated. If the difference is larger statistically than the
noise in the experiment or the criterion of entropy maximization is not
reached, the new estimation of the object is generated until both noise
constraint and entropy maximization criterion are met, i.e., Equations (10)

and (11) are satisfied.

[0081] The single point spread function used in the convolution can be
calculated as an average of the point spread functions observed for the
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where fn+l) is the (n+l)th estimation of object, fn)
is the earlier nth estimation, and ei is the ith
direction-image. [0083] Thus, two key steps of the
algorithmare: i) Wat direction-inmges e; should be
used. ii) How to calculate the correspondi ng
coefficients xi of the direction imges. [0084] A new
metric paraneter Yis introduced as a first step to
dtferentniocg! diepths r ddowever, inddddeal fate diatammisecan be
Yadj usts the pixel values of direction-inmages derived

waighted déffprastyend adpistothe Jitgle RRSiABHeEad FAREASN for favoring
fromO to 1, although r> 1 is still possible. Wen

Bi@in PAjérEdR al r In3 ati®i g oS
t he Ilrélr g(Jar pi f(ggah\%%il Sgg?ibﬁhg%hgo i mage, réﬁgﬁgggo\g %I’Le?eeffects.

I
Jhectipele pBinCEbAdd Ruktriay SoB1d 8¥a BE vaPied ﬁafmad tatly to
85] Ln.th . Tayl [ S C
PERIEe 451K pE868E ol PPy Br iRl Gp seenescond
order terns. Hence, the quadratic approximation

@g%]s Sr% and Ct are established. The quadratic nodels
85 y FceaGh Hegatinp, L oevapsdmation of ahjpehis calculated from

rocess because these quadratic equations are nuch
earlieroesiémagiamby addingrihgeedbr mout) dizactiorgirahgesswith

in Equations (10) and (11). The diagram of how to find

approprifte eséffidents iof., t he object is shown in Fig. 8.

[0086] In order to st_u_g_y the opti num val ue of netric

paranmeter Y, an extended &b basn de of the

ef fect of varying thjg par rre%gy Y?&Tbrrl "%}afferent

pi ctures of varying histogr anz asre used i ncl udi ng:

bi nary scene, zebra, and tig }2) Each of these

pi ctures has 256x256 pixels with

where f7+1)is the (n+1)* estimation of object, 7 is the earlier nt

estimation, and e; is the / direction-image.

[0083] Thus, two key steps of the algorithm are:
i) What direction-images e; should be used.
i) How to calculate the corresponding coefficients x; of the direction

images.

[0084] A new metric parameter Yis introduced as a first step to
determining the direction-images ei. The parameter Y adjusts the pixel
values of direction-images derived from a steep ascent method. The
parameter Y'ranges from O to 1, although Y>1 is still possible. When this
parameter is larger, more emphasis is given to the larger pixel values in
the image, and also there exists more deviation of the direction images e,

from direction images derived steepest ascent method.
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t he maxi mum pi xel val ue scaled to 255. Each picture is
blurred using 15 nornmalized i npul se responses wth

t he maxi mum bl ur consisting of a 5x5 matrix with 15
non-zero val ues and 10 zeros in the outer regions.
Gaussi an noise is added wth a standard devi ation ar
ranging from0.2 to 1.8 in 9 steps. The netric

par anmet er YIS given 21 values ranging from0.0 to 1

. [008%ncdn the sewand stamuaylosiexpaasianssof Sarel & relative to
about 8,000 cases. It i's convenient to use an

evdrabiesedbae palicafatedrup 06 detenauoiRfir @irmd.t Hepkk Ofife quadratic
which is defined by Lcr/D, where L is the number of

|@@;@ﬁ)i|ﬁﬁatléﬁ%?ﬁéls’@”éﬁd‘tﬂoa‘? &Shﬁggﬁéd O"Tﬁeoquer\]%r%lc models

converge, O-1S noi se stan evi ation

tﬁ@é’"ﬂﬁ{'“%e“ ARt mialyt)Eatiof ikess YRERURE these

[i,c convergence paraﬁfter The tartln I mages | .
t‘ﬂ]%a%\fag‘b‘r FﬂH?r&QPé i yc %ﬁﬁ?é&%@ Ehan Eke @riginal nonlinear
pi xel val yes equal to the nean of the bl urred i nmages.
TeRUALQRS AR hadatingnui Mandhél phr Bhedéagrane of how ¢o find the next
expl ai ned as follows. [0087] For the conputer
s¢stimatiomof the objetteis sifowndpsFig. 8or the maxi mum
entropy recovery is linearly proportional to the area
of the point spread function, D, or qualitatively

plOS&E]t | dmadrdieo tohstudguareasss murh vdige dfl metridpara@eRer 7, an
nunber is also approximately inversely proportional to

tédere neflednshidy Hﬁylb%fe'nor'?la@lfe bhend@FRRt of ggi%gtr{:é’ pbafameter Y.

wi de variety of pictorial content, it is ent rom
9 t 4
B S Sl 1B, Ak feing: binary
5 sbre) gnﬁ&ﬁ@"9°Eééh“?£‘49§§fe.°e‘i£%:erre?%b“ skgrsaraels with
t ther 0.4 or th zepra)._ Another feature
nﬁmmugpemyegﬁg sgaled 3@ ¢he. Each picture is blurred using 15

normalized impulse responses with the maximum blur consisting of a 5x5
matrix with 15 non-zero values and 10 zeros in the outer regions.
Gaussian noise is added with a standard deviation o ranging from 0.2 to
1.8 in 9 steps. The metric parameter Yis given 21 values ranging from 0.0
to 1.0. Hence, in these computer simulations there are about 8,000 cases.
It is convenient to use an effectiveness parameter for the number of
iterations, which is defined by Lo/D, where L is the number of loops for
the maximum entropy calculation to converge, ois the noise standard
deviation, and Dis the number of non-zero pixel in the blurring function.
In Fig. 9, we show a plot of Lo/Dvs. Y, where Yis the metric convergence

parameter. The starting images in the algorithm are uniformly gray
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curves is that when the netric Yis equal to or close
to 1, there is a chance that the algorithmcan fai
due to stagnation. By the experinent, the recomended
val ue of the netric paraneter is fromO0.2 to 0.6 and
nore preferably from0.3 to 0.5. In summary, it is
clear that the use of the netric paraneter

oL R R A YRS AT SLLAR .

conver ran

S i d t b d with 0.3< Y<0,5. Thi
RSN et B el TR e el 3 il
as a netric paraneter - maxi mum entropy (MPME)

[ gorithm 0089] A nore rigorous mat hemati cal
ogeef ber Hie [épmmeteﬁéﬂmtﬂatlear shenembeaef leeperd: faphe
algorithmfollows within which control over the
mapeimiu o patrapyt recovenulid bseahly miopartional tonhergreanofcthe point
faster for a w de range of scenes. 33 [0090] Two

spopad Fuactons @) drngudlitatived) peopartio 8&lf ik kBvéfess of the
followng for convenience: (ig) If f is a vector f =

bng.;.{ T(hfte_ @)@;d fu{Jt@}@(lg%ﬂwraqﬁar%guMa%e@qme&eélg%gp%t%fﬁgaﬁgl to the

i) If g are vector

ac‘r?ﬁ'?r. i ikl and g = [g;], thenf.x gis a
Stvec él?tlg\ﬂ}ﬁloﬁfgfg%%%)ﬁ%%@ defined as: (f.xg); e = fqgi
[0091] To find the solution of Ifk)according to the

