EXTENDED DEPTH OF FIELD USING A MULTI-FOCAL LENGTH LENS
WITH A CONTROLLED RANGE OF SPHERICAL ABERRATION AND A
CENTRALLY OBSCURED APERTURE TECHNICAL FIELD [0001] The
invention relates to imaging scenes or other objects that can be brought

t bining a blurred intermediate image with digital
e oo Lo R e et HeG G Ak b LESHSHWTH A
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applications, although OtheWBQW%F?WWﬁ attern recognition,

detection, microscopy, machine vision, and optical measurement can also
benefit from the invention. BACKGROUND ART [0002] Objects imaged by

TECMNRREPNAEINERQING subsystems are sharply in focus over a limited
distance known as the depth of field, which is inversely proportional to the

square of the imaging system's numerical aperture for diffraction-limited
[0G@abingT Imedsertrdiyncamatas taveagéohanieal decosingheeanisects that can
including automatic systems, to provide high quality images of particular
be dpeneghit tarfioas objectenskinéss. Edenwitt ihesemeehase itrisadjffiovilth
' to photograph objects clearly that span a large range of such distances.
digitaheres asgind dhet aeptiieefosueniivekadyrpagadeastpgron extended
photographs. [0003] Digital processing of image data on a pixel-by-pixel
deptliohiie difofastintre appbrahitjtioishprovhfcantheoimeetitticoptically
imaged 1 scenes. Some of these improvements have related to
phﬁ»f@gggm@igh@mggﬁﬁtions, although other applications including pattern
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 to 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. Fven with
these means, it is difficuit 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
1



of field. For example, digital processing has been used to combine images
of the same scene taken at different depths of focus to produce a
composite image having an extended depth of field. The multiple images
take time to collect, are difficult to process, and are generally
unsatisfactory for scenes subject to change. [0004] Amplitude attenuation
sCafits haraerh these Jsearevermai shhavepinlateid g0 Tosisasinaahe depth
attenuation filters are located in the aperture of the imaging systems,
of figiGng P& AP et B RIRSEHTINB AR BANURSS KRR AReimages
.. filter introduces large amount of light loss, which limits its applications.
of tb@oﬁaa%n%csﬁﬁrﬁéwa&@%fgmfe%@m@cfé‘wajéqw@wmr an
intermediate image in a systematic way so that at least some information
COMPAH tRd TGl BIRE 3 r8idipad errslegrth rinfeler fods pudtielesimages
and a non-ideal impulse response function remains substantiall?/‘ invariant
taks, U A sRUES raRbR iHtMIHEScRESHRS WG BRaprally
decogvoluteﬁthe point spread function, restores the image to a more

Un3alSEATante eheRl oF HEPSBRTBAGIY SN extended depth of field.

[0006] One such example locates a cubic phase mask within the aperture

el i tem to genera distance invariant transfer function
g G AR SRS AR A U o the
impr nt i t field is achieved, the cubic phase mask is not
e R S G A 8 SRR
of @/@;&%ﬁ%@@%%‘?ﬁf&%ﬁge’s‘ﬁﬂ‘é’.lefi&‘? sy loeaies ACHEUBIY the outer
annulus. However, the filter introduces large amount of light loss, which

limits its applications.

[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 biur. Although significant

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



logarithmic asphere lens to extend the depth-of-field, which is more
economical to manufacture. However, for the log-asphere lens, the
impulse response is not perfectly uniform over the full range of operation,
and as a result, some degradation is experienced in the image quality of
the recovered image. [0008] Reconstruction algorithms for removing the
rotbhio phHycsy intertediatelimay e arve sutijebete ppaieis telatingffoctie to
quality and efficiency of their results. Nonlinear processing algorithms can
fabsidtefrom 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,
[00Rddrpofateshe memtbexamifin s subkydic ho tae parsoeanlay plsysnmetric,
intermediate images of objects such as by introducing a controlled amount
loggr ghripicasabaradsn s proviend mee&w&;wfmﬁaigb bpohde Brere
range of focal depths. Third order spherical aberration is preferably the
ecRHEAL toaturnef assusErpdtene va. Faithe pacesihgreulssysishe
. recovers images convoluted through the more uniform impulse response
MBS ER IR iRt PBT tREN RIS AR RYRAIFNA fodlisanargh aperation,
xtended range of object depths. The multifocal imaging subsystem that 3
aﬂ%&%aséﬁrawtma?éﬁﬁt&%%a B8 PRalie 8 X BIARIEH WirEhRigagamegiity of
with a centrally obscured aperture, which narrows the impulse responses
the fRFQVSIRC:BRAEBNs such as contrast inversion for larger amounts of
defocus. Together, the controlled spherical aberration and the centrally

[0008] Reconstruction algorithms for removing the blur of such
intermediate images are subject to problems relating to the quality and
efficiency of their results. Nonlinear processing algorithms 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 blur. 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 muitifocal imagihg subsystem that

3



obscured aperture provide a sufficiently narrow and invariant impulse

response over the extended depth of focus for achieving diffraction-

limited performance over the extended range far exceeding classical

limits. Diffraction-limited performance over a depth of field increased by

six to ten times the classical limit can be achieved. The circularly
pusyosrétily ddluctuietelrthe disdginaiagesy seprefierplifigsoimanidgabiurerantetric

reduces overall costs. [0010) One example of an integrated computational
witimaghed Bydigm s cacest dqreowvith wibittvertivoviar thedumipg lsragasponses

having an extended depth of field includes a multifocal imaging
andubsyElsmdndbtncisigiina int@ntedistérinmyécthdias ngesefuityunts of

blurred. The multifocal imaging subsystem exhibits spherical aberration
detacme dopaeshefediieccomttio | i paabiibalrabeceatiarobselititonentrally

cooperates with the spherical aberration to reduce variance among the
ODBRWFRE SFOELY fArBIYY darange ot katthusadrpusiabdsinvaidgiat impulse

processing subsystem deblurs the intermediate image produced by the
respamsscaVRiddia g sissgsdt epth efiduetssferadviedn pmdiféraating -
_an extended depth of field. (0011) The overall aberration of the multifocal
limiteding Songyansn exsridegrterdedyansmiergererdinpeiassical
_nominal wavelengths of imaging light, and the spherical aberration
limitsrefaiky 2enebuisritephase aemp brudiacdienthanfi ield increased by

. wavelengths. The controlled measure of spherical aberration is preferably

SIXRQiRRFOHRE SHiRE Srss iR IHEGsehdrent o ke diavBien giRcerarly

illumination, focal length, and best focus object distance. [0012] The

SYMpRRtiE stTHEMRIRO SRRy CLssyR AT AdfBRIbfjes manufacture and

reduces overall costs.

[0010]  One example of an integrated computational imaging system in
accordance with the invention for producing images having an extended
depth of field inciudes 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



circularly symmetric, having a minimum radius 5R, defining an outer limit
of a central obscuration and an inner limit of an annular aperture, and a
maximum radius R defining an outer limit of the annular aperture.
Preferably, a ratio of 5R/R is greater than or equal to 0.3, provided that the
light loss is not excessive. [00131 At least one lens of the multifocal

betmeging BibsisBwaasibagdesigmaksthtaoliRlY frre ol e Esherical
aberration, and a phase plate can be designed to produce the spherical

abafratiatiofs thae feraisithendomijnant Heathred Qfﬁ@@malmpﬁﬁfH'dﬂF'é $AER of the
the phase plate can be attached to an aperture of the multifocal imaging

waselesygteno il korimagdariate citiéeafgite andiloeat faaaine sy gRMNCe,
Alternatively, the multifocal imaging system can include at least one lens
element having a surface modified to produce the spherical aberration

[0Othal forrisettapdotuireant ferunewdtifice aburpagengd slubapsttthat is raferably
proper range for reducing impulse response variance. The spherical

cirapariatisyroarealso, Headivige mrndnyu morechsn dfedefimatemenidoter limit
increase design flexibility. The phase delays produced within the aperture

of arsRizabFsE pasiomBlphalBasn approtineiien aque for apecenter ahd a
the designated object range. 5 [0014] Another example of the invention as

maxiayientrdi e pittefiriagisnagingesy it ptitesanuidtfecsitnaging
subsystem designed as a combination of an ideal imaging component

PrefeiaRlypifefriPapt dfidhi scongssne ihamrataicaktio An3, qutoofitldighat the

_effects through a range of object distances. An intermediate

lighhlgrs datBelimy<gevied detects images formed by the imaging
subsystem, exhibiting balanced in and out of focus

[0013] At least one lens of the multifocal imaging subsystem can be
designed substantially free of spherical aberration, and a phase plate can
be designed 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.



effects through the range of object distances. A computer processing
device calculates a recovered image having an extended depth of field
based on a correction of the balanced in and out of focus effects through
the range of object distances. [001 5] The ideal imaging component
preferably provides for imaging an object at a given object distance, and
[0Ohélrande othobierx aivmplece$ tiedugte ntich e apletealddédatmh of field
component balances in and out of focus effects includes the given object
imadem ey skomelachpits stienmiltifiocal imsagrig subdysyste nad dxilydedias a
lens designed to contribute the ideal imaging component and a phase
corplhteiésynédn icnrtibtieging spmopcal abtaatiba spmpdnehabdeation
phase plate can be located within an aperture of the multifocal imaging
corgiassyR iz hataners dhaafdane ahttemesiaffeimtagbrdetgttingrange of
device. [0016] The invention can also be practiced as a method of
objgesighthgreahulfibckl teiapsidesyae m-se testin ofdgvicegratedts images
computational imaging subsystem. A first component of the multifocal
foripegiRy shedysaoing sedignsieas axikitimadiaiposegdnerntbout of focus
imaging an object at a given object distance, A second component of the
effestiitbca 8hnthging ras Shriisstadistheges AspRenipatabaracs Soing
balancing in and out of focus effects through a range of object distances. .
devihiHihGRTRE Arie GRYRIEELTAGMbaNENS: B s enRecarRthgrfgfield
subsystem produces an intermediate image that is purposefully blurred.
baspch U & RATERFHISShehttHe R [RNRREL LD ARG iRy bebdpsem edastsubgough
an aspherical  aberration that is the dominant feature of the purposeful

thegigngeiginfdeisst distances.

