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

LENS WTH A CONTROLLED RANGE OF SPHERI CAL ABERRATI ON
WARDA2GBENTRALLY OBSCURED APERTURE TECHNI CAL FPEL/DS2005/016231

[0001 ] The invention relates to inmagi ng scenes or

ot her objects that can be brought to focus by

conbining a blurred internediate i nage with digital

processi ng that produces a recovered i mage havi ng an

EXSGNDEELPETE O IRLBIRING BT oRALALNG Ik PN wiTh A

aC ORoUED tLL‘B@‘%AP?@EL@FBPHERKIADﬂBENWIQﬁH AND A CENTRALLY
recognition, detecti 0 chi ne vi sion,
and opti cal neasurenéﬁtscmﬁnaﬁgg&lﬁ’ it fromthe
i nventi on. BACKGROUND ART [0002] Objects inmaged by
conventional imging subsystens are sharply. in focus
TEGQHNICAL FiELDed di stance known as the depth of field,
which is inversely proportional to the square of the
i magi ng system's nunerical aperture for _
[0QQTF r ahe bvantinn selatemte ipagme seanes gy athesodyeststhat can
mechani cal focusing neans, includihg automatic
be dyrolugyi, tot floquisdyy dentbigmgjadblursed itHgemedfiatgaimagelveth
scenes at various object distances. Even with these

di??ﬂrﬁnodefssirﬁ_:{ thdtf pot dcelsta P \agednmagd avinghratgnded
ha

hat' span a’l arge range of such distances. Caneras
de%&%gfﬁbérlabﬂ%{rggrﬁgipﬂ%ﬁﬁl|&HﬁH?y W fdurfd €6F the RVRHEEN in
photographic applications, although other applicationsl 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. Even with
these means, it is difficult to photograph objects clearly that span a large
range of such distances. Cameras with a larger depth of focus will clearly

provide superior photographs.

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

afforded more opportunity for improving and correcting optically imaged
1



[0003] Digital processing of inmage data on a
pi xel - by- pi xel basis has afforded nore opportunity for
w0 pgwossey and correcting optically i magedscenesT/USIN®016231
of these inprovenents have related to increasing the
depth of field. For exanple, digital processing has
been used to conbi ne i-mages of the sane scene taken . at
di fferent depths of focus to produce a conposite inmage
scdnmd.rijome ekthesietmpepiements ﬁevel reteied gl unucpe@sm@é@@sdepth
take tinme to collect, are difficult to process, -and
of iedd g&‘@ereadalmplmmgitaf procasyifighasderes usatjtectombine images
change. [0004] Anplitude attenuati-on filters have al so

of Pﬁ’@@aH?eegcér?e ?&‘Il@ﬁ‘ﬁt e faft dle 9fhsf beFotusTiPpeadlive at he

attenuati on Iters are located in the aperture of ‘the.
Y  gar
cot R éﬁﬁ@'%?@réﬂ%ﬁu RiEaepgfih (RIETTR muitiple images
ntroduceslar e a ht | os which Linits
take Yo coleFbrre Gtost Rurethrontan A5t AT irplY have
been made that deliberately blur an internedi ate i mage
Unﬁﬁtléf%i@'tyefﬁi't“@ﬂﬁéys‘é@e%&@ C8@NPEast sone information

about the inmaged object is retained through a range of
focus positions and a non-ideal inpulse response

[00Q#Lt iAmplignde mstenuasianmfilters havievalsp deeroysed taextend the
def ocus range. Digital processing, which effectively

degee ofifidldt eBygiballypaihet attpneadoh ilterisoare loeated és thaaperture
I mage to a nore recogni zabl e |i keness of the object

of thé q’H&'@;lﬁ@ so¥tangderb ang ineér Fddil diedr@R6AttéNatiHgithe outer

exanpl € | 0cates a cubi c phase mask within the aperture

anﬁLILquHo e'?gtﬁé/?lqt‘:émlhﬂ'o%ﬁﬁ%g%?g@am&] 6L 1iGRAY 36 2Which

ansfer tuncti

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 blur. Although significant

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



thereafter. Digital processing renoves the blur.
Al t hough significant inprovenent in the depth of field
wo sooaobsseved, the cubi c phase nmask i s notr ot at POTYEE1095/016231
symetric and has proven to be expensive and difficult
to fabricate. [0007] Another such exanple simlarly
|l ocates a circularly symetric, |ogarithmc asphere
lens to extend the depth-of-field, which is nor
Fotationaycsim M tHSrATchBAB R OVEBVIvas exPgNSiseand difficult to
| og- asphere I ens, the inpulse response is not
fabrécdtect | y uniforn1over the full range of operation,
and as a result, sonme degradation is experienced in
the image quality of the recovered i mage. [0008]
[0GBZP N Anoter suchl @oambplersirhilarlydooaiesga cireutdnly sw’nmetrlc
such internedi ate i nages are subject to problens

Iog’a‘%'it"}‘ltrﬁﬁga%}lér@%ﬁ%b'é)b’ceﬂﬂdth%fcﬁéﬁtrﬁfmf@id tWhidh is more
resul'ts. Nonlinear processing algorithms can suffer

ecmﬁq SAY AEMIBRERNES QowRlegnTy AR :p@daebﬂemeﬁm@s

con rast frequenci es

PR A M Al gl

mul ti focal imaging supsystemthat efully blurs
andRsed wR8 Kt éomﬁagggra&at{;m EcEX¥PeIi8AC }LP-H %&mepﬁbtv of

a controlled anbunt of spherical aberrati on to provide
tharecowerediifmage.i npul se response over a range of focal

depths. Third order spherical aberration is preferably

the dom nant feature of the purposeful blur. A digital
[0(0 8] e Red duh st Uyt 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 multifocal imagihg subsystem that

3



recovers images convol uted through the nore uniform

i mpul se response for producing |ikenesses of the
wo@bjoeorss2t hat remain in focus through an ext enPeriUsBENg@16231

of object depths. The nultifocal imaging subsystem

t hat purposefully blurs internediate imges is

preferably circularly symmetric with a centrally

obscured aperture, which narrows the inpul se responses
puspasefublydslucs iaer madiata, inagss ¢%ﬁf€@§ﬁnF visedlagly sygpmetric

| arger anmounts of defocus. Together, the controlled
wiﬂphe;eina:mlIwbbscnateidompamdre,hshb:dmnamows ths bmpeidise responses

aperture provide a sufficiently narrow and invariant

and 'HWJlé? cbRENGHAE sA¥Arast Eentatenedsidepfdr lakgépansodmts of
achi eV| ng diffractionlimted performance over the