[oggﬁﬁ gz%?kg%itg%g\ka{r?éty oF E)f}?gria?cgﬁ%gt%tcltsi ggpérs’en%effrgrr}legig. 9
that the choice ¥=0.4 provides a much faster convergence than Y=1. For
the method of steepest ascent, ¥Y=0, the algorithm does converge but it
takes 173 times as many loops for a fixed o/D as compared to the Y=0.4
case (for the zebra). Another feature not immediately apparent from the
curves is that when the metric Y'is equal to or close to 1, there is a chance
that the algorithm can fail due to stagnation. By the experiment, the
recommended value of the metric parameter is from 0.2 to 0.6 and more
preferably from 0.3 to 0.5. In summary, it is clear that the use of the
metric parameter Y guarantees the convergence and makes the algorithm
converge much faster for a wide range of scenes. Stagnation is not
observed with 0.3<¥<0.5. This new type of nonlinear digital processing is
referred to as a metric parameter - maximum entropy (MPME) algorithm.
[0089] A more rigorous mathematical description of the metric
parameter -maximum entropy algorithm follows within which control over
the metric parameter Yenables the algorithm converge much faster for a

wide range of scenes.
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where is Ais a Lagrange nultiplier constant. Now the

probl em becones to maxim ze Q under the constraint C

= Caim Since Qis a function of n variables, where n

is the nunber of pixels in the imge, which is usually

very large, an iterative nunerical nmethod can be used

to find the solution. In each iteration, the standard

is f t I : [ [ .
0080, 1, VB bR P I 3FB0O L AEFHAEIR AR otonn
nd the step | ength along these directions. [0092]

foﬁ?ﬁﬁ%ﬂUFEé of directional images is inportant in

deternining the copvergence and speed of the

digor ilf ks & vaghar ot seplestthascEAtisnetMesdor wikk iseforpponents

direction for maximzing Qis VQ But in order to

adj ustdefirned @ei ght of different plxel val ues f;, the

direction can be nodified to be ed = f-Y. xVQ 34 (14)

[0093] In the above equa{ifdn,=if nem1netr|c par anet er

y inproves t he speed and rell bi'lity of the netric

a[amg mJ orlthm For j

386 urt 1Ay & SkovegP %rﬂ?“fﬁeh P& Iensiol, 45 teand g = (o
Wil | gvelarger wa >O|s chosen to |let the

al gor iR agh daanvedt F?é iehi eEPMRgENtpidefinedpse

faster. Generally, y is,chosep fromO to 1. Weny =

0, eA becones the sear ch/ digletd /@0 for the st eepest

ascent nmethod. When y = 1, eA becones the search

direction used by Burch et al. 1in a paper entitled

[009 TRgeTa éisidotiad bolution af phyRctotdingdotthe eagramye multiplier
met hod, " Conput. Visions G aph. Inmage Process. 23,

me]tﬁ%dl%sné\ﬂd%%)ctlon"\ﬁ' &&fihéd h]r eby incorporated by

reference. Neither the steepéest ascent method nor the
met hod of Burch et al. ingarpongte the nmetric
par aneter y

(13)

where is A is a Lagrange multiplier constant. Now the problem becomes to
maximize Qunder the constraint C = Giim. Since Qs a function of n
variables, where 7 is the number of pixels in the image, which is usually
very large, an iterative numerical method can be used to find the solution.
In each iteration, the standard way is first to determine the search
directions in which the solution is estimated to lie and then to find the

step-length along these directions.

[0092] The choice of directional images is important in determining the
convergence and speed of the algorithm. In the steepest ascent method,
the search direction for maximizing Qis VQ. But in order to adjust the

weight of different pixel values fi, the direction can be modified to be:
e, = f7.xVQ |
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, Which provides a new mat hemati cal construction that
can be mani pulated to increase the speed of
convergence and avoid stagnation. [0094] At the
maxi mum point Q we have: V@O (15) [0095] This
implies VQ VQ needs to be m nimzed, too. Accordingly,
the next search direction should be % V(VQ VQ, or
WQ VQ Here 17VQis the drﬁ@’sc gradi ent whose
conmponent is defined as fol aZ (VWQu —af af, Q
0096] Again, in order to enphasi ze the bi gger pi xel
[0QR3]uedn theeabare eatAbRN, Shensiev FRet FicoPBEAMSte oy Improves the
frr.ox[WQ (f.r.xVQ] (16) [0097] Substitution of
sp&edianidorel(abiliyy oht emeﬂam paarheldr amiaxiréyny eatupy
the followng: e,, =f'r.xVS-Af-r.xVC eB

algorf@imr Hor\hdde debViirlng i bhbtcs%ké'fﬁh‘(ftﬂe birget pixel values
f-Y. Xx[WS-(f'".xv9)]- Af Y. X[WS(f'r.xvQ]. (17)

w1||i Waeaha@éewm tseyabey g enegéﬁ&bq@t the ngemﬁﬁ\a&pproach

he two dlrectlons actually are |linear conbi nations

th@aegﬂga JAFSEE LRI AL b dtef 28R 452 8 cnBSed RO Go 1.

earc ons

When y = 0, e4 becomes the search direction for the steepest ascent
method. When y = 7, e4 becomes the search direction used by Burch et al.
in a paper entitled “/mage restoration by a powerful maximum entropy
method,” Comput. Visions Graph. Image Process. 23, 113-128 (1983),
which is hereby incorporéted by reference. Neither the steepest ascent
method nor the method of Burch et al. incorporate the metric parameter y
, which provides a new mathematical construction that can be manipulated

to increase the speed of convergence and avoid stagnation.

[0094] At the maximum point Q, we have:
VO =0
(15)

[0095] This implies VQ- VQ needs to be minimized, too. Accordingly,
the next search direction should be 2 V(VQ- V@), or VVQ- VQ. Here

VVQis the dyadic gradient whose component is defined as follows:
62
or.of;

(VVQ); = Q

[0096] Again, in order to emphasize the bigger pixel values, the

direction is modified to be:
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e2 = f-r.xvC e3 = flr.x{]WC. (f.Y.xVQ)] ed4 =f

r.x[vwwGC (f-r.xvS)] e5 =1 X[WS-(f-Y.xVS)] e6 =f
r.x[vvsS-(f-Y.xvQ]. (18) [0099]. From Equations (10)
and (11), we have: (VS); -ln < f (vvs);; 1 _ --sU,
f (19) and 36 2 (VO 1=1: 1: 2 (Hkjfj -dk)Hki k=1 j=1
6k (WO U _ 1 2 Hkj Hki . k 1 6k (20) [00100]

Substitution of Equat] 615,2% : into (18)

yi el ds the conpon%ﬁt ?ng?gﬁﬂl rection as
foll ows: (el )1—-f|ylnf(1‘6)> {-~ 2 (e2)i =fr 2
(Hkjfj -dk)Hki k=l j=1 k

[0097] Substitution of Equation (13) into Equations (14) and (16) yields
the following:

e,=f7.xVS=Af7.xVC

ey = A7 X[ VVC-(f7xVC)]- a7 x[VVC-(f7 xVS)]

+f7 X[ VVS-(f7xVS) |- a1 X[ VVS-(£7.xVC)].
17)