[0015] The ideal imaging component preferably provides for imaging an
object at a given object distance, and the range 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



concerning the intermediate image and the purposeful blur is supplied to a
digital processing system for producing a recovered image having an
extended depth of field. [0017] The range of object distances through
which the spherical aberration component balances in and out of focus
effects preferably includes the given object distance. In addition, the
imaghye stibbjesite distantesdheligls \whighhine s hevieattberfatidse lancing in
component balances in and out of focus effects is at least six times larger
andhauttiod dbfect efftantek roway lwhich tieficst cbjapboéstaodsiceSombining
diffraction-limited imaging. An aperture of the multifocal imaging
thestibsy stech de poefdrabiy pamamge dofiith @ centtifoaiad dunatiin dhat isssigedm
to cooperate with the second component of the multifocal imaging
prosiegstam itotirmmhed takhtada shdtoist pligposaftidigtbibmragh dtamgecond
of object distances. [0018] Another example of an integrated
corapapatiohdhienayin fsysteimag g ostirsys with toenimienties inclasekerical
a multifocal imaging subsystem for producing an intermediate image of
abegnasipatt bainisirting danasninfagiy eopfpdre puapo sefrd ehibedinformation
aberration component for purposefully blurring the intermediate image. A
cong&tranebdteriaienroethate imrgscarithabiegsupogstih kdndéssspmpiied to a
~ spread functions of object points produced with the purposeful blur more
digifafdrRe evesia ahye emdigie sr@idtaring aArdiontes prdciansing babipstem
deblurs the intermediate image produced by the multifocal imaging
extgnsisdidpraieédiaiftes a recovered image having an extended depth
of field. [0019] Each of the point spread functions of object points

[Oﬂqrﬁera‘m/eh?asnge of object distances through which the spherical
aberration component balances in and out of focus effects preferably
includes the given object distance. In addition, the range of object
distances 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 muitifocal 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



a central peak and oscillating ring structures, and the central obscuration
provides for narrowing the average point spread function either for the
close-in points or the distance object points, depending on the design. In
particular, the central obscuration preferably renders both the widths of
the central peaks and the oscillating ring structures more uniform among

muUReFERIAGHRANIRy (9083l Inapveannsefd! BIMheihrTMIRRRE), %@%tgect

subsystem is” preferably the starting point for rendering the point sprea

pofﬁwtéﬂ%g&é@iﬁﬁfWQHE%U?&:S‘@F@FFB!QY%F,@’lﬂ%ﬂﬁr‘?ﬁj%%‘?i%lﬁ]?g& of

The central obscuration preferably removes variant components o

obRRINHIPIEALe EUNGliongiPAP¢reRd £ Hie AURISEEHh ARl RagFWinG: IPRediate

central peak of the average point spread function among the object

imeginisrasnesilby fi?ﬁe%ﬁ?ﬂi%%@”ﬁﬁ&&ﬁﬁj@%ﬂ&t%%@ﬁ%ﬁ%{l@a

of the imaging subsystem. The digital processing subsystem preferably

recealevaiasiig e racovRECd inage hasgddh e FvREAge point spread
function. Increases in performance associated with the central

obscuration are believed mainly due to the similarities of the point spread
[0GilBdtioksohenfthb designtrapgeadifobjecicdistafiosisjmthectimn feafambly has
direct increase of the depth of 8 field that might otherwise accompany the
a caséraf eektml dsotitkibndnriag istal imagingsystene. de particoBscidetion
associated improvements in the depth of field, particularly for close-in
prajifescisy; asy midngd hreinke thee tpdiath thecaal hivwernizemtedt ipeakofthe
the average point spread function and the similar oscillating ring
closgubmupsy ity sbintdipteaddunijiotts poarthe epsigdatdiobjechedesign. In
These two factors lead to point spread
particular, the central obscuration preferably renders both the widths of
the central peaks and the oscillating ring structures more uniform among

the object points.

[0020] The purposeful biur 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



functions that vary less with object distance, so that the average point
spread function used in the digital processing can provide a significantly
improved output. [00211 Yet another example of the invention as an
integrated computational imaging system for producing images having an

. extended depth of field includes an imaging subsystem for producing an

fielghihimtamiabtintaeryrias dseeimmeBAsIse fbaueaTeapofpsseration in
blur in the intermediate image using a predetermined amount of third

an eal UpRging srERaon thaREHAHBLE B 355 exiaiadd aupbvsiments An the
digital processing subsystem deblurs the intermediate image produced by

depHy %ﬁtﬁ%al?ﬁﬁ%&i%Eélvbé%félﬁ\s&ﬁdrf&#!é%m&ﬁmgaéﬁr {rred maly due
having an extended depth of field. [0022] An example of the invention as a

to t?ﬁ&hiﬁgt%ﬂﬂ{éa}ﬁ& SysahaiRafdeshthrIBBR RIR BRIAESPEpaE TRGtiRn and
purpgsefully blurred by means of a third order spherical aberration that

the riB1S S8 aH kB RE A EIH ISRl R O iifd SRIGRshReRGHPNS over
Zsjerratio is distributed among a plurality of the lens elements and forms

the 86fﬂiﬁ%%tom@ﬁédfﬂﬁﬁ%tiﬁé%%‘?‘ré‘ff&ﬁﬁﬁ’é%%?é#ﬂ?@Fé?é’i*é@l?,”&aééntral
9 pbscuration cooperates with the thjrd order spherical aberration for

ith t
fungLR RS FARTdn ﬁ?ﬁ]wﬁuwwﬁt&sﬁﬁ Blor Vet (RO tBhdBE AYBHIGE Hpint
Th Pluratlit of leng elements can.include at least two logarjthmic
SPrERHHLRET I 158 TR SRRl RG SS MORTGRR RIS & ant nificantly
acco(r]%aguc&d\t/ith the invention for extended depth of field imaging

IMALRKS

[0021] Yet another example of the invention as an integrated
computational imaging system for producing images having an extended
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 muitifocal imaging subsystem and for calculating a recovered image

having an extended depth of field.

[0022] Anexample 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 elements and forms a dominant

monochromatic aberration of the system. Preferably, a central
9



formulating an imaging system as a combination of an ideal imaging
component arranged for diffraction-limited imaging and an aberration
component dominated by a third order spherical aberration. The amount
of the third order spherical aberration is determined so as to reduce
variations among impulse responses over the extended depth of field.

obRratardbly dbemmetey ofithetthirditideosgerishabetRiR isation for
determined by adjusting the amount of third order spherical aberration

redrarimgneaaiatian ta ahethenteddentinbere waifaim egebidabions pth of field.
impulse responses over the extended depth of field. [0024] Another

Thenplnoditfdeigning kemaltitscab lehsdysiena i eascardaniegywitthihac
invention for extended depth of field imaging includes modifying an ideal

aspdreselesign 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

[00bBkrich msthagoridisgianéude prodiibaenl Jeins spreadrfincionsritiance

_vary less over the range of focus positions. A central obscuration is
withdhg dpNaERtepdetariapdes dgsmjh toféaldhvinmgispimtispiend
functions, e.g., at the close-in distances for the design. [0025] A method
forgpgdigrR aimagEra sy mMpatadorRmMPHGHe spdtam Id eatrnzgics
with the invention for producing images having an extended depth of field
cormeRResiamanarg frrifiiingtigarhmitethiranginerasbarahporasion
dominated by a third order spherical aberration for producing a blurred

COMRRRRIHIHE THIRGEFHYammbRiRe P RS FfiRh6ider! aberration. The amount

of the third order spherical aberration is determined so as to reduce
variations among impulse responses over the extended depth of 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 desigh 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



spherical aberration is determined so as to reduce variations among
impulse responses over a range of focus positions. A calculated impulse
response departs from an arithmetic average of the impulse responses
over the range of focus positions to unevenly weight the impulse
responses over the extended depth of field. The calculated impulse
thergupiorise i aach fuoratiechite aydigitat ipeockssingrattistisitaderfaeihaing
the intermediate image produced by the multifocal imaging subsystem and
deségralculating 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
m%%ﬁrda‘hé@%hﬁ%@fiﬁkﬂeﬁﬁﬂﬂrﬁﬁ@raménﬁ@graf@ﬁrggm@.umémmnﬁingaging
impulse response is sufficiently invariant over a range of object depths to
SYSSGHROR aRfRIGREcESIE fdisdevsitigmbamagedrainenaag asfbevdng an
over a range of focal depths. Without too much loss in light intensity, this
extegirsHeeR St Halrprchuciegifrisoatingd fdsorgidroosesam having an
extended depth of field that is ten times that obtained by a conventional
AbLRRUGEEAMPRII P HOABHRA PR RutRATth BRpXIS BRIl Abab ertiDn for
had this ca ?bility. The new imaging system is also economical to
pr H&%@%,%Fﬁ% intarmeciatRIEMpSEnni&wia Tooent Pidhréhishorder
can also ge racticed as a method of recovering an image based on an
sPhGHRALA @é‘%mymwmm SRR MG AU FRemitRliiRe e 8 a
. scene and performing an iterative digital deconvolution of the
5 KGRRE R & (i 2 RGP S Gy BB, i aked impulse

maximu entrop%/ alr%orithm, new image is )
response Geparts from an arithmetic average of the impulse responses

over the range of focus positions to unevenly weight the impulse
responses over the extended depth of field. The calculated impulse
response is incorporated 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.

[00626] 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



estimated containing a combination of directional images. These
directional images are uniquely altered using a metric parameter to speed
convergence toward a recovered image while avoiding points of
stagnation. [0028) The metric parameter reconciles conventional
maximum entropy algorithms at metric parameter values of zero and one.

had/ahisscaitiisi metriThraremeien aqeryeigrabiyn dsased Retwies miesd and
one to advantageously adjust the weight of different pixel values.

maPrefacablye, thie qedtricapataneteniad g yaiteneeticeen 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
[00Petjuenties inyprékuhicgraalsoie: pracioezbhT kerimthnddafie sragering an
can be produced using a multifocal imaging system, such as an aspheric
imaeis beysidppaint isprsanedimswo i ag sushichsic hade vacitiatininbases,
_which reduce image contrast. The 12 metric parameter is adjustable within
intggpredérted magp efgriicantya rshpsd eidei e nstikativetitigidaleen
in the blurred image. [0030] We refer to this new form of nonlinear digital
de¢poveddtigne et isarmprtizienisxagan siftgopyraigontunt entiopy
MPME algorithm, which is expected to have wide applicability to digital
al gi?rﬁ'g(ﬁ‘é’brgéég%@h eTREHIbITE & BEiapid tgnethence asmhigagsidance
of stagnation can be generally advantageous for image reconstruction,
eSHBIISRAIGRNRENAG HRAHBIGRLRBces S asiona bremrip Tiosor

_ DRAWINGS _
directional images are uniquely altered using a metric parameter to speed

convergence toward a recovered image while avoiding points of

stagnation.

[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
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[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 # -type multifocal lens for various amounts of

meﬁﬂh%t@@in@&@fﬁ@%j@@%l@gﬁtﬂﬁﬁﬁa{ﬁ@@%q%?i%téngiqwﬁkantly

spread functions of a non-centrally obscured 6-type multitocallens tor
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depicting point spread functions of a centrally obscured y-type multifocal
lens for various amounts of spherical aberration. 13 [0036] Figs. 6A-6F

[003:@] grafesrdépictinglieimtesprimdfupichians ofen maipientabeebsnwess
y-type multifocal lens for various amounts of spherical aberration. [0037]

“mdtigc hisrarnvpevehiointhent dot replineegiatighahbocersingPRIEQNIGBEItAm,
a maximum entropy algorithm. [0038] Fig. 8 is a flow chart showing steps

whiwithin e earich tonhenteopydal gpithiratoid detesnd g bieregsiyeocessi ng.
estimations of the object imaged by the multifocal imaging system. [0039]

Therrftositegrapirppiting the cygeves thatcshbe avesideergenfes RAyRRYS can
associated with an optimization of a metric parameter in the maximum

be ganepybigutitantageous for image reconstruction, restoration, filtering,

and picture processing.

BRIEF DESCRIPTION OF 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 muitifocal imaging subsystem having

a centrally obscured aperture.

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

aberration.

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

spherical aberration,

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

aberration,.
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[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

[O0SBierichilysalfrrebedamubifapalsaging isub sysiems forecti e oRigeins of a

distances, and recovered images (e), (f), (g), (h) showing images
nomeceverediyby s umagirputprenopt idtgos themn & dor theridesmedisiats of

images (a) (b) (c) and (d), respectively. [0041] Fig. 11 is another set of
sphrmagek df¢meatimmpoint objects separated by a diffraction-limited distance

for an imaging subsystem 14 having a centrally obscured aperture,

including: images (a), (b), (c), (d), and (e) formed by an ideal lens with the
[00&ehkral igsclintiari el diffeed ftwmjeéa tistances; imeenetipite inpages {Hing

(9), (h), (i), and (j) formed by a spherically aberrated multifocal imaging
acceystHie WRIRtHcE MM st amRYici G thidsame object distances, and

recovered images (k), (1), (m), (n), and (o) showing images recovered by

maximum entrgpy algorithm from the intermediate images (f) (g), (h),

[Oo(t%ggndpdﬂ : rgsﬁeét K. Cﬁﬁﬁﬂhﬂ@’" I18iste Graphithibt g r@&%&(ﬁéﬂﬂﬁaﬂ’o py
for a two.point object at a defocused object distance comparing results
aig%ﬁ‘ﬁf‘s eAERY PR EGHRASING SB&RRsiansmaidtherokisshimaged by

obscur tiorlvalues and the blurred image data for Nikon lens without a

the JHILTERE UFBRGANGYAEE B, 13 is a graph plotting recovered data for a

two point object at an optimum object distance comparing results from a

[003¥1E""BYY 9 is a graph plotting the curves that show a convergence
advantage associated with an optimization of a metric parameter in the

maximum entropy algorithm.