B‘ﬁ ?9 tﬁ@r per f&! nEhEh%ﬁﬁhB@Ha'u‘dﬁ %ﬁd the cenérally

mte nce over a dept fiel

|ncr sed
ori TGl i L5 Ry Bl Atk Bletilt il
i magi ng su stem I|f|e nufacture and r.educes
reRRIFSA pV%& exf e%%eeﬁlé OzfrﬁHFJOE)@beFV'H%BF@P%O”‘
t(?ﬂrgut ational imaging systemin accaordance with the
limiteck pertarmancepueuthngxiended raage Agr axcesdvedssical
depth of field includes a nmultifocal imging subsystem
linfios. Diffeauctiow-lamitect perfedmaneei owegea death iof field increased by
purposefully blurred. The nmultifocal inmaging subsystem

suxettht@rh tineplre lc¢£d5|@dlqrrhﬁt¢a0ﬂbé$a&h@véﬂ)mmn¢|ré@laﬂlyr e
of the purposeful blur. A central obscuration

syfrRReGIAL 63 Y rteh?ﬁh‘?%frﬂagm n% @hpsgﬁt{e@@:sh@ lIJ gﬁ: sf ﬁl‘i‘ﬁ%?actufre and

variance anmon a range o
ef ocused P03|t|ons A digital processing subsystem

HLPLETAEC

[0010] One example of an integrated computational imaging system in
accordance with the invention for producing images having an extended
depth of field includes a multifocal imaging subsystem for producing an
intermediate image that is purposefully blurred. The muitifocal 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



i nternmedi ate i mage produced by the nmultifocal imging
subsystem and cal cul ates a recovered i nage havi ng an
wezxdaoeoessad7 dept h of field. [001 1] The overal | PCT/US2005/016231
aberration of the nultifocal imagi ng subsystem can be
expressed as a phase delay function in nom nal
wavel engt hs of imaging |ight, and the spherical
aberration preferably contributes a phase del a
betkben ie8rand 8 \waveléngtive| dhgtdontrated goaasuid e%sphel’iﬁ‘vIl
measure of spherical aberration is preferably mainly

ab&fratitm fshprefepatsiormaiidy icf thedepehdedér ahdtibendependent of the
wavel ength of illum nation, focal |ength, and best

wa@@fetf'ﬁ_:}tﬂbéfeﬁltu rﬂi'ngattﬁﬂﬁefoc[ap%#h, 3R BERIoeu’ Shjekhdistance.
mu I

ITocal 1 nmagling subsystemi1s preferably circularly
symmetric, having a mninmumradi us dR, defining an

[O(? T‘%f { 'Itl#e{n.ghe gtf# rq@ e’ AuIGRRGY ﬁgliggﬂ%,}%s%té rﬂglg [%refe rably

alar aperture, a Ximimra

. Rdefining an outer . limt.of the apnul rture, .
cirgnlarly PRIt faving e AP LS R JEIhiY & pyter limit
to 0.3, provided that the light |loss is not excessive.
of pontgal bsqurasionomed agnihner TirRE (hfi‘?'i‘i fr ARGHiURE, and a
subsystem can be designed substantially free of
mayiharincaldiab e’ definorg aaralitar pimaid ©fiihet aneualar mperture.
desi gned to produce the spherical aberration that

Préferaiblyt Aerafioh SR/ Rfieajrenterothainher pyupbseiuB, provided that the
Oten, the phase plate can be attached to an aperture

Iigﬂf Ié?se}s”H{)]f E&@??ii £Magi ng subsystem at an i mage-pl ane
side of the nmu t|¥ocal i magi ng subsystem
Al ternatively, the nmultifocal imging system can

DR8] ohPlessE 5 208 TS AT B 8 can be
defngrnr(reBd Eﬂﬁst%%?‘ia?@” reg%qftsuﬂheer?cfaltarl!)eerration, 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 5R and R are preferably at least

approximately equal for the center of the designated object range.



purposeful blur and that is in a proper range for
reduci ng i npul se response variance. The spherica
wab@ecn2aes2on can al so be divided anbng nore t haPCDDB82005/016231
| ens el ement to increase design flexibility. The phase
del ays produced within the aperture at dRand are
preferably at |east approximately equal for the center
of the designated object range.[001 4] Another exanple
[0Qk 4} hdnathentexamale ahthsirveidiprapan extendadidepglyiafdield

systemincludes a nmultifocal imaging subsystem
imdgiigpesteas imcladebianatultifodd| immagidgaubsystemgdesigned as a
conmponent and a spherical aberration conmponent that

coﬁﬂhﬁé‘ﬁ@ﬁ dfaide &lUim&Jingocorapehieac anid arsphehical abegeation
of object distances. An internedi ate inmage-detecting

co#@g@%}t%&?q} ah{@&ﬁ?aﬁerd&ﬁ%m&ﬁ%ﬂm@w ﬂﬁoﬁt@lhséﬁ&ﬁgé of

i ng ba anced 1 n an ut of focus effec

thro the r t .
o AiStiedS o a8l BT EE LR BRERY e%‘d%%a%éaﬁfeds jmages
o i SORBH BB ER Slpof focus
range of object dist ances [001 5] The ideal imaging
effectptimomgipthe sange of phyectidistanees. wé@q@paﬁebsr@@tssa@g
a given object distance, and the range of object

dedicetcricglaté hamegbverddimage hapfirg iavaex wretachtdepth of field
conmponent bal ances in and out of focus effects

bab &g loHig Tolr hectiiry 8 tREjRGANEi G imane. oloof xampeffecthehrough
mul tifocal inmagi ng subsystem can include a | ens

théi?gﬁg@%ql qttg srthmﬂése t he ideal inaging conponent and

eS| gned to contribute the spherical
aberratl on conponent The phase plate can be | ocated

[O(W ﬂq' T 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



aperture of the nultifocal imaging subsystem between
the lens and the internedi ate i mage-detecting devi ce.
W@ 0@4/08§52The i nvention can al so be practiced aBCHUS2005/016231
met hod of designing a multifocal imaging subsystem as
a part of an integrated conputational imging
subsystem A first conponent of the nmultifocal imging

. subsystemis designed as an ideal i ing co nent =
imaging sebsYefean i oBEs@nesk a%agﬁn}f@fl%jr@%ffagﬁogtfgm@?awmg n
second conponent of the nultifocalinmgi ng subsystemis
andenitgfefbas effepisathroaghabeange of dhjechdisdascesy Gorahining

out of focus effects through a range of object

thelfiséoane secondddponthes bf thé ranltifeeabirdagimpendsystem
of the nmultifocal 1 mging subsystem produces an

précﬁ‘ﬁ@éé“ﬁﬁﬁﬁf@rnﬁé@ﬁﬁ% filp@dlel thal yé WPB%fLMNObHIr?gH.- THEsecond

second component of thé nmultifocal 1 nmaging subsystem
trihu a is . ' t ' .
co it it fhfoe] iR A MRS My My kR o aspherical
concerning the internediate i m and the rposef.u .
abgfrafiarothi s the e B ATh Gerute B cee surhg el BRFF gpformation
pr oduci n% a recovered i mage having an extended depth
conteming dhe[iptarmedipte imaggeard thejriuposetuldpigds supplied to a
t hrough whi ch the spherical aberration conponent
diditdlproee ssingasystem forf pfoducingfd ee¢cevaredfisnage paving an
i ncl udes the given object distance. In addition, the

exferitie] depeRjfdieldi st ances through which the spheri cal
aberrati on conponent bal ances in and out of focus

effects is at |least six times larger than the object

[O((’ﬁ ?]]E f‘glgfé?(r)é]’r_Y i %W{Bébé@ctt ABtihéss RGN PRI YRR rical
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 multifocal imaging subsystem to further balance

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

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

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



i magi ng. An aperture of the nmultifocal inaging

subsystemis preferably arranged with a central
WwWo@bweesskT on that is sized to cooperate with tPer/ssmosiaie231

conponent of the nultifocal inmaging subsystemto

further balance in and out of focus effects through a

range of object distances. [001 8] Another exanple of

an integrated conputational inaging sys(ii?m in .
multitesad Amegingtsuhsyste miendesh RNBT SRERAG Turtions of object