[0098] Observing the above expression, we know that the two directions
actually are linear combinations of many directions, which can be treated

as separate search directions, viz.,

'el = f7.xVS

(18)

[0099] From Equations (10) and (11), we have:

(VVS), = -6,

(19)

and
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(ed)i =/,Yf.Y 4 2 (HKj fj -dk)Hk. HiHmj=1 k=1 1=1
mel Ok 01 _ -f {{Yit nf{'JY2f] (ed )i ~j U2H
In<J> j-1k=2{ kJi (es) ={"2Y-1 Inj <f >
2Y-1 2 (e6)i =-f 2 (HkIfj-dk)Hki k=1 j=1 k (21)
[00101] In the algorithm es and e6 can be disregarded
as search directions because when y = 0.5 they
deconpose to el and ez, sgectlvel and al so when y
< 0.5, for small ﬁVﬁ%l—éﬁEﬁes*(ﬁhéy‘ i nvol ve

di vidi ng by snmal | nunbeféf‘ﬁhlch can cause numeri ca

accuracy proble cor e,, €2, e.g, and e4
are chosen as fo KV§§§ uﬁi kons. [00102] To
sinplify the algorithm tfirée search directions are

enough for this probl em wg®an pick e,, e2, and e3
or we can pick e, and e4,- Xe3, as another

[oo@;@ga%u@fvsvfaada;h&m%ﬁsaﬁL?fena%g@??@oa 18, 208 e

better onstant ch sen by Equat i ons
comf@p%agﬁfa&ﬁ sqarsﬁ 3'Ae¢téor§,.a\$ ?
L
(el),'— f; 1n<f>

f’iz S (Hyf, ~doH,

kljl

frZZZZfr (ng'./:j_dlc)anHliHlm

J=l k=t I=l m=]

— y 5
= f';;;;j' —5 HH,In—— <>
_ 2y-1 f;

(es)i _-f; 1n<f>

L%-_ﬂH;; 7 (Hyf; —d)Hy.
(27)

[00101] In the algorithm, es and es can be disregarded as search

directions because when y = 0.5 they decompose to e; and ez,

respectively; and also when y < 0.5, for small pixel values, they both

involve dividing by small numbers, which can cause numerical accuracy

problems. Accordingly, e;, ez, e3 and e are chosen as four search

directions.

[00102] To simplify the algorithm, three search directions are enough
for this problem, we can pick ey, ez and ez or we can pick e;, e; and ey -

Aes, as another choice. The algorithm converges at about the same speed,
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naSz 1/2 afi fr(aCz of (22) [00103] In either
case, three directions can be witten as e,, e2, and
e3 for sinplicity. In the calculation of search
directions, it is apparent that that the directions
e2 and e3 are basically the convolutions related to
the real point spread function, h, and object, f,

dj.mensi Care needs

arBBLER R IBRER it & IR PUERPERT A [ R eagant cRosen by

shift 05) % %38[“0 shjft after the convol ution
Eaygtipgsi(da) apBodod) I8t is 9Medeb¥ear ch directions are

calculated for the current iteratjon (n), the next

task is to find an esti S;Hn( .the object for the

next iteration ffn+, >, elned as: f(n+l) =

f(n) + (5f (23) vvher’e‘ hange of image for

the current iteration. | zg” )’ned as |inear
conbi nations of search dif@cti®ns,] with their
coefficients to be determ i.e., S U

=X, e, +x, ez+x3e3 (24) [0010 Sl nce Sand Care

functions of fthat vary in a conplicated way, a
[00W9Bbrineipherstane, dhned ditestivnsocarabeunvtitien agiay, ahndses for
- as a function of the 38
simplicity. In the calculation of search directions, it is apparent that that
the directions ez and e; are basically the convolutions related to the real
point spread function, A, and object, £, before being shaped to one
dimension. Care needs to be taken to make certain that there is not pixel

shift or image position shift after the convolution operation.

[00104] After three search directions are calculated for the current
iteration (n), the next task is to find an estimation of the object for the

next iteration f7+7), which is defined as:

f(n+l) — f(") +5f
(23)

where 6fis the change of image for the current iteration. It is defined as

linear combinations of search directions, with their coefficients to be

determined, i.e.,

Of =xe +x,e,+ x5,

(24)

[00105] Since Sand Care functions of fthat vary in a complicated way, a

Taylor expansion can be used to calculate their values as a function of the
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search directions. Retaining up to the quadratic

terms, Sr and C&r can be witten as follows: S,

=S(f("l)+VvsS 8f +28f WS8f (25) C,

=C(f (")) +VCst +28f WCBf (26) [00106] Substitution of
..Equation (24) into Equations (25) and (26) yield the

follow ng expressions witten in matrix form

PSSty i e o e rcon o

g ﬂ s follows: So =S(fcn)) Co = C(f") X =[x, x2

wri te"]?s ﬁ%‘é VSe2 VS-e.] e, WSe, e, WSe2 e, WSe,
B=- e2. WSe, e2WSe2 e2. WSe, WSe, e, WSe2 e,
WSe, M[VCe, YGeB(MCyeNS & f Vi@? ‘evsvcs]Cez e, WCe,
N= e2 WCe, e2 WCe? e2 WCe, & WCe2 e,

WCe, (25)
C,=C(f("’)+VC-5f+%5f-VVC-5f

(26)

[00106] Substitution of Equation (24) into Equations (25) and (26) yield

the following expressions written in matrix form,

S,=S0+AX~%XTBX

(27)
C,=C,+MX + %X’NX.

(28)

[00107] In Equations (27) and (28), the notation is defined as follows:

Sy =8
C,=C(S")
X=[x x x,]r
A=[VS-e, VS-e, VS-e,]
e-VVS.e ¢:-VVS.-e, ¢-VVS-e
B=—{22-VVS-el e,-VVS.e, ez-VVS-e,}
e,-VVS-¢ ¢€,-VVS.e, ¢-VVS.g
=[VC-e VC-e, VC-e]
{e,-VVC-e, e -VVC-e, e,-VVC-e3:|
N=|e,-VVC.¢ €,:VVC-e, ¢-VVC-e
e,-VVC-e € -VVC-e, ¢ -VVC-¢

(29)
where [-]T denotes the transpose of matrix. Matrices A, 8 M, and N can be

calculated from Equations (20) and (21).
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(29) where[ ... ]Tdenotes the transpose of matri X.
Matrices A, B, M and Ncan be calculated from
Equations (20) and (21). 39 [00108] Equations (27) and
(28) can be sinplified by introducing new variables
to diagonalize Band N. First, the rotation matrix Ris

f_oyndto di agonal i ze the matrix B, i.e., RBRT .
(o0 o agates (3r) ang 2y A RE sfyifinad b/ PRI apw

as, follows: YsRX (31 [00110], Substitution of .
varighles o, ARG o3Iz 4 qhy.1 FiFsteeatataHo N ATl s fowpd to
. yield the foll ow ng expressions: S, =So+ARTY_ 2 |
diagpngize-the mayrix 588), C, =Co+MR Ty + | YTRNRTY 2

(33) [001111 Sore ei genval ues of B may be very small,

and this is di scussedBf =dha(kokisN ng two cases.

Case i) Assune that none of 6%A2 and A3 is snmall.

[001121 W& introduce Z, suCRfhat: Z = diag(g, 9, J )Y

where diag(--) denotes the diagonal matrix.