[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) (¢) (d) showing blurred images by a
spherically aberrated multifocal imaging subsystem for other object
distances, and recovered images (g), (), (g), (h) showing images recovered
by the maximum entfopy algorithm from the intermediate images (a) (b) (¢)

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
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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 (c) formed by an ideal lens

b A Al SLRRUFHIGH GRETRLOCerYE IHAGES ()75 seid, (66 4, and

logarithmic lens with central obscuration values of 0, 0.3-R, and 0.5-R, .
) Ry TR 1o 10 G I AGEHE iR hanaferen: object

. functions. ' ted i [ t ith centrally ob d
s T 1 B ACEEsa e oRe) i 6% i dgitig
; ' ifferer I} th Il transfer functi f th
P TG Sy Gt B GbjSLe Ll Hh OECEBEST

0b MORK(S) EOR CARRYING QUE THE INVENTION [0047) ur studieg of |

circularly symmetric multifocal lenses have' re

(mpmepnigh sehetisl sherioneroudsan. desiaple disonce maran,

blur that leads to superior d d_imaging

alglenster extending the-depily th@eiqwgggsbgg eqrﬂnﬁj&yasrg%n@%rcdrgls pectively.

imaging arrangement modified to incorpo third order sph
aberration as well as higher order spherical aberrations. Such standard

[00ifgingFagangements inugen Rrizvab lenses Coake 18RSESWANG SR o ct
Gauss lenses. [0048] In addition, our studies have found that a further

at angjsrovenent b jdeptt iot diett: inagipg. pegticstanys ot difraction:limitgdy
resolution

aberrated imaging subsystem with different centra! obscuration values and

the blurred image data for Nikon lens without a centra! obscuration.

[0043] Fig. 13 is a graph plotting 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 an ideal
fens 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.



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 (0-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
[004&]sytin ¢8nipe DFRpbr deRiabnGtheie aivalyrsmatedifipotsice
response with distance. The combination of a central obscuration with a
betyepaifacygral Famsbealvnsging eaf fBadstearaivreirareing ysem
.depth of field, or to support higher resolution imaging through the
usingeRiRt HRISRI A EdI§ 486 i6terring to Fig. 1, an integrated

computational imaging system 10 for extended depth of field imaging

oS B oo cE Lo SIAN Diotelbihg WE BN 16, and a ciopiay 1 5.
[0050] The multifocal imaging subsystem 12 includes a single or multiple

[00&RMemtlens dd iaRdoF RIasRAHse \RhmBe Iens dR ifoRa s AW Ahave

conventional lens having at least one spherical surface arranged for ideal

revéaRginghand terahafe dlatp@dris afelpiabiyaIraneedio SOPHBVIER a

predetermined amount of spherical aberration. A central obscuration 26

destarbidsdibealocatde veithim ab Riperiane 128 f the SnWEiesaldaBaing f-field
subsystem 12 for further improving performance. The phase plate 24 can

imaaggrfgbriCate s sefmnatelyrand tdigied nitidhe lers 32 $howapeh the field
optical contribution of the phase plate can be incorporated into a surface

candbieba 23t suchay istthettorhi eiaglegptmaiglense Althasgifibethdhe

fncorporate a third order spherical aberration as well as higher order

spherical aberrations. Such standard imaging arrangements include

Petzval lenses, Cooke lenses, 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 muitifocal imaging can be used to further extend
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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
thepaetpth offifigtihationotisatprasredriteh eanamsis thoprérexisiing deritalh the
stop can also be used for purposes of the invention, such as a secondary
extamuecofi apetesddpeld.7 [0051] Other imaging systems contemplated by
the invention include multiple lens elements such as for dealing with
chromatic aberrations or other imaging rgguirements. The invention
[0048idReffordagetrmEianilly 2wiihie suekesd rapenetatiterabimassipps ystem
_ distribute the desired amount of spherical aberration among a plurality of
10 fiqy extendarbsteptibrobiiahhienagissi asbustaneiony kitpsahisrazging
formed as logarithmic aspheres, each incorporating a portion of the
5”Qfé’sﬁF%B"sb%eﬁéh!%Wéﬂ?&%i@fﬂt‘fdﬁ?ﬁﬁﬁéeim&é@ﬁeﬁi%ﬂéﬂ dévieedigjtal
which collects an intermediate image 30 of objects 20 that is generally
ProgRrfRiAgcaitRy $ieRbh8d 384 apfistayddD (charge coupled device) or
CMOS (complementary metal oxide semiconductor) detector or other
light s itive(i, ice. The detector pixels can_he arranged as a
1008 BT iy LEACTHE SHASYRIB b et snedsngle
t ixel. Any pi combinations short qf fwq dimensions are
mugtféﬁgr%??%%%}ecﬁg 2?a fAg %%‘ﬁe%rﬂﬁz; ug ﬁfﬁerﬁ'ﬁaa igopreferably a
e 0.dimensional intermediate image 30. However, .
con&%ﬁﬁﬁg&f%ﬁ%ﬁggaﬂgagi% se? 0pgsp erlc%? surrace arranged for ideal
imaging and the phase plate 24 is preferably arranged to contribute a
predetermined amount of spherical aberration. A central obscuration 26
can also be located within an aperture 28 of 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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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 1 2, or the

[ocrgital RRERSSIRGkSY rggléﬁ%% 8 %P&mg%@%&@&%@hﬁ{?& include

image-processing To er. The primary purpose of the digita

muPERPRSRIRG SUBSYSIRD 108 shar m‘ﬁﬁ%lr@zﬁ{ﬁeéwmﬁ% ii&neﬁlggor?%gliéﬂ s or

inverse filter or its modifications, e.g., Wie er, can be us

ot U PRSE R RIabIYeARPRINC GRS P&ﬁ&&ﬁ?{é}%@a@ﬁ@@ymamy

entropy ‘algorithm, is used to sharpen the intermediate image

Wit HaXEER ﬁﬂﬁﬁ@ﬂ%@'@?@%iﬁé‘ﬁ?%@é\_g?_r%“?@%!ii“Eﬁ%‘SE@“ﬂ?ef%“égfred amount

metric parameter, can be chosen to optimize the speed and convergence.

f g idhegigitadly gwo i iehy r overed
o RATHE USSR T BTN BanareoRs

exdmagledaraydsbeld ePiguihena@hilispayhar 9Ihes HHSPPY Se¥IC8 ith mic

appropriate for viewing purposes. Alternatively, the display device I8 can

as pleceBy{tled andribeHesy RS MRS i G 19 BRI Qe funginn@btion.

hardware/software. For example, the recovered image 32 can be input to
a pattern recognition system or a machine vision system. If the recovered
[00B@be Ihis irmad fod thesei taitelawicposes whenlkheotlighad pivcassigediate

subsystem can be incorporated into the pattern recognition or machine
imadstoB Gysfierhjdtts @ifitdl rocessivgrdbyitd cardecameeficimbned as a
pixilated CCD (charge coupled device) or CMOS (complementary metal
oxide semiconductor) detector or other light sensitive device. The
detector pixels can be 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



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
. madified multifocal imaging subsystem 12 for producing the intermediate
intermagdistridmaseaddl ifniEve b dl ton esi sraoshfica i aspreseVdiener
... that combines the ideal imaging of the 19 lens 22 with a predetermined
filtegy K@ ReaHeRdtor ShindPpiass plalrefierablvin ssinbia sawpigerithm,
located along an optical axis 36 at a distance so away from the
Suchgaritfhiie fRike i ax iap vBjeenpiaRy 1219 arikgea ds 4 seidrteasharpen the
. intermediate point image Pat image plane 11 at a distance talong the
InteSprRdialGs BEER the-othdPaMETH ERY A aslhereis4isatb an
logarithmic asphereé4 is mounted within the annular (or ring-type) o
oPUgHal AECHC ARG RSN SRAIGIRE &R he B AaR o AE mize
central obscuration 26 and R is the radius of lens aperture 28, where 0 SR
the speedaRdHENYEHENERthe lens aperture 28 from the optical axis 36 to
SR is blocked by the central obscuration 26 in the form of a disk- shaped

03P U Ay e P ke Rk o e, Mhe
85 SR 0 BRGSO e
(catPDa% 05 NARSHEE N (RGARS KPR AR b IEA o VA r display device
appropriate for viewing purposes. Alternatively, the display device 18 can
be omitted and the recovered image 32 can be inputted to other functional
hardware/software. For example, the recovered image 32 can be input to
a pattern recognition system or a machine vision system. If the recovered
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. Itis 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
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AO is the average wavelength of illumination, and W is the optical path
difference (O.P.D.) in micrometers. [0058] For the ideal imaging system, it
is well known that Oidertl =k(-,It 2+r2 -t+ Sot+YZ -sp) (2) 20 in which the
phase delay 95ideai is measured in radians for a perfect diffraction limited
lens, ris the radial coordinate in plane I, and so is the focused object
lenpasitioit randdre Pt éon0ABE] i ¢hix Kleab lenat Amaofeteamplevdtiproel2 4. A
500mm, t=62.5mm, R=8mm, and Ao=0.5pm, from a power series
poieksansion 6f Giteht,i plo Gate dreddingfimd: doetit 1 6#02.86(8)2 B6136E: 5o
)" +0. 21(8 )e +... (3) which Equation (3) is valid in the nonparaxial
awagdime fE60) drarn thenb: R.Ep i refdeativo iypes pilogdritimin asptieres
denoted by subscript band subscript y, one can express them as follows:
blukkedsone res@ha®PRIT NG where Kats thegembrref theteapdiso fiekd ¢ along
range, Ao is the wavelength of illumination in vacuum, and the expression
the it thsiavdbypadbe pYuitsite afptieedgdrpshthia bphertedvdas The
follows. t' OPa(P)=ap ~r2 {1n[AQ(t2+r")]-1}-ap 2 [tn(Aat21]
logarithmic asphere 34 is mounted within the annular (or ring-type)

aperture 28, having a radius from &R to R, where 5% 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 6R is 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

L]

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:
Q=W+ 1 k
(1)

wherein the phase delay ¢ is measured in radians, k equals 27m/Ap 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

¢idem‘ :k( ‘tz +r2 —I+ \5302+r2 —-SO)
(2)
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(5) where: 27t11 SR2+s,2-1/ R2+s2''a 7~ R2 +t2 In(SR2 +2 ) 1 JR2 +s22
R2+12 A SR2 +t' exP[ 22 2 2 ~(SR2 +t2 )]' R+s - SR+s 21 (6) and
~rr(p)=-a t2;r2 {In[Ay(t2+r2)]-1}+ay 2 [In(Ayt2)-1] (7) where: a_2yll
R2+s,2-1/ SR2+522 y R2+t2 In(SR2 +t2 z 2 Ay = SRZ1+t2 exp[ (5R2 +
R32 +s1 R2 +s 2(SR2 tt2 }]. (8) [0061] From a power series expansion of
in aigdtidhe @Yas¢elayapbe: Epprediato tbipugubses dothe pweftn
that additional spherical aberration is the dominant feature of the
diffsagzaflirpite ehians beind Hatrédiabd oThidindt émpldmenpre redideris the
within a description of some
focused object position, and k=271r/A..
[0058] For the ideal lens, as an example with sp=1500mm, t=62.5mm,
R=8mm, and Ag=0.5um, from a power series expansion of ¢igeas, One can

readily find:

¥ r v
= 6702.07(—) —26.35(—=)* + 0.21(—)° + ...
¢:dea! (R) (,R) (R) +
(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 fand subscript y, one can express them as follows:

4

W =5, +r* =5, +=tgb,
27
(4)
where so is the center of the depth of field range, Ao is the wavelength of
illumination in vacuum, and the expression of ¢sfor the two types of

logarithmic aspheres, ¢psand ¢p, can be written as follows.