I magi ng subsystem for producing an internedi ate i nage
pobfts grodbjcedtwitbrthienpurpesefutibhir inoagiunjfewmpavesra ramge of

a prescribed aberration conmponent for purposefully

obfctidistagicebe A dligitargiddes singreabsysteenidedlupbtiteimteirarediate
of therultifocal inmaging subsystemrenders point

im%@é ggggpg?&tbt?yﬁﬂﬁ ?ﬁul‘?#b@?lgi Pﬁng%i\ﬁgss%%‘ﬂéﬁﬂa%tdalémmes a

nore uni r a range of object

di st ances. di.gi tal [ em debl urs the
reqorypég%ma&eéw%lgngeﬁble%%g@@ &%tﬁ;&iﬁuélpi'f ocal i maging
subsystem and cal cul ates a recovered i nage havi ng an
ended, dept.h of . field. [001 9] Each, of .the point
(o {3 icadathit fhimBoute ShFact Ustisns of Bpfictfy RepPferably has
central peak and oscillating ring structures, and the .
a ceahial s1eakhard ascillRting 6kﬂQj§Té’UFB#feﬁaﬁng&'t|’WgCQ'T‘FéaEQQF‘é‘g@t'on
poi nt spread function either for the close-in points
pravidehdodinstr eowinpth e ave pagenpeintdgpeadi fgicsion agher for the

design. In particular, the central obscuration

cloBeefrepaity dietiitetsstantd djecvpains, dépehdimpeonridie design. In
peaks and the oscillating ring structures nore uniform

pafi@ngr, it @@lﬁ‘?ﬁf oBSEMtatiorn BPE@kaderanddtoIsithl tHd Widts of
the multifocal 1maging subsystemi's
the central peaks and the oscillating ring structures more uniform among

the object points.

[0020] The purposeful blur of the multifocal imaging subsystem is
preferably the starting point for rendering the point spread functions of
object points more uniform over a range of object distances. The central
obscuration preferably removes variant components of the point spread
functions produced by the purposeful blur for narrowing the central peak
of the average point spread function among the object points, especially
the object distance corresponding to the center section of the imaging
subsystem. The digital processing subsystem preferably calculates the
recovered image based on the average point spread function. Increases in
performance associated with the central obscuration are believed mainly
due to the similarities of the point spread functions over the design range

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



preferably the starting point for rendering the point
spread functions of object points nore uniformover a
wo 209028527 obj ect di stances. The central obscurpetT/082005/016231
preferably renoves variant conponents of the point
spread functions produced by the purposeful blur for
narrowi ng the central peak of the average point spread
function anong the object points, especially the L
fielshtleatt might atlervwise rassporeRmythe UsfOfckReatral edscERtPN in
the i magi ng subsystem The digital processing
anddbslysheaging systeanl yn partiaukrethe hesodatackimgrowegwents in the
based on the average point spread function. Increases
depth BEficdd "pAATCAAPYCiort@dsavihdis tihcesnaralbediesedrmairdy due
are believed mainly due to the simlarities of the

to Bitﬂtthﬁmaq'?ng%Fr&%hitﬂTﬁafe%\keéf fﬂ@a@'@r‘ﬂ&”pé%%r@%doﬂirﬁ@bn and

I'stances er than fromany direct iIncrease of the
depth offiel d that mght herw .
the 8T laghst etioi Bheli itk 3 thathRE SERRRY ALELRS over
In particular, the associ ated_i nproyvengnts i.n the
theyggelansid phiac rapger GSE NP FasTOR (38 Fn PRIt ShEead
are believed mainly due to both the narrower central
fupetion othathearyvies agyeth eibiectsgisearice, e thainthenavenage point
simlar oscillating ring structures of the point
s p ek fuh dtione Lisedsinother didital rreicgssid gotgre provigegae sighiisantly
two factors lead to point spread functions that vary

imbf&§vedVolltp@kj ect distance, so that the average point
spread function used in the digital processing can

provide a significantly inproved output. [002 1] Yet
[o@ggph%t_ ef larhBR bAVRSINWItRS 88 diiEbRARAY

utational imaging system produci ng | mages
corr}lapvdtra{gio%rél ?%ta%ri]ﬁj&%ystem 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 multifocal imaging subsystem and for calculating a recovered image

having an extended depth of field.

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

monochromatic aberration of the system. Preferably, a central
9



depth of field includes an i magi ng subsystem for

produci ng an internedi ate i nrage of an object and neans
wo eovospessduci ng a purposeful blur in the internedi/asmos/ni6231

I mge using a predeterm ned anmount of third order

spherical aberration that contributes to an extended

depth of field. A digital processing subsystem deblurs

the internmedi ate i mage produced by the nultifocal
obsomgition sobpgratemwaithl therthiral otdert s phericalederrsadan for

I mage having an extended depth of field. [0022] An
redX@ng varidtidhen the @uirposefid umdveer the axterdgdrdepth of field.

systemincludes a multiple Iens elenment systemthat is

Thgﬁ'gf@? ILM bRl e hRht8YcaFERRIu@E af 1é IV ISparithmic

aberration that contributes to an extended

de of field. The third order spherical aberration
as'?lgg%flgsui buted anong a plurality of the | ens el enments
and forns a dom nant npnochromati c aberration of the

em Preferaply,.a.central ratj r
oG 3 erthorlob psichuffict rRuRRSGHBht R3S EBRR Bl ragee
variation in the purposeful blur, qver the extended
witkeihensientian bor sRETSIa BEPH obiqidmag Badncidss
include at least two |ogarithm c aspheres. [0023] A
formeu ladithgpan desdgingrystemuds Afarabinasin of aneigleiah imaging
accordance with the invention for extended depth of

cofrpdrikritrerganged rfor ddffsadtiomaiiaitiedgi naag ingaan d @rsgbemation
as a conbination of an ideal inmaging conponent

coR{gANERU in &bl pR&tiHiRd birakE €ghkfegl Alse@atioad The amount
aberration conponent dom nated by a third order

of TROGhIra3 r RPN -abER Fa RSP ¥'Hetermined 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 design is tested over a range of focus positions. The
amount of the third order spherical aberration is adjusted for producing
point spread functions that vary less over the range of focus positions. A

central obscuration is preferably incorporated into the design to narrow

10



of the third order spherical aberration is determ ned
so as to reduce variations anong i npul se responses
wW@r@e6/028327 ext ended depth of field. Preferably, Pet®s2005016231
amount of the third order spherical aberration is
determ ned by adjusting the anount of third order
spherical aberration fromone anount to another to
identify nore uniform conbinations of jnpulse
the @Qb’ﬁn§@§ei\ﬂ/é\dnﬁ%@”é’xiiaadébﬂb%ﬁmecf“ ﬂil&paalcefcfeme B-
Anot her net hod of designing a nmultifocal |ens system
designaccordance with the invention for extended depth of
field imging includes nodifying an ideal |ens design
by incorporating into the [ ens design an anount of
[0025]r d AorskethogbbEdiesigniag e attegratedheo meruitationat emaging
the nodified lens design is tested over a range of

sydtefy in Besbid e withetMivent@n fdlepiddudngrififiges having an
spherical aberration is adjusted for produci ng point

' t. . 3 : .
ex AT L U o A B A orAaL Bt WHRGTAG 35580 having an
' ] ted into,th [ 1o, Lot -
abs GaBEPorampenght daminalet) 8a Pirhip Ll S8ue 458 §En for
design. [0025] A method of designj i nt ted
PrebAg00:R POHAPY IAGMGARS HEIRGen  hBE G AAHEE LD thifel order
i nvention for producing i mages having an extended
sphlepcal alberfratibd is rddtedednédisomasato neduee Vatighing SAHPac

havi ng an aberrati on conponent dom nated by a third

impu R respersesadbvererangé of foous positionsig Aachlicutated impulse
I nternmedi ate i mage. The anount of the third order

respPUHd d8paRleroat ARArithntei €AV R 6PLIRS irPul&dveshonses
vari ations anong

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.