[00109] A new variable Y is defined as follows:

Y=RX
31

[00110] Substitution of Equations (31) and (30) into Equations (27) and
(28) yield the following expressions:
S, =85, +ARTY—%YTdiag(/11,A2,},J)Y

(32)

C,=C,+MR™Y + %YTRNRTY

(33)
[00111] Some eigenvalues of 8 may be very small, and this is discussed in

the following two cases.
Case i) Assume that none of A;,Az, and Az is small.

[00112] We introduce Z, such that:

Z = diag(\J A ,\A ,JA)Y

(34)

[00113] Substituting Equation (34) into equations (32) and (33), yields:
1 1 I
=TT
(35)
40

S, =8, + AR" diag( )Z—%ZTZ



(34) [001131 Substituting Equation (34) into
equations (32) and (33), yields: S, =So+ART diag()Z- 1
ZTZ 2 (35) 40 C, =Ca+MRT diag( 1 11- 1 )zZ+ 1ZTPZ
(36) where: P =diag(, , ~)RNRT diag( L, , 1)
[001141 A second rotational matrix Vis introduced to
di agonalize P, i.e., VPVT di ag(,u, , P2, u3)
(37) and als U=vz1 (38) [QO 151 Then,
substitution F‘%qhg{ﬁ‘)] m d@é Kt 8ZEquat i ons
(35) and (36) yield the fo m pres ions: S, =So+
ART diag( )VTU 1UTU (39) €3 (c) Co +MRT diag( 1 1 1
)VTU+ 2 UT diag(,u,, F (40) F 0116] Conbi ni ng

uatlons (31), (34), and (38), yields the identity:
whgté CRTdiag( 1 , 1, )VTU

AT T

[00114] A second rotational matrix Vis introduced to diagonalize P, i.e.,

P =diag( YRNRT diag(

VPV =diag(u, iy, 11;)
(37)

and also define U as:

U=vz
(38)

[00115] Then, substitution of Equations (37) and (38) into Equations (35)

and (36) yield the following expressions:

S, =S, + AR diag( TU——UTU
AT
(39)
C, =C,+MR" diag( TU+ U diag(y,, U.
\/— \/— \/— 8(#hs s 13)
(40)

[00116] Combining Equations (31), (34), and (38), yields the identity:

X =R diag(——=

J_J_J—

(41)

Case ii) Assume A3 is small relative to A\ and A..

[00117] in this case, A3 = 0, y3 = Oin Equation (31), and also:
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FA3 (41) Case ii) Assune X3 is small relative to X
and X2. [001171 In this case, A3 0, y3 = 0 in Equation
(31), and also: 41 zZ1 00yl Z2=09g0Y22z3=000
0 y3 =0 (42) [001181 Then, Equations (32) and (33)
beconme: S, =So+ART diag( 10)z- 1 ZTZz ,X 2 (43) C,
=Co+MRT diag( 11, ,0)Z+ 1 ZTPZ V‘h g 2 (44) where:
P=diag( 11, ORN\R 39 1191 A second
rotation matrix M sZintrlodiced,_ sugh Yh P, 00 VPVT
=0 flz 00 0 /23=0z (k) Owheyl VO] \i2 0

z=0 [ 0 0 0fy=0
(42)
[00118] Then, Equations (32) and (33) become:

S =S, + AR diag(~——,——,0)Z - —ZTZ

N

(43)

e

(44)

1

C, =C,+ MR’ diag(—= O)Z+ Z'Pz,

where:

P = diag(——,—=,0)RNR" diag(—

T N

[00119] A second rotation matrix Vs introduced, such that

K 0 0
VPVT =l 0 4, 0

0 0 u=0

(45)

where

[00120] A new variable Uis defined as:

Uu=vz
(46)
then
1
S, =S,+AR" dlag( T O)VTU——UTU

(47)
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V =v21 v22 0 00 O [00120] A new variable Uis
defined as: U= VZ (46) then S, =So+ARTdiag( 1, 1

0) VTU-ZUTU (47) 42 C,_ =C +MRT diag( 0) VTU+ |

UTdi ag(p,,pz, 0)U TAl TT 2 (48) [001211 Conbi ni ng
Equati ons (31), (42), and (46),yields the identity: X

= RTdiag( =, ,0)VIU (49) [00122] The ot her case,

when two val L@SCOI 4 VAR, BIey can

treated in a siml gr \‘/?lg(Az g)ene7§{/ m?gp‘&f%‘lll oW ng

expressions of St and ?ﬁ& )ge witten for all cases

wth the quadratlc rmtrlces §gno|ized as follows: S

=So+ls,u, -'"'-lu,Z2 (50) C, =Co+Zcu + 1 Zpru;, 2
[00121] Comblnmg Equatlons (31), (42), and (46),yields the identity:

X = erlag(\/_ \/_ oWy
(49)

[00122] The other case, when two values of A;, Az, and As are small, can
be treated in a similar way. In general, the following expressions of S; and
Cr can be written for all cases with the quadratic matrices diagnolized as
follows:
S, =S+ su, —‘;‘Zl‘fz
(50
C =Co+Ycu +%Zy,.u,.2

(51)

[00123] The relation between wiand x; (i=1,2, 3ori=1, 2,ori=1)

can be found in the identities Equations (41) or (49).

[00124] Now the maximum entropy problem becomes one to maximize S;
in Equation (50) under the constraint of C; = Cam in Equation (51). G in
Equation (51) has minimum value of:
C. =C°_%Z%,
(52)
[00125] Clearly, Cmin could be larger than Cum . If this happens, then the
maximization of S under the constraint of G = Cam will not have any

solution. Accordingly, a new constraint is defined that can always be

reached as follows:

43



(51) [00123] The relation between ui and xi (i =1, 2,
ori =1, 2, or i =1) can be found in the
identities Equations (41) or (49). [00124] Now the
maxi mum ent ropy probl em beconmes one to maximze Sr in
Equation (50) under the constraint of & = Caimin
Equati on (51) Cr in Equati on (51) has m ni num val ue
of: Gz {5)_1[911 ]l early, Cnin
coul d be Iarger thaﬁ °f 3ths Mappens, then the
maxi m zation of S under the gggstrai nt of & =Caim
wi Il not have any soluti on cordingly, a new
constraint is defined that can al ways be reached as
[00 b2 6pviEhe L3g G ngo muitipdier3Rethod CinbCuséddd sdRd)the
[00126] The Lagrange nultiplier nmethod can be used to
madhvigatiba lnnmum@ﬁt(SOF‘anﬁ%tﬂIdlﬁg ﬁ(r"_P@\)v Vi able Qas follows:
i ntroduci ng a new vari abl e as fOl b 35,
C, (a > 0) (54 mher@g,SanresMs to the Qnave
variable at the left side of Equation (54), (a > 0)
guar antees that the soI uti ofP4ound will nmaximze the
ent r opy

where Qrcorresponds to the Q wave variable at the left side of Equation
(54), (a > 0)guarantees that the solution found will maximize the entropy

instead of minimizing it.