2 2 Z

Sl {1n[A,3(r2+r9)]-1}waﬁ%[m(,4ﬁﬁ)—1}

2
(5)

¢Pﬂ(p) =dg

where:

’ 27 1/J5R2+s,2 ml/\/Rz-i—szz
g x—i—o— R4 /1

In
J {5R2+t2)
P S S L LS ST
7 SR &1’ \/R1+S22—-\/5R2+512 SR 41277
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specific embodiments. [0062] For completing a design based on
Equations (4)-(8), the desired range for the depth-of-field Si, 52 can be
selected along with representative values for t, R, SR, so, and AO.
Thereatfter, the variables ag, Ap, and q5pp (or ay, Ay, and Ovy) can be
computed. From these, Equation (4) can be used to compute the
aberration term W [0063] The logaritiflc aspheres described above are
examples of a multifocal lens that can be constructed in accordance with
andhe invention. From a more general point of view, a multifocal lens useful
for extended 22 depth-og-fieLd imaging can be composed of any standard

imaging arrangemen tﬁaﬁ’écl| neel 1q.incorporaté a predetermined
amount of fﬁh%’%?gg gberratio %ﬁ?r%élgdiﬁoé gﬁrci%%gaéms%ﬁ‘;%é aberration
as well as higher order spherical abet%ltions. For example, such standard
imaging and projection arrangements such as Petzval lenses, Cooke
{,: 1ses, and double Gauss lenses can be used for these purposes. [0064]
or describing a multifocal lens in terms of a range of aberrations, it is
useful to expand the .a:F atiory fu t 95pin a series in terms of (1I/R).
For example| if taecdesiyt i 0=12500mm, s7=1400mm,
s$2=161 5mm, {:623.5mm, Rz 2;At§= .5pm, and (5R=0, from Equations

(4), (5), and {6) are used, a powgr safies expansion of the phase delays

of a 6-type | garithmiq asphere or a | ithmic phase %@tftjs found as
follows. Tabled (HI?Z—Q#RH( [ In(—— "2 _y1.
TOR ¢ SR +5," — R +5] (5R2 +t* )

(8)

[0061] From a power series expansion of Equations (5) or (7), it can be
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;, s> can be selected along with
representative values for ¢, R, 6R, so, and Ae. Thereafter, the variables ag,

Ag, and ¢eg (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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Q lens 6721.22 -45.63 0.32 negligible negligible system Ideal lens
6702.07 -26.35 0.21 negligible negligible ,8 phase 19.15 -19.28 0.11
negligible negligible plate [0065] In Table I, the first row of data is the
whole phase delay function of the multifocal lens from Equation (1), i.e.,
g6p(r)=6721 .22 (r/R)2- 45.63(r/R)4+0.32(r/R)6+.... The second row of
deptataos-fhelchthangihaseadetay duneiordor an igsakiensiardnaeiaeny
e.g., Petzval lens, Cooke 23 lens, double Gauss lens, or Cassegrain
arraygteme Thenhtairtsroa O daid to theahssratiensteras efdhe phasa geiant of
function, which is the difference between the phase delays of the
s phrailtdd cdd derest Bod, anddied] henshiFleo cbeninahicaierratioer tatin i dRewell as
multifocal lens is the third order spherical aberration (i.e., the fourth order
higtermootieR s o rildilea benarited. résoldioanthéelasgest atomdire @i Bing
is generally 0.25.1. To achieve a ten-fold increase in the depth of field,
andhe spiatical avamgionds by auth 2 svpeyeteagtienges, (D3RAI2TEe3AMNd
which is a little over ten times the allowable defocus for diffraction-limited
doliraginu Goed pesfaamabeeusi o iomtiitdeeab lenoiseiudes spherical
aberration in the amount of 1.8 to 6 wavelengths, while the higher order
- _spherical aberration is largely insignificant. The multifocal lens designed
[0064d weowifl ¢ssabin @aemudtifaepties sidm feom 6 of a0 anes afat of a
conventional ideal lens. [0066] Another example of our multifocal lens has
abegiatigpm paiaHerfivhifues sarghsbe, doe watisrfvacBab ihrifaeseides in

effectiveness of a )
terms of (r/R). For example, if the design parameters: sp=1500mm,

$1=1400mm, s>=1615mm, =62.5mm, R=8mm, A¢=0.5um, and 6R=0,
from Equations (4), (5), and (6) are used, a power series expansion of the
phase delays of a S~type logarithmic asphere or a logarithmic phase plate

is found as follows.

Table |
(r/R)? (r/R)* (r/R) (r/Rp® (r/R)'0

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
plate

[0065] In Table |, the first row of data is the whole phase delay function

of the multifocal lens from Equation (1), i.e., ¢p(r)=6721.22 (r/R)2-

45.63(r/R¥+0.32(r/R)*+... . 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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central obscuration 26. The phase delay for the different terms is shown

in the following Table Il. Table Il (r/R)2 (r/R)4 (r/R)6 (r/R)8 (r/R)7 ,6 lens

6734.06 -52.11 0.36 negligible negligible system Ideal lens 6702.07

-26.35 0.21 negligible ne li ible fl phase 32.99 -25.76 0.15 negligible

negligible plate 24 [0067] Although the third order spherical aberration
lengyRyaubbkSrugsr enan avithassegrrial systeratidhatidistiociveothildta is the

order aberration, i.e., the phase delay difference contributed from
abejpREGEhlapEr Bohseiase dr)adbeuttianiendiah ihehedddtremece

central obscured block is: 25.76- {25.76x(SR/R)2] =19.32 radians. Thus,
betygenrsbaveharg selayameldomutidoas de signer 3or e e full The

aperture multifocal lens described by Table | and the centrally obscured
dominarcabriratiescieed by thelawitfesatiagy, itmhgothisbasdeassherical

centrally obscured multifocal lens has an effective third order aberration
abaptie Bl RitiR e fiangerifer satre afavéRndins. fotfearFeomtneted

above description, it is apparent that the multifocal lens having an
resghidinve thitdlarags SN IRIaPARENRBN in BRNaryédd 2 Bho 60 achieve a

wavelengths, can increase the depth of field six to ten times over that of a
tensia{dhnereaseny) thes esRthuabnipliaing torirs ieakahabiatigivimasound 3

central obscuration andjllso is independent of the wavelength of
wavelengths (i.e., 19.28 A/2m=3A), which is a little over ten times the

allowable defocus for diffraction-limited imaging. Good performance of -
our multifocal lens 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 §8/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 I1i.

Table |1
(r/R)? (r/R)F (r/R) (r/R) (r/R)7°
I lens | 6734.06 -52.11 0.36 negligible | negligible
system
ideal lens | 6702.07 ~26.35 0.21 negligible | negligible
£ phase | 32,99 -25.76 0.15 negligible | negligible
plate
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illumination, focal length and best focus object distance. [0069] The
second order term, i.e. (r/R)2 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 Wat the inner edge of

[0GEEItura kB ang ihthahemalion vy at Hieo1Har adaeatrant g@ﬁsﬁ%ﬂgqarger

26 have similar values to facilitate the phase plate or Iens abrication. In

thahewihe thatera eantiat ohestANOfHS eFhekiife ﬂ'ﬁr@oﬁo@eﬁfﬂé‘ﬂ“&ﬁ&n ie.,
the 25 second order term is selected so that the aberration W at the ed ge

thobhpsetarel 23 differe {00 talnthrre i@ thiereap waednalibesion between
controlled aberrations can be incorporated into the well-known imaging

thdendgarafighménts, arg!, thetadd dess OiCanke iansh Fol aryexisiingilenss 76
arrangement, a simple way is to fabricate the aberration part of the

{2 itg6a185% as S phartiphate Thuwhiele caffdigiaitaghied e aberration
aperture 28 of the lens arrangement. This method is most effective if the

armapentsra28sofriiaddios armahgtradiol i petside thedastdeas Riggertatibed by
the image plane (Il) side. [0071] Another method of multifocal lens

Takdelizatidnt eta emtogdlyr ath s the atheriatitifoioi the dens sesigniobiheable I,
logarithmic asphere 34. By modifying a surface parameter of the

Actogditrghic deplasredpatio overatiephaser diiay el canuitiidesiues: s has
the ideal lens part and the aberration part. This method has the -

an adfesttgetthiatinordetuablens tiliemenatsi snetitledith th, heafigeveoef thes to 6
well-known lens arrangement introduces large amount of spherical

wagpkreidrs, which could be used as the starting

[0068] From the above description, it is apparent that the multifocal lens
having an effective third order spherical aberration in the range of 1.8to 6
wavelengths, can increase 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.

[0068] 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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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
seahpdectderytefimiges! patdol sextdraethdeplties aitiocusy At the edge of

predetermined amount of spherical aberration can be used to produce a
apexswiere dlikta@invariant impulse response for effective performance

both with and without central obscuration. In the lens with (5R=0.5, an

optimum amount of spherical aberration has been found to be about 3
[007Res. Hiie e RiFkE poiokvraxg e heddhasascomtinde sor hepnsians can be
. _aberration in the range from 1.8 to 6 waves. Figures 3A to 3F show the
incefiapreied AgEadng MetnkBaA B o 3pRELOT TG &ra.1Petzval

the width of center peak; 2) the similarity of side lobes; and 3) the energy
leng QEHAB Kt bed O G &It it ke SR I B VMESFoRdRBTRIBUIGY IS tO

responses for a lens with SR=0. [0073] The above discussions apply also
Fabig AL P YA gD AL A HA CALHHETEA RS- Wi R RIAEE 24,

asphere, the coefficients of the power series_for Wchange signs but are
whigh f

SrifsESRHAERHICR I SRATIERW ByPAY o LrampIeN@emMg Her This
e LIS SBR e I H O A e 2L e (28 ST RESIAR 1
ou R A SR Sl e s
[0071] Another method of multifocal lens realization is to incorporate
the aberration into the lens design of the logarithmic asphere 34. By
modifying a surface parameter of the logarithmic asphere 34, the 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

muitiple 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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asphere or a logarithmic phase plate is found as shown in Table Ill. Table
Il (r/R)2 (r/R)4 (r/R)6 (r/R)8 (rlR)10 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 27 [0075] As another

mcPEBRERERSHHRGA! AeHS1 SR PIs Bt RassH ﬂe%@ﬁ%%Pﬂ%ﬁ% both

values as above, but with (5R/R=0.5 1o Illustrate ness

: ti Thi b I in le.ll.
B e O e A 057 =

optraligiblensaigitle sprsiemldsablans 870707 %%-ﬁﬁf&nﬁi‘d“{e&'%%&g%?% 3

negligible y phase -32.02 25.79 -0.14 negligible negllgl_ble plat_e
watliflerenesvacyeen;the %daee; A DRERRASS @'@Eﬁ%iﬁéﬁ?f%@cﬁt}ﬂﬁgﬁai

for the second and fourth order terms. The fourth order term,

abeerrerpRNAS e tRIERIdeh APhEHCRS FATERNAN if Rasitivesfar thesy §¥R§/¥1 the
lens and negative for the 6-type lens. However, the absolute_values of the
effeetioepaittiRariirg ardessehensal ARAL AMLIRE R TIA R ote are: 1)
the width of center peak; 2) the similarity of side lobes: and 3) the energy
leaked to side lobes. Figures 4A to 4F show the corresponding impulse

responses for a lens with 68=0.