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

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



i mpul se responses over a range of focus positions. A
cal cul ated i npul se response departs froman arithnetic
war@eagss2nf the i nmpul se responses over the ranper/v§2005/016231
focus positions to unevenly weight the inpulse
responses over the extended depth of field. The
cal cul ated inpul se response is incorporated into a
digital processing algorithmfor deblurring the
had rtgér capability. Thgenpwomagingnsyste® malsprasenomirdditag
subsystem and for calculating a recovered i mage havi ng
mamufazgtueedehaeptdanobe fcireudarly 8pashetrius, a circul arly
symretric, spherically aberrated, nultifocal imging
systemwi th centrally obscured aperture can be used in
[0GZZIor ddcewintior ben ialss blei practicedi ag @methiad ef recovering an
i magi ng. The resulting inpul se response is

im?gé ;H&%%@%j\ n iWé‘{ﬂw@Hfat@Viﬁfag%,rv@Iﬁ‘ﬂ:ﬁ iplc| pdpd £aEcERphGan

ort digital processing for recovering an inage
. that renai [ nefO 0 f. - dept s,
inth gL b, B 2 ST e ap B Ay PO
conbi ned sxgt em.canggel(rcgduce diffraction-linited
de¢RRWPIULIOOLIRSG IRteTBIGUAHMAGRHUPRY & MAIMUTR LR
times that obtained by a conventjonal |ens system .
algorithm apisinadhesmayinum eatiPyt ATERR, ameVy dNadRdse
not had this capability. The new i naging systemis al so
esEr@tedicontairmngenadattinatipnsfndigectiovainirnages.r dlnesel y
symmetric. [0027] The invention can also be practiced

diragtidandEimagdeofareanfiyaelyngitéred 08gr) hanetriopasameter to speed
i nternmedi ate i mage, which includes accessing an

j [ ' S; r ok ot :
cop BT el MR SO BAG o

Stalng]Haq%nL!SI ng a maxi num entr opy

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

approaching a Nyquist limit.

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

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

12



algorithm Using the maxi num entropy algorithm a new
image is estimated containing a conbination of
walzeoeorssenal i mages. These directional inages BCEUS2005/016231
uniquely altered using a netric paraneter to speed
convergence toward a recovered i mage while avoiding
poi nts of stagnation. [0028] The netric paraneter
reconcil es conventi onal maxi mum entropy al gorithns at
menstrparapzetamss adjwstabés withindto paeferek range ségnidicangly
metric paraneter are preferably chosen between zero
rechcé sogidetlo badyani agenudby isdeersin the blei it image.
di fferent pixel values. Preferably, the netric
paraneter has a val ue between 0.2 and 0.6. The
[0 OWé RbRerClPIHIS rithw FHEM IR b 6limedredRfiel prorkssipg &s
to ‘a nodul ation transfer function having a shape that
e h . . : : .
me B BAT RS eE R imam B g ok PR ARME alggrithm,
I e can be, produced using. ' i .magl .
whigR e arPectEn B RENE Sgkeeniaicautty i Bidlal e Bugressing.
functions of such | enses have oscillatjn bafes, Whj ch
The aiitideutatsgrari Faiver geRERaNd the,avaidarnse ¢lostagnation can
adjustable within its preferred range significantly
be rgaheraly sidvantageows £o1 Imagenecphastrustisaefestoratien, filtering,
blurred i nage. [0030] We refer to this new form of
andgiittureasratiegslra). processing as "netric
par anet er - maxi num entropy al gorithn or the MPME
algorithm which is expected to have wide
BRAFFPDESERIFTION DF DRAMINGS mage processing. The
attributes of rapid convergence and t he avoi dance of
stagnati on can
[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 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 B-type multifocal lens for various amounts of

spherical aberration.

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

aberration.
13



be general |y advant ageous for inage reconstruction,
restoration, filtering, and picture processing. BRI EF
wOREBHeRdTT ON OF DRAWNGS [003 1] Fig. 1 is ther@l/vsi005/016231
di agram of an integrated conputational inmaging system
in accordance with the present invention. [0032] Fig.
2 is the diagramof the nmultifocal imagi ng subsystem
' havi n% a centrally obscured erture. [0033] Figs.
[0GB613F g Ghabhara@imohsieRieNing RYnE2BTead dunsHiensofa
centrally obscured /?-type nultifocal |ens for various
noasoemtrallpfobsgneed qaﬂyp@emmlatfooal lensof4|vaFigyss amewns of
are graphs depicting point spread functions of a

spmncgeg}sé@h{mnobscured /?-type nultifocal |ens for
vari ous amounts of spherical aberration. [0035] Figs.

5A-5F are graphs depicting point spread functions of a

[OGEAL T & éyzq %ﬁwﬁqe@el floWtHdrt ‘P@laho'nﬁﬂ%af Aigiear bﬁb’éessmg

anmount s erical aberration. 36] gs. 6A-6F are

ac g PR 3'58‘#@3099%?@&'@“"#3? 't ."PECST lens for

vari ous amounts of spherical aberration. [0037] Fig. 7

[quf%]?efogng%ggcﬂé{ﬁ'?%fgghbmﬁﬁél nI | nl?ﬁ%g{egpg%f pum entropy

[0038] Fig. 8 is a flow chart shovmn% ste V\ﬂ)thlnthe
algm;;g,hmrﬁp@ et@pyining successive estimations of t ect imaged by

the multifocal imaging system.

[0039] Fig. 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.10isa 4set of images of two point objects separated by a
diffraction-limited distance for an imaging subsystem having a full
aperture, including: intermediate image (a) showing a diffraction-limited
blurred image by an ideal lens for the point objects at the optimum object
distance, intermediate images (b) (c) (d) showing blurred images by a
spherically aberrated multifocal imaging subsystem for other object
distances, and recovered images (e), (f), (g), (h) showing images recovered
by the maximum entfopy algorithm from the intermediate images (a) (b) (c)

and (d), respectively.

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

separated by a diffraction-limited distance for an imaging subsystem

14



al gorithmfor determ ning successive estimtions of
the object imged by the nultifocal inmaging system

WO 0@8085ET g. 9 is a graph plotting the curves PURUSBO®OI6231
a convergence advantage associated with an
optim zation of a netric paraneter in the maxi num
entropy algorithm [0040] Fig. 10 is a set of imges
of two point objects separated R‘ y.a .

havingr a Sen1ahY ObA Qe dARe Ak INGRICIAG] iB3oRg @LHEYsinkd), and
having a full aperture, including: internediate inmage

(e) faymeldoby Ay idedi 1énavithothd camtragoblsgu rasipn abghiffeyertnobject
ideal lens for the point objects at the optinmum obj ect

d|s@aﬁé@mmeﬂmé@ramedm@@sl (ﬂa@gﬁ (bb) (i)Y, @nd ) fotmedry a
lurred i mages by a spherically aberrated nultifocal

spl‘mé‘ﬁ@éli\gagHP@(@B ft%c El'ﬁﬁ%ﬁﬂ_;j g §te¢r‘1 Wlﬂﬁ“%ﬁé ceRfiFhl

recovere |nage show ng |nages
reco ere y &

obb B RubL e %ﬁﬁb@i&ﬁ SR aﬂbg% PR p@*? 3.