[00127] Substituting Equations (50) and (51) into (54), yields the values

of v;that maximize Q: as follows:

as, - ¢
Hra

(55)

u =

where « is determined by solving the following equation, which is derived
by the substitution of Equation (55) into Equation (51) and by the use of |
the constraint in Equation (53):

CO+ZC,%‘?—;ZC—’+-;—ZM(%_—;—’)2=EO (a>0)

(56)

[00128] After v is known, coefficients of x;, Xz, and x3 are found by
Equations (55) and (41) or (49), and the next assdmed object for the next
iteration can be calculated by Equations (23) and (24). At each iteration,

the negative values in the assumed object are reset to zero.
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instead of mnimzing it. [00127] Substituting
Equations (50) and (51) into (54), yields the val ues
of u; that maximze Q@ as follows: U, as, -c¢, ft,+a
(55) where xis deternined by solving the follomnng
equation, which is derived by the substitution of
Equation (55) into Equation (51) and by the use of

[Oéhfgfqﬁsé@ m:rétgoﬁqf‘ﬁtlé 36n$ ?%gftz[ O§€53§ Ehsflreldr whether
th%ﬁui@%% FeSIife n%%’gf%exﬂm et kg ﬁéi?éaé%ﬁgdor

| |
whEZhEF 725 8n 85 atkeparallel bi Calguting s feliowimaealte

negative values in the assungd nobject are reset to
zero. 44 [00129] At ea@h—Wf t he constraint
of C= Caimis satisfied G he entropy is
maxi m zed is checked by det&®ining if VQis zero, or
whet her VS and VCare parallel by calculating the

oq BT M BB Bl e = e “< 0. 1

[00131] There is a special case when coefficients of x;, x2, and x; are-
too large such thét the expressions in Equations (25) and (26) are not
accurate. The Burch et al. paper deals with this by introducing a distance
penalty parameter. However, if the starting estimation of the object is a
uniformly gray picture or the blurred picture, then this complexity can
generally be avoided. Only when the starting image is random should the
extra parameter be introduced in the algorithm but only through the first
several loops. A further description of the metric parameter = maximum
entropy algorithm is found in a paper authored by the co-inventors
entitled “Computational imaging with the logarithmic asphere: theory,” ).
Opt. Soc. Am. A/Vol. 20, No. 12, December 2003, which is hereby

incorporated by reference.

[00132] In addition to increasing the speed of convergence and avoiding
stagnation improved deblurring and image recovery are possible. The
metric parameter-maximum entropy algorithm or MPME algorithm
improves image quality by increasing the contrast of the recovered image.
Adjustments to the metric parameter y, pa.rticularly to within the range of

0.2 to 0.6 result in a modulation transfer function having a more
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[ 001311 There is a special case when coefficients of
Xi, Xz, and x3 are too |large such that the
expressions in Equations (25) and (26) are not
accurate. The Burch et at. paper deals with this by

i ntroduci ng a distance penalty paraneter. However, if
the starting estinmation of the object is a uniformy

rec8aAYURIrFor At WhichBrd¥etVé £8oREisYdF hibReP sHltf frequency
il SETOBRT prakl fran

conplexity can genhera be Iav0|
[ [ | S, [ XI.ra paramet er

coigBierty., JHRAEHs: TP ThEfHc pirateefy i ml@gfgewfﬁ:w on the

first seyeral |oops. A further descyription of the _
PO PLesh AR R a-Sp%%i‘%ﬁﬁ?" éﬂtﬁ‘g%joéﬁ Socillations apggpant in

in a paper authored by the co-inventors entitled .
the i¥ppMEsiatgianageradihefinat Rointdmages are el aserdonue: points

theory," J. Opt. Soc. Am A/ Vol. 20, No. 12, Decenber
witholle ahnohringinger Eiyappearangeraft gk bycillatievgeriags also

[00132] In addition to increasing the speed of

inceeasesy gemaasend avoi ding stagnation i npr oved
deblurring and inage recovery are possible. The
metric paraneter-maxi num entropy al gorithmor MPME

[00AI3BY MHaMPMP B RYSFtHABSRS VIS HhYit tiv@cér@ﬁl N oPSolution

contrast of the Tecovered inmage. Adj ust ntﬁ to the
[ t Loul: t ] rLange

mefbd sagileFistaring BfH, B fidde, Aretfifek it e et new
. function having.a nore 45 recta lar form whic ]
imag€ S Foutaln, ik atrombiton St efCioatibrges. | The metric

conponent s. _'T[he ffect of the netric paraneter y is
pargmaetes,y madifigs &ﬁedlrg@tilwalswagas fiamttheseagravided by

reduction in side |obe oscillations apparent in the
convengionalimaximomyentiny algoaithpos nwhileagesnailing theer

to true points wth little or no ringing. _
diré&itiamgpleian 2ges ob fthe ko nveeitidnal ialgoritmes & FtegeRtn &asRes of

contrast.
the metric parameter y. Preferably, a quadratic Taylor expansion is used
to calculate the values of the entropy S and the statistical noise constraint
C as functions of the search directions. The modified statistical noise

constraint assures an iterative solution of the new image estimate.

[00134] The metric parameter-maximum entropy algorithm (MPME) has
an important range of applications due to the "box-like" form of the
resulting overall modulation transfer function, as shown in Fig. 15. Hence,
at high spatial frequencies the contrast of any digital image will be higher
than is typical of the classical fall-off of photographic images. As is well
known, the incoherent image optical transfer function falls off in a
triangular-like manner as the spatial frequency ranges from zero to the

Nyquist limit, also known as the cutoff frequency. The MPME algorithm
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[00133] The MPME al gorithm provides an iterative

di gital deconvolution nethod capable of starting with
any inmage. An estinmate of the next new inmage can
contain a linear conbination of directional inages.
The nmetric parameter y nodifies the directiona

i mges fromthose provi ded by conventional maxi num

prcﬁﬁ&é@@.ﬁa@bépfdrﬁﬁﬁi; hYd |c6n"t|eé§‘?rtﬁdttpu@9 WHhARe tﬂb?@%tré ier

i mages of the conventional algorithns as I ntege

[ :
algeh A lahrovie sBihe FrmPb R dauthey B Zi%e sfigrpening,
vaI ue of t he ent ropy,.Sand atlstlcal noi se
thelB, &aier 00 BeliMis, ARPIBAERe g hefrEauepry dlaise asonell. For
The nodified statistical noise constraint assures an
examalgongesweh atgaithin comsistevel atye-dimemsienall KoK, fediowed
The netric paraneter-nmaxi num entropy al gorithm ( MPMVE)
by haagh -trrquepoy teamphasisgéolbdwadiy antinverssedET t Haowever, as is
"box-like" formof the resulting overall nodul ation

well larsd e tHasecéadier rﬂétfﬁddw\bflmoﬂ(ﬂng]é}npl‘ﬁ@?seor k¢ her
hi gh spatial frequencies the contrast of any digi

corit'r'@gteat’\‘tﬁé higheY §pftial frBa0ehsi %ﬂlfg?ﬁetri?ﬁ ﬁ'lﬁ%ﬁEQ%age

[ -of f of Pphot ographl C | mages.
er. function f
Ff°‘f$?**‘“f““%?€%ﬁ£ e AU AlaRBERL %, 5 A Rl b sucy
o (S HERE oA ok 01 Fifhenapd Bt Eaehin Tl no
provi des sharper, crisper, h contrast output. Wile

havehthig diawhagk. | Ehe MFM&ralgﬁﬁﬁﬂnharowm| sharpereongrast at the
of hi gh-frequency or edge sharpening, these earlier

highleg spat tadrd reqpd i digs withdiitghntueqraptificatioaeofathevabise.
For exanpl e one such al gorithmconsists of a

Thénefork, s iconatibirtes, td is| gumetal Ehtﬂbrlft?ﬂﬁttﬁ@%él image
enphasn s, followed by an i1 nverse FFT. However, as is

prd@@gg,,{@om these earlier nmethods of providing
enphasi s or higher

[00135] The optional central obscuration 26 of the aperture 28 as
apparent in Fig. 2 has been introduced to improve the system
performance. By incorporating the central obscuration 26 into the
multifocal_ imaging system12, the processed image can have higher
resolution and higher contrast, especially for the close in object distance.