[0073] The above discussions apply aiso to the case of the y~type
logarithmic asphere. For the y-type logarithmic asphere, the coefficients
of the power series for W change 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, s>=1615mm,
t=62.5mm, R=8mm, Ao=0.5um, and SR=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 lil.

Table {li
(r/R)? (r/R) (r/R)¢ (r/R)8 (r/R)10
Y fens | 6682.92 -7.05 0.10 negligible | negligible
system
ldeal lens | 6702.07 -26.35 0.2 negligible | negligible
y  phase  -19.15 19.30 - 0.11 negligible | negligible
plate
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the same design range. [0077] To demonstrate the performance of the
y-type lens, Figs. 5A-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 8R/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 28 spread function changes from small to large with

. object is farther away, which contrasts with the results of the # -type
(00 PL PR A PR SRS 0 S UAr vl 40 SrLaRlE spiarieaped on
aberration is still in.the range of between 1.8 and 6 wavelengths, although
e S

the kR gE & PRI & 3B thEs 40 fenk &7l thd pljjperafe. the
As.a further comparison ti)etwee lens.types,,it is apparent that the fl -type
e feCUVRILES BLitor TN HRPAL BB ABnCa mTETHE - b qarRated to
th yvheﬁl ‘{h? cl?se-in distances are more critical. [0078] Based on the
atiin; e . ) :
similarity of the impulse responses over the range of object distances,
e.g., sl to s2, 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 inV@iRés e an inverse filter, such as the

Weiner-Helgtygna inverse fitgn+Alterngtizelg @ maximypgatropy élgpyiﬁ)m

can be pro into the digital progessing subgysten, and a —
Y preff?r%%l a%rgr%é?:@ to the application Jﬁﬂﬁg algorithn??&q}ﬂfag’g% reQ@ligible

SY5884Bt forth_below. [0079] For the known, measured, hoisy image d; point

|desiirRags fungiomho7 | -26.35 0.21 negligible | negligible
y  phase-32.02 25.79 -0.14 negligible | negligible
plate

[0076] A difference between the B-type 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-SF
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 8R/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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and standard deviation o-,,j of noise 9 in i th pixel of d, and unknown
object f, one can write the following relation: d=h**f+9 (9) in which the
double asterisk (**) is a spatial convolution. For an estimate of the object
f, we start with an assumed object FO) and iterate according to Fig. 29 S.
The maximum entropy criterion is to find an estimate of object (which will

SPIA AT () BRGS0 R ABGF oM e iRt g ainaer
R A B A s
<01 (10 5 B [ It IO RAAHSS ARSI Rt the
9 S ek B A 1 oG W T SAgRasobositve for
th o B e e O e T e e Carison

a
between lens types, it is apparent that the S-type provides a better fong
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 sz, 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.

[0078] For the known, measured, noisy image d, point spread function h,
and standard deviation oy, of noise $in /2 pixel of d and unknown object

£, one can write the following relation:
d=h**f+8
(9)

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

the object 7 we start with an assumed object A% and iterate according to Fig.
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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

S e T P R S Rl i
m |§§ﬂg%e$o$%ggrwﬁggggsq ?m%l@/#@ afljust the single point spread

unctio voring certain object distancés dver others for
compensating for other effects. The single point spread function could
whlsa:be varied experimentally to achieve desired results for particular
applications or scenes. [0082] For each iteration, the new estimation of
object is calculated from the e_giyer esmaﬁ%n* bi adding three (or four)
direction-images with appropriate goefficierts i L { fn+)+Q =f(n) +8f
=f(n) ./ (n)+JXi 1 (12) where fin+u i§the (n+1)rh estimation of object, fin)
"is the earlier nth estimation, and ei is ¢h€Ji/h direction-image. [0083] Thus,
two key steps of the aIgorithr:gu g@;i) Wlpat gﬁ,gecli%n-images e; should be
used. ii) How to calculate the corres bh(d?ngf:@effi ients xi of the direction

(a1
and Czim is the total number of pixels in the image and <7> is the average of

image.

[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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images. [0084] A new metric parameter Yis introduced as a first step to
determining the direction-images e;. The parameter Yadjusts the pixel
values of direction-images derived from a steep ascent method. The
parameter Yranges from 0 to 1, although Y> | is still possible. When this
parameter is larger, more emphasis is given to the larger pixel values in

B A AR e B A sl e v
B RS Rl e R0 B33 S praindeifavoring
e S ARl ?811@%’%%3@5'5 Bk s s
B S b L P T e RS R ety o
SLHIE AR T 01 B PRBEH D ordlt o sty e optiu value

metric parameter Y, an ex eeffect of
varying the parameter Y. Three dlfferent plctures of varying histograms

messpd insluding: barkt iSRETRe 28R «RRHISEE £ tbgt’oég@?lg %Fﬁed from

has 256x256 pixels with the maximum pixel value sca ed

tHetergr ireblusierhisiag 15/ ﬁ@@ﬁ{:ﬁ@%@%?%‘%ﬁ@%?@&%??ues ages, 8/|th

maximum blur consisting of a 5x5™ matrix with 15 non-zero va
ZBM% P the QderfrRINs., Gaussian noise is added with a standard

deviation a ranging from 0.2 to 1.8 in 9 steps. The metric parameter Yis
given 21 values ranging frgm@.g f<n) +6f = fm ,*_inei
i
(12)

where fn+1)is the (n+1)% estimation of object, A7 is the earlier nt

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

[0083] Thus, two key steps of the algorithm are:
)] 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 e;, The parameter Y adjusts the pixel
values of direction-images derived from a steep ascent method. The
parameter Yranges from 0 to 1, although ¥r>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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- to 1.0. Hence, in these computer simulations there are about 8,000
cases. Itis convenient to use an effectiveness parameter for the number
of iterations, which is defined by Lv/D, where L is the number of loops for
the maximum entropy calculation to converge, o-is the noise standard

[od@uation, and R ds theinuaperal NoPZer RLelR the dhweng-fungine o

In Fig. 9, we show a plot of Loc/Dvs. Y, where Yis the metric convergence

vaPRIBIBSter Jhe Siaring: FRages i (e gprihm Ak Hﬂiéorm'é/rg;r@yt?»% quadratic

pictures with pixel values equal to the mean of the blurred images. The

a;{ﬁpegﬁ%eafﬂbHSM%H@dOa!%at@ft LviDs i3 xniained asHellowsd FAOR Te¥els

e computer simulation, the number of loops L for the maximum entropy

gresava-Sitneaty LRNHRNALE e AR Lithamppidcspiesdiinstionhese

D, or qualitatively proportional to the severeness of the blur. The loop

quUBHMRECi glsrRARECFRIY inYaksely fyaRAtioRahiP the standaidnonlinear
deviation of the noise, o [0088] For a wide variety of pictorial content, it is

e APRARTY froayigti ihal thea@ice 1Y =9 1¥PENUgESA BURBfaSErind the next

convergence than Y=1. For the method of steepest ascent, Y=0, the

e RGOSR Qﬁ%@%hﬁé@te But Holakem1r73.tiges as many loops for a fixed
a/Das compared to the Y=0.4 case (for the zebra). Another feature not

immediately apparent from the curves is that when the metric Yis equal to
[00EBdse o brtwreassacthanbe dyt the migaitenofamégitidusata meter Y, an

stagnation. By the experiment, the recommended value of the metric
e xparaestertisdrohee.  éw 6. 6ranid mbreh peftrablyfinamyr@tore odnameter Y-

summary, it is clear that the use of the metric parameter Yguarantees the
Thowre elifBren anmd ahakes thevalydrithmistograms are used including: binary
scene, zebra, and tiger. Each of these pictures has 256x256 pixels with
the maximum pixel value scaled to 255. 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 ¢ ranging from 0.2 to
1.8 in 9 steps. The metric parameter Y'is 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 [ is the number of loops for
the maximum entropy calculation to converge, ois the noise standard
deviation, and D is the number of non-zero pixel in the blurring function.

In Fig. 9, we show a plot of Lo/Dvs. ¥, where Yis the metric convergence

parameter. The starting images in the algorithm are uniformly gray
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converge much faster for a wide range of scenes. Stagnation is not
observed with 0.3<Y<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

picparametthYenahlesithe algurihmoceiwergamugh fasislfpredi Witeg@ngghe
of scenes. 33 [0090] Two operators used in this section are defined in the

ratfoltauénto farsiagveniepaea s tbtjs/aventos bx flathed Y ifodiyagior with
its components defined as: 0 (fY) = fY (ii) If fand g are vectors of the
same dimension, f = ff) and g = [g;), then f.x g is a vector with its
[0O® A portertsuefiosdrase (f igh v Egiop ek Fafndehe§dintips df for the
ffk)according to the Lagrange multiplier method, a new function is defined
maxdNOUB- AN KR YWheey ¢hA s Hnagrhngeonaitiptenatdostive. New dfiche point
problem becomes to maximize Q under the constraint C = Cirn. Since Q
s prisacfdbetdiosk rovariasas tativedyn i apontiohe of phelsdneheriatsgef the
which is usually very large, an iterative numerical method can be used to
bluind the deriigmmber is also approximately inversely proportional to the

standard deviation of the noise, o

[0088] For a wide variety of pictorial content, it is apparent from Fig. 9
that the choice ¥Y=0.4 provides a much faster convergence than Y=1. For
the method of steepest ascent, =0, the algorithm does converge hut 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 frém 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 Yguarantees the convergence and makes the algorithm
converge much faster for a wide range of scenes. Stagnation is not
observed with 0.3<Y<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 Y enables the algorithm converge much faster for a

wide range of scenes.
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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 Q is VQ.
[00BOi in ord&veo asestitoe svwusight iof thffereat poelara ubsfn ¢k idirdotidoliowing
can be modified to be: eA =f7.x VQ - 34 (14) [0093] In the above
for equatirigtiheznew metric parameter yimproves the speed and reliability of
the metric parameter - maximum entropy algorithm. For image deblurring
i phothigraphy, thectanget pixglyathes Vil have lazgeomveigiit, Ko ycotisonents
chosen to let the algorithm approach the desired larger pixel value faster.
Generalfiyisctlassen from 0 to 1. Wheny = 0, eA becomes the search
direction for the steepest ascent metho heny =T, eA becomes the
search direction used by Burch tfeﬂ (éf paper entitled "Image
restoration by a powerful maximum entropy method,” Comput. Visions

@naph.ifmpgedProsessy@dokd 3188(1k33h dvmemisberedy-irgpmedated: (g}

by reference. Neither the steepest ascent method nor the method of

Burch ehah ificerparate veetdein Rataneiero navtichipfonislg as:new
mathematical construction that can be manipulated to increase the speed

of convergence and avoid staghétion) [649%4 At the maximum point Q, we
have: VQ=0

[0091] To find the solution of {fi/according to the Lagrange multiplier

method, a new function is defined as:

Q=S_)L-C
(13)

where is A is a Lagrange multiplier constant. Now the problem becomes to
maximize @Qunder the constraint C = Cum. Since (is a function of n
variables, where 71 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 .aigorithm. in the steepest ascent method,
the search direction for maximizing Qis VQ. But in order to adjust the
weight of different pixel values f;, the direction can be modified to be:
e, =f*.xVQ _
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(1 5) [0095] This implies tQ- VQ needs to be minimized, too. Accordingly,
the next search direction should be V2 F(VQ V(2), or VVQ 17Q. Here
VVQ is the dyadic gradient whose component is defined as follows: . (V V
Q) =a Q afafl '([00961 Again, in order to emphasize the bigger pixel
values, the direction is modified to be: 35 ea = f7.x[vwQ(fY.xvQ)] (16)
[0097] Substitution of Equation (1 3Yin® Equations (14) and (16) yields
the following: eA=f7.xVS-A.fl,xXVC ea