11 is.anot her set

(bl a0g(aE paowRG GG Ty §Vered kTR %U{%&n%pv
di stance for an inmagi ng subsystenhavi a cent

algswishun Stompdre: itermedidtednages hé@s (bg) (i), @apyl, (J)( Jfrspectlvely
(d), and (e) forned by an ideal lens with the centra
obscuration at different object distances,

[0042])er nEig. dt2id asgaph(plprting)recomgred d)a';a &ma(ty\l)o pointeebject
by a spherically aberrated nmultifocal imaging system

at Widdfothsed @jeel dizlance abnparatg resultsfeombg spherically
di stances, and recovered imges (k), (1), (m, (n),

abgﬂ‘a}%&;gi/m%@@% RYYsYBER Witk Aiffepenbyehtial BBXLMETioN values and

the blurred image data for Nikon lens without a central 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 (a) formed by ideal
lens without central obscuration and recovered images (b), (c), and (d)
from a spherically aberrated imaging system with different central

obscuration values of 0.0 R, 0.3R, and 0.5R, 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.
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algorithmfromthe internedi ate images (f) (g), (h),

(i), and (j), respectively. [0042] Fig. 12 is a graph
W@bk@b28397 r ecovered data for a two point obj ecPCRUSH05/016231

def ocused obj ect distance conparing results froma

spherically aberrated i magi ng subsystemw th different

central obscuration values and the blurred i mage data

for Nikon I ens without a central obscuration. [0043]
[0046]. Figi $64dsgraptpibdepisting the selatvehyamalt differants

poi nt object at an optinmum obj ect distance conparing
betvwesen the fovenakh tepisfer fahtyyoabef the ddtégraged gnaging stystem

with different central obscuration values and the

ustig!pbaft ¢mg@aﬂat@d§@buj\{g¢qon | ens without central
obscuration. [0044] Fig. 14 is a set of imges

illustrating the maxi num entropy recovery of a

BE%‘@W@%@S}} EORIFARRREEG OUE et NOVERTESN(a) formed by

_ l ens wthout central obscuration and recovered
i mges (b), (c), and (d) froma spherically aberrated

[0047P1 U ﬁYﬁlcﬁ@s wtdirdilafigrsgrimeent malltifosalilerisesrhave
values of 0.0 R, 0.3/?, and 0.5/7?, respectively.

re\le%q)éé};hﬂ -cotroffed a @\Ergt Bf Sbhkhneaf A5e AUBOH provides a

tTans unctl ons o I ni egrat ed i magi ng system

defiraplec AR i anryt B s ta'@éﬁag s a? PHEBlof-feld

g LR TR RSB B o
usi ng poi nt object and edge Obj ect . BEST l\/[DEigS FOR

caicArRRha T OpTaMysta NAKTINGA ingoarrpnaemes tuanostifigd to

circularly symretric multifocal |enses have
incorporate 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 multifocal imaging can be used to further extend
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reveal ed that a controlled anount of spherica

aberration provides a desirabl e distance-invariant
whbaoe/0285at | eads to superior depth-of-field i naQgi/m§2005/016231

Qur preferred nultifocal |ens for extending the depth

of field can be based on any standard i nmagi ng

arrangenent nodified to incorporate a third order

spherical aberration as well as higher order spherica
theadepthaof diedd, Sutd ssp@edtuhig hemg sedutiendnpgisgt irough the

i ncl ude Petzval | enses, Cooke |enses, and doubl e Gauss

exlegntieebde bW 48 fidldh. addi ti on, our st udi es have found
that a further inprovenent in depth of field inmging,
particularly at diffraction-limted resol ution

[odztglougmwnﬁ@@oqxgemdaﬁ idesifated conepdiatialienaging system

realized by 0b scurlng a center portion of the aperture

10‘?[)rte|r)‘&eHH£8 Jeﬁﬁﬂl? ﬂﬁaﬁﬁﬁfﬁﬁg@&%% QA ML atl hhaging

Sé res ose tances (b- S|g or

Bl 15, S %@ééaxgaﬁqa&@%g&&wéﬁ?zg g

i nvariant, The celg50 { the multifoca
pr‘rﬁé@i%%bﬁ%V@t"@ﬂw Yot8contributor to the
variation in the inpul se response with distance. The
conbi nation of a central obscuration with a properly
[0QRRi gride multifecaldmagingi supsvstemel 2daeludestasingle or
extendt he depth of field, or to support higher
multptd atement heaw 23 ard au:gﬂastehpla&ethe‘hdé’bedeperbfs preferably a
field. [0049] Referring to Fig. 1, an integrated

con}‘}\lﬁég’lﬂ’tlélélﬁiénu@h@ ha\lmglalgeéylsbﬁmsb@nefrltlal eytfarded rdeged fot ideal
ging includes a nultifocal inmgi ng subsystem
imérgybr}fgpar’ch%rﬂi’?ﬂ@bﬁatb“?ﬂ% BRiRFABR aIdENHE] thdomtribute 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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processi ng subsystem 16, and a display 18. [0050] The
mul tifocal inmagi ng subsystem 12 includes a single or
woiobiopsse7 el enent | ens 22 and a phase pl ate 24PCTN82005/016231
lens 22 is preferably a conventional |ens having at
| east one spherical surface arranged for ideal inmaging
and the phase plate 24 is preferably arranged to
contribute a predeterm ned amount of spherica
[0QBHr r @them.infagingtsyate misscantemplated byaieainyenbion include
| ocated wthin an aperture 28 of the nmultifoca

multipie lhsseksienenisuch horfof detliay withrawongatic aberrations or
performance. The phase plate 24 can be fabricated

o NP /A SRR THeL P RoL R A ity
w5 A S Aok SES A e P o
24
of SPhREFSLRDRGEHOS AT0E0 SruBst.RT DelehrdEMarse Tor
can be alternatively fashioned as refl ect ive surface

examehe adt least éW@sQfoHlQ:'%@ legremtnycatp peifeameshas lagarithmic
central obscuration 26 can also be realized in

asphérfes; eathvinysrpenatingas poytiadddhthedesiredadpharigal aberration.
wWithin the aperture 28 or by arrangi ng for an annul ar
pattern of illum nation that has center darkness. A