The details of this comparison are described.in the following paragraphs.

[00136] To illustrate the improved performance introduced by the
centrally obscured logarithmic asphere, Figs. 10 and 11 compare the
images produced through a full aperture logarithmic asphere with the
images produced thréugh a centrally obscured logarithmic asphere. The

imaging of a two-point object simulation is shown in Fig. 10, based on a
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contrast at the higher spatial frequencies anplify the
noi se in the imge. From experinments using the MPME
algorithm as is apparent froma study of the
operation as shown in Figs. 7 and 8, the MPME

al gorithm does not have this drawback. The MPME

al gorithm provi des sharper contrast at the higher

fulf Eébi’t@‘re_lﬂ%é‘? f 'ISéamﬁmé‘tasPH &R Hé%igfﬁt é%&rﬂfetérjgeare:

nol se her ef s cont ‘es'to

sr£FRODARAGIEH ol W&”a' YT Phei R %%&8% 508mm

arent .in Fi as,_been introduced to inprove
ce s A5G Wisbran T sl dhedpns al pbha d gaetiencbmired depth
obscuration 26 into the nultifocal imaging system 2,
of {iged by afsnmbdT hertiye ahiechapints gteeseparaged thy the diffraction
hi gher contrast, especially for the close in object

limit distanee, vah,engcwml sTleé itfage sasfhpir objuttadsl@rred by the
descri bed in the foll ow ng paragraphs. [00136] To

logalrithshicaispHere drePsHowed iRei§er 'ITB(B)e(dI)anrQWéCSSJle%X aﬁ%g&nces

centrally obscured | ogarithmc asphere, Figs

s-ilse?m?\aﬁ%dé}ﬁm'ﬁfﬁ&% SR CRL t[:Le ﬁ/gw‘? é“]'op(lgg-a(mesgow

aperturé ogarithmc ds erevv|

ne A @@“*ﬁ%@'rsﬁ?ﬁ%’%ﬁ%{ i S headef IR h@w 3S-o,

ased on 47 full erture 6 -desig
resp@%&?fﬁfmnper CopmRAsOMHhedae rgRMzdiCareh anddaabzed lens is
s, =1400mm cl ose di stance, S2=1 61 5nmm far di stance,
shawa isdHgs 500f@hanknOée). dirsmattiately @ppament #s olie eixeellent
lens at 4. The diffraction-limted depth of fieldis

recenery doe tmme)Ugeohv@I@ltmrsnﬂi@reﬁwmthberﬁanhhﬁ entropy
diffraction |imt distance, viz., 2.27pm The inmages

SSDfIAIE, SDEILREN dfihe OUSIULAIE 1R pConies 1
o=1.5. The point spread function used for Flg. 10(b)-(d) is the average
point spread function of the logarithmic asphere over the design range,
and the point spread function used for Fig. 10(a) is the actual diffraction
blur of the ideal lens. In the maximum entropy recovery using any single
member of the impulse responses will lead to near perfect recovery at that
distance. However, for extended depth-of-field, it is rhore advantageous
to use the averaged point spread function. Still, as seen in Figs. 10(b)-(d),
by the elimination of most of the oscillation rings and the narrowing of the

blurs, nearly diffraction-limited resolution can be achieved over the entire

range. Faint rings are apparent in the recoveries shown in Figs. (g) and (h).

[00137] A similar simulation using the centrally obscured logarithmic

asphere 26 is shown in Figs. 11(a)-(0). The same close (s;=1400mm), far
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$=1450mnm 1500mm and 1580mm respectively. Figs.
10(e)-(h) show the maxi mumentropy recovery results
for the images in Figs. 10(a)-(d), respectively. For
conpari son, the performance of an idealized lens is
shown in Figs. 10(a) and 10(e). Immediately apparent
is the excellent recovery due to the deconvol ution

o . . _ . A st i
(25O Snd R | PR S hﬁéﬂeééeég%“géﬁss T Eefiter
= =1 . A f [ Fi g. )

ou by RID 8018, BYATEE 25 R RSl o o

oA Bk S Omebhof 58 s e ety i
actual diffraction blur of the ideal lens. In the

nepdxitenhn eansidigyed doaEingl design tragesiofif)l &n Fignbey the rows are
the inmpul se responses will lead to near perfect

for ebjecedistancebat4 5 @msh and 62 nioWa\EI0Omher 1588aM#Eednd
depth-of-field, it is nore advantageous to use the

0Ty e RS 2l Yot 9 1RRIs, Tptermediate

NP (A [ O f e [ .
(OIABED SRR, SrR iR red Il Piitedivall” s thfugationa
j range. Faint rings are ent in
de @b T At Full P firertgcD) fafben o2 fan 167} Sp8mm.
simlar sinulation using the centrally obscured
A -‘1'65’% AYSNR0E IMRYise espENse aueshhe desiggsrangel (says¢dfor all
The sane cl ose (s1=1400nm, far 48 (52=161 5nm and
five gpeeverieso=Thecimijarity afdbltefontbedsgdritihic asphere is clearly
obscuration SR=0.5. i.e., by area 25%of the aperture

sedrsfrooh theerknt@hicolumbsefuttal imearsedisgte @lund)AMJgisSlall have
25% | oss of light intensity, which needs to be

twa bnigjHtepetkd at ehd 'téﬁfercﬁ—’@doﬁﬁ?hﬁ@ilﬁbgflﬁw irﬂefiggg%\%illating

the rows are for object distances 1450nm

riné?.o‘?ﬂmce%@nsp'g?lgkft‘gfeﬁgllég’ﬁgmna\/eesﬁﬂ?ﬁ&i Eéﬁlg%’éﬁ@doécqﬁating rings

col ums are i mages, 1nterne
~do not pose a problem since excellent recoveries are achieved for all five

images. The two-point recovery (right column) shows excellent
diffraction-limited resolution from 1450mm to 1580mm. At s=1420mm
(not shown), the two points are still easily resolvable, but not as clearly as

those in the figures.