[0098]1Zf Vi [YHE (B xyoH 28 udvh(hevald v tnede S ronésel - fri prBOES the
(rr.x vC)]. (17) [0098] Observing the above expression, we know that the

s pelvb hig atéd nsh ity alfyt ee e Ak qearainatiens-ohmaanndire digns pyhich

can be treated as separate search directions, viz., e, = fY.xXVS e2=f".xVC
algedehinx[\Wai-(Mag&eblurring in photography, the larger pixel values
will have larger weight, so y > 0 is chqsen to let the algorithm approach
the desired larger pixel value faster. Generally, yis chosen from O to 1.
When y = 0, ea becomes the search direction for the steepest ascent
method. When y = /, e4a 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(V@Q- VQ), or VVQ- VQ. Here
V¥7Q is the dyadic gradient whose component is defined as follows:

82
o,

(VVQ), Q

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

direction is modified to be:
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ed = f Y.X[VVC'(fY.xVS)] es=fY.x[vwS.(f7.xvs)J e6 = Y.x[wS'(fY. X
VC)]. (1 8) [0099] From Equations (10) and (1 1), we have: (VS),=-Inf
(vvs);; =-f sy, (19) and 36 (VC)1 =It 22 (Hkjfj -dk)Hki k=1 j=1 Qk (VVC)U
_22. Hkj 1:1kl. k=I 6k (20) [001 00] Substitution of Equations (1 9) and
(20) into (1 8) yields the components of each search direction as follows:
(el), =, 1 <f> 2 (e2). =f14, %gﬂkﬁﬁa@gk( klbjﬂ@l}} nnn 4 (e3d)i-f t=fm 2
2(Hkjfj- dk)Hkm H//Him j=1 k=1 1=1 m=1 0_k " (ed)i =-fiyZl fy? HKIHK In fj
j-1k=1=16k<f> (16)

[0087] Substitution of Equation (13) into Equations (14) and (16) yields
the following:
e, =f7.xVS~Aft xVC
m;ffir.x[vvc-(f*.xvc)]—Af-f.x[vvc-(f*.xvs)]
+ £ [ VS (£7xVS) |- af7 X[ VS (£ xVC)].
(7
[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.,

g, =f7.xV§
e,=f7" xVC

e,= [7x[VVC(f7xVC)]
(

l
= f7. [vvs( xVC)].
(18}

[0098] From Equations (10) and (11), we have:

T/
(V5); = 1n<f>
1
(VVS), =-—3,,
: Ji

(19)

and
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(€6)i =fly-I In <++ f >> ~e6). -fey 1 Lax 22 (Hkjfj-dk)HkI k=1 j=1 Qk (21)
[00101 ] In the algorithm, es and es can be disregarded as search
directions because when y = 0.5they decompose to ei and e2,
respectively; and also when y < 0.5, for small pixel values, they both
involve dividing by small numbers which can cause numerical accuracy

problems. Accordingl (%%C na e r ? en as four search
directions. [00102] To{simp fy n; fhreé séarch directions are

enough for this problém, we can plc e,, e2, and e3 or we can pick el, e2,
and e4,- Xe3, as anothév eiidic Ehe—glggﬁihm converges at about the
same speed, 37 although the Iatterféhmce is a little better. Here, Ais a
constant chosen by Equations (13) (15),i.e., Ais given by: vz ,aS2
a=_f(af) f, (actaf) (22) [00103] In either case, three directions can be

ooy o e E SR e o et R B U s,
corﬁrbeo%% \@hg\koé]icrﬁl?é%%ﬂ t@gergpon as follows:

(o =t
(ei)f— f; hl<f>

f’iz 5 (Hyf) =4,

kl_f-l

(es f}'ZZZZf" j.ﬁ'_’dk)Hkaqum

—ffZZf?—-H H, In ?

el k=l >
A

<f>

= f”“‘ZZ (H,g,f —d)H,.

k=1 Jz:i

\

(ei )1’ = ﬁzr_l In

21)
[00101] In the algorithm, es and es can be disregarded as search
directions because when y = 0.5 they decompose to e; and e3,
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 ez and eqare chosen as four search

directions.

[00102] To simplify the algorithm, three search directions are enough
for this problem, we can pick e;, ez and e3 or we can pick e;, ez and eq-

Aes as another choice. The algorithm converges at about the same speed,
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point spread function, h, and object, f, 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 "n+,),

aleyARigh isrdeingdash Eed)is Kmiti€ BELES) . wReee Gfis hehangs ehosen by

image for the current iteration. It is defined as linear combinations of

quf&%%qif?ﬁt%,(\’}/%?,th%if opeffigionts gy/be determined, i.e., Sf
=xie,+xze2+x3e3 (24 [00105] Since Sand Care functions of (that vary in
a complicated way, a Taylor ex amsiop &an E’used to calculate their
values as a function of the 38 sgagth/di ons. Retaining up to the
quadratic terms, Sr and Crcah=b "; | : llows: S, =S(fI*)+VS ,5f+
15fwSsf (25) C, =C(fI")+VC,5 +Z§W\(%§9( 6) [00106] Substitution of
Equation (24) into Equations (2 and (2%) yield the following expressions
written in matrix form, S, =So+AX- | é‘l'ﬁx

'[00103] In either case, three directions can be written as €;, ez and ez for
simplicity. In the calculation of search directions, it is apparent that that
the directions ez and es are basically the convolutions related to the real
point spread function, A, and object, f, before beiné 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.

i00104] 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 fin+7), which is defined as:

f(rH-!) — f(n) +85f
(23)

where 5fis 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.,

O f =xe +x,e, +x,e

(24)

[00105] Since Sand C are 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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2 (27) C,=Co+MX+1XTNX. 2 (28) [00107] In Equations (27) and (28),
the notation is defined as follows: So = S(f ™) Co = C(f'™) X=[x, Xi Xj
A=[VSe, VSe2 0OSe3] e,VVSe, €,00Se2 e, 00S-e,| B=-e200Se, e,.VVSe,
e2VVS.e3~ e, VVSe, e,VVSe, e,VVSe M=[VCe, VC-¢, VC.e3] e,VVC e,
e,VVvC.e2 e,VVCe, N=ezVVC e, e2VVCe2 ezVVC'e3 ¢e,.VVCeg, e,VVC.¢,

seasl dGectidNawhreahinifdanstes the tansdoseOtanpidx. SYRHIERS AaB be
M, and Ncan be calculated from Equations (20) and (21). 39 [001081

writkgatofs kad)s and (28) can be simplified by introducing new variables to
diagonalize Band N. First, the rotation matrix R is found to diagonalize the

matrix B, i.e., RBRTg=diagx)y. g% .5f+}_5f.vvg.5f
! 2
(25)
C,=C(f™)+VC 8f+ 157 vvC 65

(26)

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

the following expressions written in matrix form,

SlmSD%—AX——é-XTBX

(27)

C, =CO+MX+«%XTNX.

(28)

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

S, =Sy
coﬂc(f{n))
X:[xl x, xl}
A=[VS.e VS-e, VS-¢]

r-vvs-e, e,-VVS-e, e,-vvs-ea}
B=-

T

e, VVS.e ¢,.VV§.e, ¢ -VV§S-e

e,"VVS-¢ ¢ -VVS.g, ¢ -VVS.e
M=[VC.eq V(g VC-e,]

g -VVC-¢ ¢ .-VVC.e, ¢ -VVC-g
1’\T=[£32-‘V'\7C-e1 e, VVC.e, e, -VVC-g,

e, VVC-g ¢ -VVC-e, es-VVC’-eJ

{29)
where [-]T denotes the transpose of matrix. Matrices 4, 8 M, and AN can be

calculated from Equations (20) and (21).
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(30) where diag( ) denotes the diagonal matrix. [00109] A new variable Y
is defined as follows: Y=RX (31) [001101 Substitution of Equations (31)
and (30) into Equations (27) and (28) yield the following expressions:
S,=So+ARTY-2 YT diag(~,,,~,A3)Y (32) C,=Co+MRTY+IYTRNRTY (33)
[001111 Some eigenvalues of B may be very small, and this is discussed
[00%6 8hetipllatimgsiid7dased. (C83ecyribausieghifindnbyof it Al cing AR is
' small. [00112] We introduce Z, such that: Z = diag(j, ,X, ~)Y (34) [00113)
varizhlpstitotidipgquatiae (84)yidtdvedtiationsh@2pand (B3nyigids ASsTBand to
AR T diag(71,7,2)Z_ZTZ (35) 40 C =Co+MRT diagOZ+2zTPZ, (36)
diagwhetiz ® thelimgtrixl JRNRT diag( | TI 1)

RT = diag(4, 4,,4)
(30)

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) vield the following expressions:
S =8+ ARTY—%YTdiag(A,&?,ZG)Y

(32)
C,=C,+MR"Y +%}”’RNRTY

(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 A7,A2, and Azis small.

[00112] We introduce Z, such that:

Z = diag(\Ay /A, ,[7 )Y

(34)

[00113] Substituting Equation (34) into equations (32) and (33), vields:
1 1

\/_JE«/_

(35)
40

S, =8, + AR diag( )Z—-HZTZ



[00114] A second rotational matrix Vis introduced to diagonalize P, i.e.,
VPVT =diag(fr,,p2,y,) (37) and also define Uas: U=VZ (38) [00115]
Then, substitution of Equations (37) and (38) into Equations (35) and (36)
yield the following expressions: S, = So + ART diag(l, 1-, 1 )VTU-1UT U
VVAz "2 (39) C, C0+MRT diag(l |, 1)VTU+ | Urdiag(p"kz"u,)U. 2 (40)
[00116] Combini g (34) dnd (38),.yieltds the identity: |11
X =R diag(r,--)Y U %? ase ||2)g>£\ \EXS\}@; aTIge%alp\% to X, and
X2.[00117] In this case, X13 0, y3= 0'in Equation (31), and also: 41 ZI 0
0Y. Z2=00y2 Z3=0000y3=0 (36)

where:

P = diag(

YRNR' diag(

T T

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

H

VPVT =diag(s, 1y p1;)
(37)

and also define {/as:

U=vzZ
(38)

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

and (36) vield the following expressions:

S = S + AR" diag( W’ U——U U
T
(39)
C, = C,+MR" diag( )VTU+ U™ diag{ s, 11y, p1,)U.
\/— \/— \/~ INGTNYIN
(40)

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

X = erzag( — WU

J—ff

(41)

Case ii) Assume Az is small relative to A and As.