[00B 2 exild imggeeldteationtdrvican 4ahvatichacalleeds harintermediate
pur poses of the invention, such as a secondary mrror

imQ%e 33 Sr% ;ORe- 1@ PRatlis &Wall'yﬂﬂ%'rf&j Sdéﬁ*t Bﬁﬁcashloned as a

ntenpl atéd by the invention include mul tiple lens

pingaggE'tﬁéDs(Eﬁgr@@ hﬂﬁ)léjc?a%bﬁ%)‘ﬁ'rté\/l n@nt Sbfementary metal

: rons or magl ng’ requi re
oxi evggHiggn ﬁgt\grg?isetécqu %?Soe(ﬂef lI%ﬂtbs'elnsn){ve 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



within such nultiple lens el ement designs to

distribute the desired anount of spherical aberration
warwa@2ss2pl urality of the lens el ements. For eReEnpE®)5/016231

at least two of the lens elenments can be fornmed as

| ogarithm c aspheres, each incorporating a portion of

the desired spherical aberration. [0052] The image

detection device 14, which collects an internediate
intermgdiae l@ﬂagﬂ)ﬁ@cténzmerﬁ@tflitgr gensr aadifisationsede.aaMiener

be fashioned as a pixilated CCD (charge coupl ed
filtdevéfrebearseeM® (iemmlreposet drgferabdy, axiomdinear algorithm,

sem conductor) detector or other l|ight sensitive

su&?‘ék‘%ﬁ\ |t€|"&ﬁ|\¢@?@£)¥|ﬁ’€uﬂ &Rr6 py &g HAt I, a0 eedda® sharpen the
two- di nensi onal array, as a onedi nensi onal array, or

mtg}’rﬁgl distedniad@39. dﬁtrflﬁ%(%uﬂ% éﬁtroﬁéﬂg@rﬁﬁ' usegr

nat’i ons” short I Mensi S are pre era

0 scanning for collectln 0

opfignebaprHRE oI BN e AT gﬁ%%‘ﬁﬂ%‘@@é Bimize

However, one-di nensional imaging can be used for
th%éﬁﬁ?@@r&cgﬁwr%ﬁons [ 0053] The digital processing

subsystem 16 preferably includes a conputer-processing

devi ce having a conbi nati on of hardware and software
[00%4] t Hdhepdigitally procersgd ipnageswhitd isTiefetriegh taps a recovered

processi ng subsystem 16 can be incorporated into a
images A is\aitpottdthto dhe displaly adce h8, mhichfaeabe CRT

i magi ng subsystem 12, or the digital processing

(caHE8¥ ThoTubB) CI?@Dt(ﬁqéid @F\@ﬁdl dsplayt @ndeh@ndisplay device
| nage- pr ocessi ng conputer. The primary purpose of the

apﬁh(g!)lll?{e %P&l@?\éh?%ﬁg&&%ﬁt zﬂkéﬁla'tﬁ/ew tﬁiéaﬂlf%‘ﬁ'i‘ay dewce 18 can

er nmedi a i nverse 'filter
nmodi

be omlt{e&%tnldo{h rec&/eregvlmage 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. It is also applicable to a range of

different wavelengths including infrared imaging.

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

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

19



filter, can be used for this purpose. Preferably, a
nonlinear algorithm such as an iterative maxi num
weriosopss2al gorithm is used to sharpen the i ntecTEsioas/@16231
i mage 30. If maxi mum entropy algorithmis used, an
optional acceleration factor, netric paraneter, can be
chosen to optimze the speed and convergence. [0054]
The digitally processed image, which is referred to as
lens 22odtteacpiradesgemdzed isphenicaliabedration abthe phase plate 24. A
devi ce 18, which can be CRT (cathode ray tube), LCD
polrti spuirdecs, wehigh idilophtad almmoaheptiia pay 3deat aaistance so
appropriate for view ng purposes. Alternatively, the

awdl TR AYtHEEM RfithBnicads g reB 4 hedLieet plager ILGOVRaged as a

I mage 32 can be inputted to other functional

bIﬂ?é@We%éﬁiﬁ%b%inf?ﬁagéW ﬁna¢§$|£ﬁ&QVﬂ§%a£m% Aflong

can be in a pattern recognrtiron systemor a

machi ne_vi sion system If.1he.recover [ [
the BBHCAb AN a8 & 13t Bhet itsoat 1 R Rbun B Snigre 34. The
processi ng subsystem can be incorporatedq into the
logasithenis asdddRi 34 @%W%%WH@'WE?@N 3t £0f ringstype)
di gital processing device can becone optional )
apeepead&;draving leradivefromr SBItarR WherenhdRiinttbeniagius of the
i mge. [0055] The integrated conputational inmaging
central ebsd@rdtiorappl andR s the kidias ofdengraperswa 28pwhere 0 <
color imaging. It is also applicable to a range of

SRAL T4 efrRBtc MU ELRREbRAST tHe letsNEhd i F@RBUFrbARBh@ B ptical axis
[ 0056] An optical diagramof a nodified nultifocal

i 17 i t . i .
SolEIR SR A PORUFAR 6 (e P o s
shaped stop. However, 8R=0 is treated as a special case of a full aperture,

which is consistent with a particular embodiment of the invention.

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

aberrations can be described as follows:
Slk=W+¢,.,/k
(1)

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

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

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

B = KN 417 =145 +7% —5,)
(2)
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on use of a logarithm c asphere 34 that conbi nes the

i deal imaging of thelens 22 with a predeterm ned
wa@plvenessat aberrati on of the phase plate 24. AP@EDURL005/016231

source 5, which is located along an optical axis 36 at

a distance so away fromthe logarithm c asphere 34 at

object plane I, is imged as a blurred internedi ate

poi nt image at inmage plane Il at a distance f al ong
in whéch phe iasexdelagepon: tshmeasneed én dqadignstfies a perfect

| ogarithm c asphere 34. The logarithm c asphere 34 is
diffaceioedlimiitdd fernd)e iarthel @difloaroaridngateyimep|ameel, tamde s2&, the

having a radius fromdRto R, where dRi s the radi us of
foéd%%cFSB}éci‘g)d%*PﬁéH[ﬁhUOA?‘:?@r/ﬂB.d Ris the radius of Iens

aperture 28, where 0 < dR < R The center portion of

the lens aperture 28 fromthe optical axis 36 to dR s

[ocgsf,gﬁk%r%et iR af fHd &ls m%ggyggigquﬁﬁsdﬂ 3§ OGR! 1282 Fmm,

shaped stop. wever, treated as a

R st Ao Oar ufh St B ferid eRRobBicFORP Fegebpe can

I n, optical systemdesign, the ideal inaging conponents
reaeFHB’ F‘HQ:aberrati ons can be described as foll ows:

f/k=Wfdeal / k (D wherein the phase delay f is

measured in radi aﬁs02,07ﬁécpaalzs_33p£)“lmvma(r—re)6 kois the

average wavel ength of ilRuminati8n, andRN's the

optical path difference (O R3P.) in mcroneters.

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

F a

t hat i = I +r2 - 1+
whicngj1 Equatilon @)(is vaﬁi% irn the nongaraxial regime.
[0060] For the O.P.D. W, of the two types of logarithmic aspheres
denoted by subscript B and subscript y, one can express them as follows:
W =\s,+r’ —s, +£°—¢P
27
(4)
where spis the center of the depth of field range, Ao is the wavelength of
illumination in vacuum, and the expression of ¢p for the two types of

logarithmic aspheres, ¢ and ¢py, can be written as follows.