[00138] The performance improvements, particularly for close-in
distances (B-design), is believed due to both the narrower central peak of
the average point spread function and the similar oscillating ring structure
of the point spread function over the designed object range. These two

- factors lead to a point spread function that varies less with object distance

s, so that the average point spread function used in the digital processing
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(blurred) inmages, and recovered inages, respectively.
The conventional depth of field (for a full aperture
f/4.0) ranges from 1492mm to 1508mm A single average
i mpul se response over the design range is used for al
five recoveries. The simlarity of blur for the

| ogarithm c asphere is clearly seen fromthe center

R Ay TR LSO B ¥s 1
and RGPS B R S bl s Bt

os? a probl em since excel|ent recoveries are achieved

centgpllyobscujed logagdymicrasphare.pdihe: rings @rermoge syppressed
col um) shows excellent diffraction-limted

and dbeltwa pairntsanelmsoeleary 56Soivable oved 42@mye ¢fhobject
shown), the two points are still easily resolvable,

disbancewt Irnadditten ) theasentrabe®stcaratien idaaudasid doWfi@®hs such
The performance inprovenents, particularly for

as ebAs@st ﬁ‘nvéﬁs%r@'ﬁéﬁ&rb@r%ﬁ%gﬁls orﬂe?ﬁklﬁﬁved due to
both the narrower central peak o t he average point

spread function and the simlar oscillating ring

[00?3" NCEY fureRbr Hgﬁ*lé)rﬂt?ﬁtfeﬁgfse: ﬂ'ﬂ \REW?% g%gﬁcgrYﬁégéﬁsg cgntrally

esi'gned obj ect range.

' f.unction that wvari.es_.less_wt bj ect .
ob%@?n@;@rﬁ@ﬁn@g PRETE hWe 0w 8 ﬁdgﬁni zﬁﬂ‘gég hﬁﬁ?'i%n
.used in the di g[i tal . processi n% 49 can provide a ]
d'séfi'SHF'PPéa?rﬂSPf'é} ﬁﬂrwgd"&ﬂ'ﬁmt erhye tWooReipachiget using
Figs. 10 and 11, a significantly inproved result can
thrseqagnriﬂw@@c Bspheresghavimg differeaiticenthalcabvsiration values of
| ogarithm c asphere. The rings are nore suppressed

OR-ald SR .ByvanplobRES. 5 e speiceivele aWhynripeobiyjakt & avardidtance
range of object distances. In addition, the central

of $53$480a Qb reON @l 6ls xOtMint tIHesHFHcu 2p|HRN ithdStecovered
inversion for |arger anmounts of defocus.
one dimensional pixel values in the two point direction are plotted in Fig.
12 along with the pixel values of the blurred image by an ideal lens. For
producing the idéal lens curve, the full aperture of the lens is used, i.e.,
OR=0. A fully resolvable two point recovery is produced with center
obscuration of 5R=0.5. However, when the obscuration is reduced to
8R=0.3, the recovery points are barely resolvable: and when there is no
central obscuration, 5R=0, the recovery points are unresolvable. These
curves clearly show the performance improvement made by a correctly
sized central obscuration. The increase in performance is believed mainly
due to the similarities of the point spread functions over the design range

of object distances instead of from the increase of the depth of field by

central obscuration, since we have seen from the earlier section that the
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[00139] To further denmonstrate the inproved
performance of centrally obscured logarithmc
asphere, we show in Figs. 12 and 13 intensity

di stributions associated with inmagi ng the sane

t wo- poi nt object using three |ogarithm c aspheres
having different central obscuration values of SR=0

; = ' i . bject is.
incrEaZe in fth ST lef b} SRRECH %@%&#ﬁ%@%ﬁe%ﬁ;@h@ el
.pl ane,. t recovered qne di nensi ona i Xxe )

33 i iR oo B PRAEE Rose oS IBhAT Garas fargan object

.12 al, ith the pixel values of the blurred inmage by

IS 3ty ﬂig&%c\lge?ls?:r}ép%”@%cm@i best iesus resitipanforcive/pgarithmic
the full aperture of the lens is used, i.e., SRz_O. A

aspheres ardshedderal tews. phgain,rach@ntages sf ghedogadithiib asphere
center obscuration of SR=0.5. However, when the

withbsentral obscisatf@tfgedotlo theRedoRing FoweeaKaroomPh$t Sre
are barely resolvable; and when there is no central

apP@sgitr ation, SR=O the recovery points are
unresol vabl e. These curves clearly show the
performance i nprovenent nmade by a correctly sized

. . . ¢ o
[OCEFOL FheRPHO P RRrfrance LEARF pbBs ik t;SfoREﬁvpeﬁtmn has
] des;j | ect _
pardfiaf pelefits P02 aRbfba it e thos 2188 %fsqr?{sjdiémcfnwanson
FrophEne 1E1SP S St B8n | AFAY (@helrHF omedsuonn the pigerapicture i
field by central obscuration of aperture is, by
at 3 déstiance ofuth8Anmm (iieni 8@mmrbeyoniBthe Ibest fates posigbn). Fig.

of simlar curves for an object is at a distance of

14@3150bemecoverdibirhagofus thedoghfithinit abphetOathéiiténter
aspheres and the ideal |ens. Again, advantages of the

obdqgation) nFigsaspiBy @ndWi 4(d) GR8Ithal reeBvE i mag e'sForpkh
t he resolving power and contrast are apparefit.
logarithmic asphere with central obscuration of §8=0.3 and §R=0.5,
respectively. Fig. 14(c) shows the tiger image reproduced by an ideal lens
with full aperture for comparison purposes. The logarithmic aspheres
both with and without obscuration are capable of extending the depth of
field. However, the recovered images for logarithmic aspheres with
obscuration are better because there are fewer artifacts. The artifacts of
the recovery are believéd to appear because of differences between the
point spread functions through the range of object distances, while the
average point spread function over the design range is used for all the
recoveries. In inspecting these pictures, it is of note that the width of tiger

whiskers in the simulation is about 0.7um, which is smaller than the

diffraction-limited spot size.
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[00140] The inproved performance nmade possible by the
invention has particular benefits for photography,

whi ch can be observed by conparison fromthe pictures
of Figs. 14(a)-(d). In this simulation, the tiger
picture is at a distance of 1580nm (i.e., 80mm beyond
the best focus position). Fig. 1 4(a) is the

I
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the depth of field. However, the recovered i mages for

the ogput ohjedt. aEipher wsfindt the obsmwlrﬁiéqOEn@V&ebpbhgé the images
because there are fewer artifacts. The artifacts of

of ahgoimogpiaty cnchOal@ated At IRABAS dI5eet efst@hces, and the
di ff erences between the point spread functl ons
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aver age pol rea unction over
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rs in the sinmul a%l nis about 0. 7pm which is
8 impylseiesPogseq a@\e wegrated <ePropsttatippal inaging
[0014 In intensity imaging systens, it is common to
sygtean aé’]s Epupigr transformeef thentecevernjesis pluttedilin tFignss erThe
function. Extending this notion to a conputationa

cuivesgaregthey somrhined tpan skeir fuactiohe dfvtefeak%tfehﬁf%%ﬂﬁ)’range of
response can be found by dividing the spectrum of thé

objext aistattdsrapee byarisfat fohctibhof thRudytBhe i cnrﬂil#ﬂy t 0
find the overall frequency response, the inmages

sylﬂ@hé‘ﬁrn@%&?@aﬁs Qﬁoﬁ%‘ ieshaiged é‘fon\éafHéDPaf‘d%*PJd‘?rcetctlon over a
di st ances, and
range of focal depths. The relative spatial frequency 1.0 corresponds to a
cutoff frequency of the diffraction-limited lens for the same imaging
settings. The amplitude of the overall transfer function of the new system
is increased to the diffraction limit over an extended object range. In
addition, the phase of the overall transfer function is zero due to the
circular symmetry of the impulse response. The diffraction-limited

performance for the integrated computational imaging system over an

extended depth of field is clearly seen from these curves.