[00117] In this case, A3 ~ 0, ys = 0in Equation (31), and also:
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(42) [00118] Then, Equations (32) and (33) become: S,=So+ARTdiag( I~
0)Z-iZTZ ' 2 (43) C, =Co+MRT diag(, ,0)Z+IZTPZ, 7 712 2 (44) where:
P=diag( || O)RNRT diag( 1 1,0) J VIZ V'ti V"2 [00119] A second rotation
matrix Vis introduced, such that ~~ o0 0 vavT =0 Pz 0 o o F[3=0J (45)
where v* V12 0V =v21v22 0000 [00120] A new variable Uis defined
as: U=VZ (46) then §, 3S50+ARMliag(¢- T ,04p)f;TUL UTU

z, |=| 0 \/ZO Y

7z, =0 0 0 0}y=0
(42)

[00118] Then, Equations (32) and (33) become:

i

S, = 8, + AR diag(—— O)Z——Z Z

fJ_

(43)

\/_J"

(44)

1

C =C,+MR" diag(—— O)Z+ ~Z'pz,

where:

P =diag(—— ,O)RNRT diag(—=

T RN

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

0 0

VPP =0 4, O
0- 0 p=0
(45)

where

[00120] A new variable U/is defined as:

U=VzZ
(46)

then

S, =8, + AR diag(—==

\/_ J' OWTU -~ U"U
(47)
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(47~ 42 C,=C,+MRrdiag( =,~ ,0)Y'U+ZUTdiag(p"p,,0)U (48) [00121 ]
Combining Equations (31), (42), and (46),yields the identity: X =RTdia 11
'8(=0)VU 7V"z (49) [00122] The other case, when two values of A7,
A2, and A3 are small, can be treated in a similar way. In general, the
following expressions of St and Ct can be written for all cases with the

quadratic matrices:cﬁagmﬁme@js,é&lqwsy,&i&wr@%;2,@&)) Cr=Co+lc;u;
+lIY'Ftu. 2 (51) [001.23] Ther thtigfr betweert ui and xi (i=7,2,30ri=1,
2, 0ri=1) can be found in the identifgs Equations (41) or (49). [00124]
Now the maximum entropy problem becomes one to maximize St in

[00Fayatien(RE) e Eieennstaint pfGoy, Gl G Yafien (Y ddbty:
Equation (51) has minimum value of: z

X =Rfdfag(—l—~,—1_~,0)V’U

NP
(49)

[00122] The other case, when two values of A;, A2, and Az 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+ Y s, ——;Zu,.z
(50)
C,o=Co+ D o, 4%2 ot

(51)

[001.23] .Th.e relation between wiand x; (= 17,2, 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 5
in Equation (50) under the constraint of C¢ = Cum in Equation (51). G in

Equation (51) has minimum value of:

2
o
2%

(52)

[00125] Clearly, Cnin could be larger than Cam . If this happens, then the
maximization of 5 under the constraint of C; =Cum will not have any
solution. Accordingly, a new constraint is defined that can always be

reached as follows:
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Cmin=CalLjCt2 (52)[00125] Clearly, Cmin could be larger than
Cairn . If this happens, then the maximization of Sunder the constraint of
Cr =Cairn will not have any solution. Accordingly, a new constraint is
defined that can always be reached as follows: 43 _z Il C, max Co-1,
C4 3 u, (53)[001 26] The Lagrange multlpller method can be used to
solve the maximization ia EGuatiam iag)bzlﬁirogl:};ng a new variable Qt
as follows: Q,=aS,-C, (a>0) (54) where &t ctrresponds to the Qwave
variable at the left side of Equation (54)) (a > 0) guarantees that the
solution found will maximize the entropy instead of minimizing it. [00127]

oosmtltmgt.%%mA%@&Pgwe@ﬂaéleﬁ%g%ws@gg% r;}%‘é%%h H']éhat

maximize Qt as follows: R; _u,+a (55) where cris olving

malieTRIangi RARURB NS BYHIEMEEd ucing a new variable O as follows:

0=a$-C,  (a>0)
(54)

where Q;corresponds 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), vields the values

of u; that maximize Qas follows:

_os -
Hto

(55)
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,%‘§+%zy,(%%)2=60 (@>0)

(56)
[00128] After o is known, coefficients of x;, xz, and xs are found by
Equations (55) and (41) or (49), and the next assumed 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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by the substitution of Equation (55) into Equation (51) and by the use of
the constraint in Equation (53): C,+Zeias,-c;+1LUr(as C(a>0) u;+a 2 P, +a
(56) [001 28] After a is known, coefficients of XI, x2, and x3 are found by
Equations (55) and (41) or (49), and the next assumed object for the next
iteration can be calculated by Equations (23) and (24). At each iteration,

[00he He ditticaciniiesati ancifébensec sbjeinand réset azeio sadi 29 hether
At each iteration if the constraint of C = Caim is satisfied, whether the

the $pPYs imBanisBIERCHe6ked kg bre dhatargin 1 i#f 2610, isr zehetioar
sand 17Care parallel by calculating the following value: vs.vc test =vs vs

wheghes (5 pon1861arReatirhbystaisul ating the. folmas1y Mwteis a
special case when coefficients of xi, x2, and x3 are too large such that the
expressions in Equations (28} anuF2 gt accurate. The Burch et al.
paper deals with this by introducing a distance penalty parameter.
However, if the starting estimation of e object is a uniformly gray picture
or_the blurred picture, then this complexity can generally be avoided. Only

[00)ARh thehgrargify ikhag s o RinHoltesibuiddnk extra parameter be

introduced in the algorithm but only through the first

[00131] There is a special case when coefficients of x;, xz, and x; are
too large such that 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 avéided. Only when the starting image is random should the
extra parameter be introduced in the algorithrﬁ 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,” J.
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, pahrticuiarly to within the range of

0.2 to 0.6 result in a modulation transfer function having a more
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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," J.
Opt. Soc. Am. A/Vol. 20, No. 12, December 2003, which is hereby
incorporated by reference. [001 32] In addition to increasing the speed of
rectaigelaedesranwiiohiing wageatonirasowddhdgblerrimpsiad freagency
recovery are possible. The metric parameter-maximum entropy algorithm
COTRPMIRNES ald Y aRiped i imad el ¢ ueit e Tecreaisind shee cierstsbof the
the recovered image. Adjustments to the metric parameter y, particularly
POify vArHiRafd vasgiost a3.2 teed Baideiltim sidnduhgionciliasienfuapiarent in
having a more 45 rectangular form, which preserves contrast of higher
fheéﬁéﬁé’ﬁ‘fﬁéﬂaémv\%aﬁqpfmmfémrh@@ﬁrédmﬁmsrﬁémcIpametemsméots
__evident on the point-spread function as a reduction in side lobe
withdiilgiendappBeingn Bisamerrange fhdbe. aneiatingomogaajes
., are closer to true points with little or no ringing. Disappearance of the
INCiE&SRatiAYMhdstalso increases contrast. [001 33] The MPME algorithm
provides an iterative digital deconvolution method capable of starting with

oo, B SR RS R s st o
e S o P
Ima R e G S G P RIER T B0e S P e Tretric
parameter y modifies the directional images from those provided by
conventional maximum entropy a.igorit'h rhs, while reconciling the
6Erectionai images of the conventional algorithms as integer instances of
the metric parameter y. Preferably, a quadratic Taylor expansion is used
to calculate the values of the entropy $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.

[COT 34] 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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to calculate the values of the entropy Sand the statistical noise constraint
Cas functions of the search directions. The modified statistical noise
constraint assures an iterative solution of the new image estimate. [001
34] The metric parameter-maximum entropy algorithm (MPME) has an
important range of applications due to the "box-like" form of the resulting
progueesll Thadpftcnigaasferiinationt ras sbowpun. Fyhil s tHenee raehidher
spatial frequencies the contrast of any digital image will be higher than is
algepnitbanst thatauesivde fafioi doprohiphic irragen as @s welabamening,
the incoherent image optical transfer function falls off in a triangular-like
the peapask ek algosatalsirub oy thmddg frofnezare noyheo Nygasswitit, For
also known as the cutoff frequency. The MPME algorithm 46 provides
eXagnalpelerispén Bign tehmascatrisis whitd werel Breaailerabifofitimsowed
that provide some form of high-frequency or edge sharpening, these
by biglie sgorRms amphgsise fadievegubrcymbie seeWdlll Fdiosvanaplats is
one such algorithm consists of a two-dimensional FFT, followed by
welhigRoveguEneyeeRRHAS SN RIS Dy RIS Wik RS P hasiseverh ithier
well known, these earlier methods of providing emphasis or higher
contpattadt AhenEishREsEsIRY freguansdeaapirlitréhpiseisate hagmage.
From experiments using the MPME algorithm, as is apparent from a study
Frogs gwRrsjénagbhsadsiRevA s MRYERiaarst e, Mp sce@genenh ess acttudy
have this drawback. The MPME algorithm provides sharper contrast at the
of thigIRP RN RYIBRYES Wifies: Unatid dmphrcMRMbRigoRsRE does not

Therefore, this contributes to its gieneral applicability in digital image
hav'gr(g i ﬁ@\fuback. The MPME algorithm provides sharper contrast at the

higher spatial frequencies without undue amplification of the noise.
Therefore, this contributes to its general applicability in digital image

processing.

[00135] The optional central obscuration 26 of the aperture 28 as
apparent in Fig. 2 has been introdu;ed to improve the system
performance. By incorporating the central obscuration 26 into the
muitifocal‘ imaging system1i2, 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 through 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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[001351 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 system 12, the processed image can have higher
resolution and higher contrast, especially for the close in object distance.
full Theedanadsbidbis goripgaisonraie degdrined iTHedeldying praagsaphsare:
[00136] To illustrate the improved performance introduced by the
s /=Cetfratyrobdosed isgaritbmic-adgheben Figk rifiatwht 4, compare-th0 0mm
images produced through a full aperture logarithmic asphere with the
cenitaagés tanckieedittao gk @ Eehiedlgrsbstdred hegdififraitiaspHaneitddealepth
imaging of a two-point object simulation is shown in Fig. 10, based on a
of figltLiisapénore. fdesipmdoghiamipoanpheane Thpadasion parahetiffaeion
si=1400mm close distance, 52=161 5mm far distance, and so=1 500mm
limidedistatismnei with 2nH ofthe lenmsged . of i difftajiomHimitectdeptth of
field is 8mm. The two object points are separated by the diffraction limit
logardtamais; wisth e oy aveThlbdmagies ighe dbjbit (slufied Hettub jlegadilstaicce s
asphere are shown in Figs. 10(b)-(d) for the object distances s=1450mm,
s=114d0mnm,ahtlI0B3em AN des pédinemy, Fignadiek(y) sHow. the(maximuimow
entropy recovery results for the images in Figs. 10(a)-(d), respectively.
the ppRXOMpAN ST By patovRavdeE B8 His ifwatredneagds Bhdigsin IFga)-(d),
10(a) and 10(e). Immediately apparent is the excellent recovery due to
res BRCHY e A1t 1O INISYE ROTM, t frmeanaopf alyddieatizadiendals
deviation of the noise used in these recoveries is cr=1.5. The point
showrely figetio R @arrfig)1olp)pr datrvaepgeent is the excellent

recovery due to the deconvolutioh inherent in the m.aximuim entropy
algorithm. Astandard deviation of the noise used in these recoveries is
o=1.5. The point spread function used for Fig. 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 fens. 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 more 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 (5;=1400mm), far
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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 more advantageous
(27%d fdtRara\arsheanssint sprd &PRINDION Biilkrae segr indags. TO@EaNter
by the elimination of most of the oscillation rings and the narrowing of the
obsgiratinadRaiflction-iRitedeasbiiicf dhe pachisecd aver theedn(ihis
range. Faint rings are apparent in the recoveries shown in Figs. (g) and
ObsEHraHeN FAUL AR ASGXIR MG HY tessraly istintdnsiatitihich
asphere 26 is shown in Figs. 1 1(a)-(0). The same close (s7=1 400mm),
neeﬁ? A8 EoLomsKiampakudinal (esigsdoadn) eitanoekigrel UseheThews are
center obscuration SR=0.5. i.e., by area 25% of the aperture is not used.
for SRl L RERSCAG AT apHOATARel) SORTSs dHIRBIMNGIY,
hich needs to be considered in a final design trade-off. In Fig. 1 1, the
1S 80y e RRRSHE G ARCHRSL a8 SL 302 en, 16 €R0iAgE SOBrHMMediate
and 1 580mm, respectively, and the columns are for ideal images,

(blurierh diare spRPGARRANEERY dpResvERSPRAAYELY reSpectnslyeTHenal
nventignal.. dept field (for a full aperture /4.0) ranges from 1492mm
depﬁﬁlof&%ﬁngfwﬁn%ﬂa@&r §é¢rﬁbﬂl§§ (e BREE Sver IHOdesightngdigmm.