2+

2

b5 (0) = @y T {In[ A, (2 + )]~ 1}~ a, %Un(Aﬂﬁ) ~1]
(5)

where:

’a 2l 5R 457 -1/ R +5)

7 A R +1 )

In(
1 VR +s, n R*+1° S

< SR*+1*
A, =———exp[-
\ 7 SR +1 \/RZ +s,’ —\/5R2+s12 SR +¢*
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2+r2 - SO0) (2)in which the phase delay f ideai '\s
nmeasured in radians for a perfect diffraction limted
wo e0s/029527 i s the radial coordinate in plane | PCEHDS2085/016231
is the focused object position, and k=2 p/ |lo. [0059]
For the ideal lens, as an exanple with so= 500nm
f=62.5mMm /?=8mm and =0.5 nm from a power series
expansion of f ideai, one czh readily find: Fidea
=6702. 07( A2- 26. 35( A 4+0.21(AB) +... K K K (3) which
Equation (3) is valid in the nonparaxial regi nme.
anfi0060] For the O P.D.W of the tw types of
| ogarithm c aspheres denoted by subscri pt b and
subscrlpt y one £an’express then1as ftol | =Js
2 +r &, 42) = r,p—gzt)-{mﬁé,r(é ) ’éﬂf’ae;@é(% Hf t he
dept h of field range, lo is the wavel ength of
illunmination in vacuum and(7he expression of f p for
the two types of |ogarithm c aspheres, f pband fpy,
whefd be witten as follows. FPb (p) =a/-~-{\n[A Db (t2
g?]-l} - al [In(A) -1) (5)

_2n /R 45 -1/\fR2+s2

[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;, sz can be selected along with
representative values for t, R, R, so, and Ag. Thereafter, the variables ag,
Ag, and ¢ps (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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where: (6) and FPg (p) = - ag + r2)]-1} +ar -1] (7)
where: (8) [0061 ] From a power series expansion of
wEomanesses (5) or (7), it can be appreciated fBPCT/US2005/016231
pur poses of the invention that additional spherical
aberration is the dom nant feature of the purposeful
blur that is being introduced. This will be nmade nore
evident within a description of sone specific
de pttbaxfi-fiehd $majghogzanHoe coomposad nfjanyddanhdardineging
Equations (4)-(8), the desired range for the
arrdapema@itc thatlid d¥sig¥éd tedncompmateat preddtenginéd amount of
representative values for t, R dR so, and |o.

sp%%ﬁ&?a%% ratibR€iNaLY S@iﬁé%rd‘é’?ﬁpﬂ@ﬁ‘id‘a@%b@‘?fat@&\ Azilégmell as

can be conpu From t hese, Equation (4)

. gan S t : r ' :
g PRt RO E0F AR, s8R fankdrd fnaging
gf a . multifocal |ens that caﬂai%ec nstrucied, i d

and UOIRRIIR A NP TER ok RS etevaelshey Cogkadenses, an
point of view, a nmultifocal |ens useful for
doukiehasgadpnseofanitg Hseddar Hie¥aRUPROE S hposed of any
standard i nagi ng arrangenent that is designed to
i ncorporate a predeterm ned anount of spheri cal
[0GH&) r le[-'ltdraiﬁscirihjhgca multificeal lenddn tepmsrofcalranperafat i on
as we as
aberrations, it is useful to expand the aberration function ¢rin a series in

terms of (r/R). For example, if the design parameters: sp=1500mm,
51=1400mm, s>=1615mm, t=62.5mm, R=8mm, Ap=0.5um, and 6R=0,
from Equations (4), (5), and (6) are used, a power series expansion of the
phase delays of a B-type logarithmic asphere or a logarithmic phase plate

is found as follows.

Table |
(r/R)? (r/R)* (r/R) (r/R)® (r/R)10

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 I, 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)?*-

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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hi gher order spherical aberrations. For exanple, such
standard i magi ng and projection arrangenents such as
w@easw28521 enses, Cooke | enses, and doubl e GausBCT/@a®e5016231
can be used for these purposes. [0064] For describing
a multifocal lens in terns of a range of aberrations,
is useful to expand the aberration function a

'e%25&@'%@”%—%P5598r¢ﬂ@589@'{" SO e@,ﬁ g 3pi of Fata is the
f=62.5mMm /?=8mm =0.5 mm and <5/ ?=0, from Equat i ons
abewrptionstermaf tisg phasedalay fungiaer wideh ds tiag sifferesnce
of the phase delays of a /?-type |ogarithm c asphere
between thgatiaskndaaph afahpl mudtiicxal tensdand droidealdens. The
Table I [0065] In Table I, the first row of data is

dohﬂﬁa%@b@rr@ﬁﬂﬁﬁt&fﬁh au thdf}ﬁblt@ﬂ’bc@i lérieismHd tHied @rdeerpherical
fromEquation ( 1) i.e., .22 (r/R2- 45.63

ab%{{jaﬁ)o d(ﬁ) ?’Ztl‘&ar fo:al‘gﬁ orde{ te;rrtﬁeoﬁ?/@l@nokdrod‘{fﬂfacﬁ%hal|'n$|ted

ase delay function for an i1deal |ens

re B8Ry IF %"af@??ﬁé‘e@&bﬁf’-‘%-@t B SHRAR 25 £07 8 fehieve a
ter-dpld fasreash B ANE D of PIEhahec Rt AHGEtpn s around 3

del ays of the multifocal Iens_and an_ideal lens. The
wanelengths (aperkARi8oA/2EFEA) nwitieh iwiRtlittigcayen temstimes e
third order spherical aberration (i.e., the fourth

allondbie tefonus for dffraEtonelifited i maging nGaeed performance of -
resolution, the largest allowable O P.D. is generally

oup n@@ﬁf&@alal@frhlseimlLﬂjéseﬁplﬁ@hdall AlsEreageniin thieeamhenirt off 1.8 to 6
d, the spherical aberration is around 3

wavelengths, while the higher order spherical aberration is largely

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

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

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

in the following Table Il.

Table Il
(r/R)? (r/RV (r/R)e (r/R)% (r/R)70
B lens | 6734.06 -52.11 0.36 negligible | negligible
system
Ideal lens | 6702.07 -26.35 0.21 negligible | negligible
S phase | 32.99 -25.76 0.15 negligible | negligible
plate
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wavel engths (i.e., 19.28 I/ 2p= 3l) , which is a

little over ten tines the all owabl e defocus for
waldobo2ss5eT on- 1 i mted i magi ng. Good per f or mancePOl/US2M05/016231

mul ti focal |ens includes spherical aberration in the

amount of 1.8 to 6 wavel engths, while the higher order

spherical aberration is largely insignificant. The

mul tifocal |ens designed this way will have an
[006&]enddthaleph thefthirded i drrsphe&ical alerraties THRY lopks larger

conventional ideal |lens. [0066] Another exanple of our

tharhitHoaaade ntediso baurabiens ahe affecaivet grird ardes aberration, i.e.,
above, but with dR'R=0.5 to illustrate the

thegéfnggé ;d\é‘Fi\eaﬁfé’rfe rieCE3Htr A uteBSPYRRE pREriE8H %Bh_é;ﬁaﬂbﬁslﬁetween

or the different terns is shown in

folil gwicng Tahl Tahl 7 i nd. .
end o de3Rer el 1y B A BBl bl 25.76-
{2 nggép(?g%{ég{]tz{l_ade?,?brlséﬁg%ggg’uag?l%%gf v lté(lp\étﬁ} Iorréie P :ragee fration
AmGRINtATE G L OF WBTBCHGE oAl 2B tEh FR T 0bSCIFrec estied by

is: 25.76- {2 5.7bx (dR'R) 2} 19.32 radi ans. Thus, the

Takfef leand thetdeintohlbyr dbscuatest matitibocal tenndesaribed by Table I1.
for both the full aperture nultifocal |ens described

Ac&yrdiaglye theajsbd R rfmiamdd yeabratlyrasscumed irhattifiocabtens has
described by Table Il. Accordingly, the good

an gﬁé‘c‘?fmﬁﬁ%iﬁfgétﬁgbyra‘?gyz&ﬂzﬁ%@{m Withala hfrﬁe hf’t")?malr!8 to 6

ective t rder a ration that Is st W thin
a from1.8 to 6 wavel engths. [0068] Fromthe
WaXS%'\?{ebqﬁéscri ption, it is apparent that the nultifocal
| ens