[00142] However, the concept of overall transfer function is only an
approximate index of the system performance because of the nonlinear

digital processing involved. In other words, different overall transfer
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maxi mum entropy al gorithm can be applied to these
internmedi ate images to recover the point object. The
recoveries can be considered as the conbined inpulse
response of the integrated conputational inaging
system A Fourier transformof the recoveries is
plotted in Fig. 1 5. The curves are the conbined
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because of the nonlinear digital processing involved.
n, pt her rd di fferent overal| transfer 52
[Od]uzhﬁt i BHQ\A@%?%"@%!BQ FriRgion. it ivilisbe gipparent that an
._Nonetheless, the transfer function shown in Fig. 15
Impeoveqysysdenhdmeibedanst appafdiusdiordmagingeare praxjdadadcsing a
i magi ng system Fig. 16 references the overall
mutltitocal émaigimg tsiyste mf ior whighe s phe eit ahablée atagioeeisofhes =1
580nm where transfer functions for both a point and
preztoraitgre dorecof dier fooirtermedigerigsRying £8d fif Whiche central

blur 1inmages by the logarithm c | ens provide the
ob(fadlon 1 Be FRE RS MHIGh Wore intermediate images more
susceptible to correction by digital processing for increasing both |
resolution and depth of field. Variations and modifications in the herein
described system, method, and apparatus will undoubtedly become

apparent to those skilled in the art within the overall spirit and scope of

the invention.
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and overall edge response function, respectively. From
Fig. 16, it is apparent that the overall transfer
functions are simlar for these two cases. [00143]
From the foregoing description, it will be apparent
that an inproved system nethod and apparatus for
CLANYOR) ClrAINSovi ded using a nultifocal imaging

system i n which spherical aberration is the

predom nate formof blur for internediate inmagi ng and:
in which a central obscuration can be used for meking

nor ¢ i nt ar pRGhal fl r@é@%@nrﬁg@n lg@%reg&éga %r 9n mterrﬂedlate

correction by digital procé&ssin I'ncreasin

magar PRI SHBBIA er ci n “descr bed System et hod

and apparatus wi |l undoubtedly becone apparent to
those skill ed@CREERBTRD 'WQWW'?F%"B@SPanndspl rit and

scope of the invention. 53 CLAIMOR CLAIMS 1. A
“met hod of recpeéfrqrn‘gngran ﬁag&tlmﬁe@itairdmommlatlmdohtrm
i mage, conprising steps of: accessing an internediate

intermagdiatanicn pge fusimg Rgnw@ximuen aintdpyda@drithm including the
deconvol ution of the internediate imge using a

subBtepymafent ropy al gorithmincluding the sub-st eps of :
estimating a new i mage contai ni ng a conbi nati on

directional images r -
PR I e ——
d a,recovered jimge while av0|d|ng poi nts of

of fosghgpﬁbﬁna | Ghd

altering the directional images using a metric
parameter to speed convergence toward a recovered image while avoiding

points of stagnation.

2. The method of claim 1 in which the metric parameter has a

non-integer value.

3. The method of claim 2 in which the metric parameter has a

value between 0.2 and 0.6.

4, The method of claim 1 in which the directional images include
pixel values, and the metric parameter adjusts weights among the pixel

values.
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2. The nmethod of claim1 in which the netric paraneter
has a non-integer value. 3. The nethod of claim2 in
which the netric paraneter has a value between 0.2
and 0.6. 4. The nethod of claiml1l in which the
directional images include pixel values, and the

met bi ¢ pahameethoddif idasn Weirgimhscatiwagn étric paxameter is
values. 54 5. The nmethod of claim4 in which the

adfmtedalvarst@to igive 38igest sistefhaNR ZRIdtel Refj e
arger pixel values nore weight. 6. The nethod of

claim1l in which the netric paraneter has a val ue
that results in a nodul ation transfer function having

a shape t __Locreases. cqontrast .at, high spatia

freéUencﬁgg'QSS? %5ﬁﬁﬁﬁ”§qhvhﬂ&%?hﬁ?%f$9"VPp?ﬁ@mﬁ%?%Basa

f claim1 including a further step of producing the
Vaﬁ*rﬁ ﬁ}%ef&isé!!té IR Geedukationatransier sestionragving ayshape that
8. The nethod of claim7 in which the internediate
Ingreages contiast @l high spatial fiedusradies apgroacisingt @ Nyquist limit.

exhibits a point spread function having side |obe

rings, and the nmetric paranmeter is adjustable wthin

a range that reduces side |obe rings of the point

sprgad fWﬁéth_@fhd')@_oftcaﬁiingﬁcmﬁ'&iﬂﬁi@?uhﬁ?gi@sﬁ% i'or{;d}%ducing

met hod of claim?7 in mu oca

tn e e g i X A RS A SRin g SIS g ng

system includes a central obscuration. 11. An
iterative digital deconvol ution nethod for inmge

8.  The method of claim 7 in which the intermediate image
produced by the multifocal imaging system exhibits a. point spread
function having side lobe rings, and the metrié parameter is adjustable
within a range that reduces side lobe rings of the point spread function in

the reconstructed image.

9. The method of claim 7 in which the multifocal imaging

system includes third-order spherical aberration.

10. The method of claim 7 in which the multifocal imaging system

includes a central obscuration.

11.  An iterative digital deconvolution method for image
processing comprising steps of:

calculating a succession of estimated images of an
55



processi ng conprising steps of: calculating a
succession of estimted i nages of an 55 A object
based on a starting i mage and conbi nati on of
directional images; inputting a metric paraneter that
nodi fies the directional imges; evaluating the

objest ibaseddo h reag e timgdind a gel amak conibigation dffdireetional images;
par aneter. against a criterion of entropy nmaxim zation

and a = stati siipaating@ ﬁ@etl?@réaﬁrﬁétérotr@iQﬁéﬁ|fféé3{H2-§8frect|onal
estimate of the object; and outputting an enhanced

imég@%e of the object over the starting inmage. 12. The
thod of claim11 in which the esti mat ed i mages

contain pixe] I nd t tric arama alters,.

wei ght's assi gﬁ‘éﬁﬁjtagm(gn DR r” rY\%gl R eﬁﬁoé"ﬁ'gdn%‘f?ﬂm'”g to
of claim12 in which the netric paraneter has a

non-i nteger value. 14. The nethod of claim 13 in which

the netric paraneter has a value between 0.2 and 0. 6.

15. The nmethod of claim 11l in which the starting inmage
contains a purposeful blur. 56 16. The net hod of

thec it ric arameter dy sipb e ai aréte rdvebf ahti@py maximization and a
dom nant feature of the purposeful blur. 17. The

stalRtitaf neise pardibiet fo Mool el A2 I588CES Nat8 B thald8ct: and

outputting an enhanced image of the object over the

starting image.

12.  The method of claim 11 in which the estimated images contain
pixel values and the metric parameter alters weights assigned to the pixel

values.

13. The method of claim 12 in which the metric parameter has a

non-integer value.

14, The method of claim 13 in which the metric parameter has a

value between 0.2 an'd 0.6.

15. The method of claim 11 in which the starting image contains a

- purposeful blur.
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bal ances in an out of focus effects through a range of
obj ect distances. 57

16. The method of claim 15 in which spherical aberration is the
dominant feature of the purposeful blur.
17. The method of claim 16 in which the spherical aberration

balances in an out of focus effects through a range of object distances.
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