A S d for all five recoveries. The similarity of blur for the logarithmic
SHIRFETEAGE PLSR FRIR BN BET COIBrAIS SR dtERmisavied for all

.. (blurred) images, all haye two bright peaks at the center accompanied by

e SR RRBLAT QL ot ARG e LEer SHgHASANEhaS RaRTSHatarlearly

si%es. Thﬁ oscillatin% rilng%rs1 . . _

seen Trom the center tolumn of the intermediate (blurred) images, all have

two bright peaks at the center accompanied by low intensity oscillating

rings. The center bright peaks also have similar sizes, The oscillating rings

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

5, so that the average point spread function used in the digital processing
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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 1 580mm. At s=1 420mm
(not shown), the two points are still easily resolvable, but not as clearly as
those in the figures. [00138] The performance improvements, particularly

canforolosieia distafices{[3-tapon)ets beligyied dprde, etk &a Mamoweigs. 10

central peak of the average point spread function and the similar

andobdillatisgy rifigcstritbiuine prbthedprisidpread fimcetivnanal the designask

object range. These two factors lead to a point spread function that varies
cenlgatiyvith sbjretctistaaciehsnsodbph the aviiageipointserasdringitressed.
used in the digital processing 49 can provide a significantly improved
andottputwbhpsj ivicampanine kit rand v abestprificartidappvitect
result can be achieved by using the centrally obscured logarithmic
distagygesre | Traddite ayd meore supprebsed ratid the dwapoidte anel miees such
clearly resolvable over a range of object distances. In addition, the central
as uHcaEtion easiandidrcndidorsrsuehtasséatfasiuayversion for larger
amounts of defocus. [00139] To further demonstrate the improved
erformance of centrally obscured logarithmic asphere, we show in Figs.

[00 ﬁ%%ﬂndTPsfhﬁfféhgﬁF RaThUBH Hedinnsaveith nedgny anssaheentrally
two-point object using three logarithmic aspheres having different central

obsgUEEd MBANVHITBIC GtS BIREXS,; YR=019VHAE 6FESD.3 2ragskdii/éntensisn

. Ihe object is at a distance of s=1450mm, or 50mm closer than the best
distdRYLIBRRESHRYSLE N dRAGAGEIN AR Bt FYAInBS Nt IR Besing
direction %re plotted in Fig. e -
three logarithmic aspheres having different central obscuration values of
OR=0, 6R=0.3, and 6R=0.5, respectively. When the object is at a distance
of 5=1450mm, or 50mm closer than the best focus plane, the recovered
one dimensional pixel values in the two point direction are plotted in Fig.
12 along with the pixel values of the biurred image by an ideal lens. For
producing the ideal lens curve, the full aperture of the lens is used, i.e.,
SR=0. A fully resolvable two point recovery is produced with center
obscuration of 68=0.5. However, when the obscuration is reduced to
dR=0.3, the recovery points are barely resolvable: and when there is no
central obscuration, 6R=0, the recovery points are unresolvable. These
curves clearly show the performance improvement made by a correctly
sized central obscuration. The increase in performan.ce 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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12 along with the pixel values of the blurred image by an ideal lens. For
producing the ideal lens curve, the full aperture of the lens is used, i.e.,
SR=0. A fully resolvable two point recovery is produced with center
obscuration of SR=0.5. However, when the obscuration is reduced to
SR=0.3, the recovery points are barely resolvable; and when there is no

incoeatrali nlseptatiof fBRIOy hernead\ sy QIS BN ARG s TRESRself,
curves clearly show the performance improvement made by a correctly

musizetcentiiahesturdion ] Bhiglincrease i petfeMmanteas belieredaralilbbject
due to the similarities of the point spread functions over the design range

is aof Dbjstadistaotes-hS@achof frtime the indicase pbEie damboffielbB¥rithmic
central obscuration, since we have seen from the earlier section that the

as e ey etk thelégeablidiedd Bygeaniraldbasurgiorodfiarersiaistmitselphere
much more limited. Fig. 13 illustrates a set of similar curves for an object
witls e atdidtaboe of sa b 0Ot thee sefasusmpgitonsios e leamitynisre

aspheres and the ideal lens. Again, advantages of the logarithmic asphere
appwitkh rtentral obscuration for both the resolving power and contrast are
apparent. [00140] The improved performance made possible by the
invention has particular benefits for photography, which can be observed
[00fy* Bdmbagidamp Frye dheesiaireansEigide pogaibla this Bimitatontite has
- tiger picture is_at a distance of 1 580mm (i.e., 80mm beyond the best
ParpiculaphemstEkpr pha)jos tee Fasovbrisd iarybeop e logatityniomparison
asphere without center obscuration. Figs. 14(b) and 14(d) are the
frofra dbgeRigtiniagcaltbidne T hariishhic Astnsraimith adanaltbiestigetigricstire is
6R=0.3 and SR=0.5, ) '
at a distance of 1580mm (i.e., 80mm beyond the best focus position). Fig.
14(a) is the recovered image for the fogarithmic asphere without center
obscuration. Figs. 14(b) and 14(d) are the recovered images for the
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 believed 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 simuiati_on is about 0.7um, which is smaller than the

diffraction-limited spot size,
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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

(004 bl Iy éatenajiyean be sy sy siedifferén e sdetmesn the paat spieadtheir
functions through the range of object distances, while the average point

peidpreng neschyrrove pticalesigrs fande i tised faxadrtbén ecoiseresion to a
inspecting these pictures, it is of note that the width of tiger whiskers in

CoRMRLERtiMH Lo oYEsaMmwhichrisitddet tiranthea diffregtiemtimiteshonse
spot size. 51 [00141] In intensity imaging systems, it is common to

can-fgr detendenalivistinerimss et enroput she aresfov éunctiomaBetdndihgt of
this notion to a -computational imaging system, in principle, the overall

theplgqudnePieshorde! satPiare e kyveiradifyane epeytraspoitbe, the images
recovered image by that of the input object. Thus, to find the overall

of 3 BRIBRSPHISSOR3B, BeGriay R esk atpeaticuaebjean Histarutdatearat the
various object distances, and the maximum entropy algorithm can be

Maximis 8 iheRYimig Rt SR gesapniedvier the poimtehipsadiie images

" recoveries can be considered as the combined impulse response of the .

o ﬁﬁf%?jf%fe@&da%nfaﬂém’imé@w R eSRYaRieA syulke gansioencs aethe
recoveries is plotted in Fig. 1 S. The curves are the combined transfer

Corfﬁ-i& {BPSRYSeRPBE S iRy &b DhiEed damvertipealdnstging

function of the system i? circularly symmetric, and Fig. 15 shows its
svs\t,edmesﬂa%ﬂwg Hans (gfé@t%tg@ef%covenes is plotted in Fig. 15. The

curves are the combined transfer functions of the system over a range of
object distances. The transfer function of the system is circularly
symmétric, and Fig. 15 shows its values along the radial direction over a
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

52



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
fundrmitar ymbreex pé te drfpulsarespoosgethe difisactiondipiiedhe transfer
performance for the integrated computational imaging system over an
fu nextendetbdeptin dfitield & cleagysddn fioatibesefcpadariOaidd] of the
However, the concept of overall transfer function is only an approximate
intégtexeof theagysemysedormaige e calisecoidhe rionlinest digitd sfer function
processing involved. In other words, different overall transfer 52 functions
for cinda expecdc fancariolis-ebestrvonethelass #rs feangfae ianctiénr both
shown in Fig. 15 is a good indication of performance of the integrated
a pimayamnrisgstetgEigLjecefaremiesti. oVérall tansteidurfetion tioe blur
objects at a distance of s=1 580mm, where transfer functions for both a
imagsatianthinleggeitbjaic des piptied dehthe coverids fromttserbhd function
.. images by the logarithmic lens provide the overall point spread function
andpyeeraiiedyeessponsd intdiion, respectiveblyFfmrRigid.6) Bjst is
apparent that the overall transfer functions are similar for these two cases.
apevaaB}irbihthe ey big Rigecrivtiortiandlve appalenforatase two cases.
improved system, method and apparatus for imaging are provided using a
multifocal imaging system in which spherical aberration is the predominate
(00831 F ERITTER iR GRS 55 BAR ir bMibhbe cpmaresbshabaon

. _can be used for makigg more intermediate images more
improved system, metnod and apparatus for imaging are provided using a

multifocal imaging system in which spherical aberration is the
predominate form of blur for intermediate imaging and in which a central
obscuration can be used for making more 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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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 MCSLLP
ciihginventien g MCSLLP CLAIM OR CLAIMS 1. A method of recovering

an image based on an intermediate image, comprising steps of:

accessing an intermediate image; and performing an iterative digital

deconvolution of the intermediate image using a maximum entropy

algorjthm i%'%@ﬂdﬁ?oﬁ?&é%@@?iﬂé %%imﬂg@g%tﬁoeagvddna%gsﬁ?ﬂ&%inwgﬁate

combination of directional images; and alterin irectional images

imBgjBg SomelFisiRr&mpEe e speed convergence toward a recovered
image while avoiding points of stagnation. 2. The method of claim 1 in

which the metric %@%ﬂﬁ@%@n@%’?%@%{&%ﬁgg; EIF]% method of

claim 2 in which the metric parameter has a value between 0.2 and 0.6.

4. The method of glag, liuhich e ghigetianat Anaass AR XS the
values, and the metric parameter adjusts weights among the pixel =
intermediate image using a maximum entropy algorithm including the
sub-steps of:
estimating a new image containing a combination
of directional images; and
altering the directional images using a metric

parameter {o 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
;jixeé values, and the metric parameter adjusts weights among the pixel

values.
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values. 54 MCSLLP 5. The method of claim 4 in which the metric

parameter is adjusted above zero to give larger pixel values more weight. MOSLLP
6. The method of claim 1 in which the metric parameter has a value that

results in a modulation transfer function having a shape that increases

contgast at high sRatal dreauanrieapPieRANGa Meist it felbeis

method of claim 1 including a further step of producing the intermediate

adiine@elusiig/a ruvtifeayinaging sysiem: §alhednaibrd gkslaim 7 in
which the intermediate image produced by the multifocal imaging system
exhibits a point spread function having side lobe rings, and the metric

parameter is adjustable within a range that reduces side lobe rings of t_he
poing spreaHNeliah iy HIRJRGANSIUCIRA iBIRGSe InEhednstharhet&laims o

7 in which the multifocal imaging system includes third-order spherical

vahhetiagiore QI he methns 0l Glaim ainsvdlich ﬁf&@-iawlﬂm@ﬂ?'ﬁéagmpe that

system includes a central obscuration. 11. An iterative digita

incteceROIPMABEWOH it iSpRAR | HRCASS U EOMPHSBWCHRRP TNy quist limit.
- calculating a succession of estimated images of an 55 MCSLLP object
based on a starting image and combination of directional images;

7. The method of claim 1 including a further step of producing

the intermediate image using a multifocal imaging system.

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 metric 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

inciudes a central obscuration.

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

calculating a succession of estimated images of an
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inputting a metric parameter that modifies the directional images;

evaluating the estimated images modified according to the metric MCSLLP
parameter against a criterion of entropy maximization and a statistical

noise parameter to choose a closer estimate of the object; and outputting

obfLERRARLEE IMRQS:LLIRG ARISSEOYRLIRS SIARRAdMIe HcTiBR M es:

of claim 11 in which the estimated images contain pixel values and the

metric parameter g{igigMe At 88310ReH JedbaPiXeh VAlURRFL3: tHR€directional

method of claim 12 in which the metric parameter has a non-integer
~ im¥g§: 14. The method of claim 13 in which the metric parameter has a
value between 0.2 and 0.6. 15. The method of claim 11 in which the

starting image coriaif atiRYrpeselidl 8 MRl midd Freinmetvdinlg to

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. 57

the metric parameter against a criterion of entropy maximization and a
statistical noise parameter to choose a closer estimate of the object; 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 fo 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 and 0.6,

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

purposeful blur.



MCSLLP

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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