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

[0069] The second order term, i.e. (r/R)? of the series expansion, is not
relevant to the increase of depth of field, but has the function of changing
the position of center of the focus range. For the second order term, we
generally pick a value in a way that the aberration Wat 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., 88=0, a coefficient of the
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havi ng an effective third order spherical aberration

in the range of 1.8 to 6 wavel engths, can increase the
walewblo2sst7 field six to ten tines over that of BCT/US2005/016231

conventional lens. This conclusion pertains to any

reasonabl e anount of central obscuration and also is

i ndependent of the wavelength of illum nation, focal

| engt h and best focus object distance. [0069] The
secwmubodder temtigiseiedted so taR)theotbematioarWeas the edge of

expansion, is not relevant to the increase of depth of

apéitard 2®ist zévas 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

[OGHGT I atHere JatdiffgehtDRlysathae thés@rentrglRR8banations can be
aberration Wat the outer edge of central obscuration

in%)?pp?éft%ds btk Qé@'lyﬁﬁoﬁﬂh@‘?@by It@h‘i éﬂi‘ﬁn@@ﬁﬁ%t?,‘ 8LE, Petzval

i
ens fabrication. Int at no Centra

obscuratiagn i s used. i.e. R=0 |.Ccie { .
Ier}sh%%ggf?i(&qspaerﬁj reqr‘line?(g%ghq g searrggﬁt%ﬁi{ﬁﬁﬁeﬁhgle way is to

aberration Wat the edge, of aperture 28 is, zer,o.
falyTogate]theraharrariendart ot dhe muysiacahiedsas dhediass plage 24

aberrations can be incorporated into the well-known )
whichmgandd attacheddoddecapertuce @8 obthe lens peregemenokEhis

| ens. For an existing |ens arrangenent, a sinple way
medthotdsfrabst effieetivhdaf theapariure 28uof the lehe armdngémeat is

| ens as the phase plate 24, which can be attached to

oud18e@RerIhYf RoriBeRindmeal SirmapansIane) sit.s net hod
I's nost effective if the aperture 28 of the |ens

arrangement is outside the last |lens elenment at the

O0ES AR Bt TR R Sncorporat
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

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

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

predetermined amount of spherical aberration can be used to produce a

26



the aberration into the |l ens design of the logarithmc
asphere 34. By nodifying a surface paraneter of the

wO ngenissimi ¢ asphere 34, the overall phase del®yr/us2005/016231
function can still include the ideal |ens part and the
aberration part. This nmethod has the advantage that no
actual lens elenent is needed e.g., the flipover of

mé@d%bhc@ﬂﬁ%nbﬁﬂ&n@m@mﬁsd for effectge lparftrmance both
anmount of spherical aberration, which could be used as

wn%fﬂﬁnat\?}ghgﬂg cERBY 'bb%QhPitloﬂ_WCIn tﬁ@%h?&‘%ltﬁ egypu?

Iment are that 1t contains good angu
resolutlon

Ptk ?”%#*%@ﬁ%'gé‘@%fgﬁb e bEEf Ry
WaES prigua B TR GPGH Whade ls??&%er've'fdﬂ@é Tog 1F 2 SPheital

substantial ly di stance-i nvari ant nEuI se response is
abermadiamin the range feemyvbiS/tab Wanefes Fisines Ao aifuslaow the
dept hs of focus. A predeterm ned anount of spheri cal
effalzeiveatainge foar Histasee-invapraticpudsoresponse. Of note are: 1)
di stance-invari ant inpul se response for effective

th@WlHﬂﬁ @%ﬁt@pbbaw EhtWél@lrWileinf%ﬁm Iébhe QErdiBattherknergy
In the lens with dR=0.S, an optinmum anount of

Ieeﬁ&nﬂé ‘%E?o e RS afigﬂr?egaﬁb‘ RS AT {IBNEhE L dIPe §5ONing lmpulse

wever, I'y good inmge recovery s obtaine
for asher| er, onlntherangefrom18to6
FEIRRIARES %@S@q}éka "'show the effective range for a
di st ance- |nvar| ant inpulse response. O note are: 1)

10paBLe: “the poveruSeningysiamnludad 1 the skl 1 finne

4A to 4F showthe correspondi ng i npul se responses for
loganidnwicaspheme=oFor the y-type logarithmic asphere, the coefficients

t-QWBB about 3

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, 5;=1400mm, s>=1615mm,
t=62.5mm, R=8mm, Ap=0.5um, and 5R=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 I,

Table Ill
(r/R)? (r/R) (r/R)6 (r/R)? (r/R)0
y lens | 6682.92 -7.05 0.10 negligible | negligible
system
Ideal lens | 6702.07 -26.35 0.21 negligible | negligible
y phase|-19.15 19.30 -0.11 negligible | negligible
plate
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[0073] The above di scussions apply also to the case of

the k~type | ogarithm c asphere.
wo o@anegskmi ¢ asphere,

For the yMype
the coefficients of the POWES2005/016231

series for Whange signs but are otherw se simlar,
whi ch is shown bel ow by way of exanple.

k~type |l ogarithm c asphere,

[0074] For the

can be used including: 16 15mm f=62.5nmm /?=8mm

mm and dR=0. From Equations (4),

(7),

and (8),

a

t he sane design paraneters

=0.5

power series expansion of the phase delays of a y-type

0425

exanpl e

the pemeaparasaetaratadresy as

rithmec

d A 4ER

of the I

tifoc

ougs BisoVEh SATD TG

W ATt of P IRLLSEREIHE TRUT T fased on

based on

toillustrate the effectiveness of a central
effebtivenesy ofiaz@ntmdliabsarationcdp. Hhie sapritedn betgeampared to
. Table 1V [0076] A difference between the
thdtdnt Jpielednd g- Xype phase plates is the sign change for

the second and fourth order terns. The fourth order

term which corresponds to third order spherical

Tabl e 11

aberration is positive fo

type |l ens and

glgate the

he

negat ive for the [?-t ype ﬁ—ébgLe I —t-he absolute

vfal ues ok(ryk}? corregpmydi ng t ikxRJ6 or der| @pREri cal | (r/R)19

abertatio r afe simlar [foL_the sdne design .
Y r ang€ns 066%6% deﬁo"fétrate phé%erforrfb‘iﬂﬂ@'bgeth'éegl'g'ble
sygtémpe |ens, Figs.|5A-5F
Ideal lens | 6702.07 -26.35 0.21 negligible | negligible
y phase | -32.02 25.79 -0.14 negligible | negligible
plate
[0076] A difference between the S-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 f-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. 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
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depi ct the point spread functions for different

anounts of third order spherical aberration in units
wW®@2000E52X in conbination with a central obscuret/Us2008616231

dR/' R=0.5. Figs. 6A-6F depict the point-spread

functions for different amounts of third order

spheri cal aberrati on in units of OP.Dwth no central

obscurati on. is apparent that the width of the

spﬁfagﬂglgﬂw chapgteg FPo N ERARS of |ra?g@ Wieh |thEQ)BJ@EQPs mr&mer

ject is tarther avvay, contrasts with

awﬁ?sﬁb égggpiﬁ%tﬁ P('?ﬁe rgﬁﬁhs Fk! pﬁtgﬂeqa 52 FG}B% ?he Figs. 5

ective | ca aberration

0 .
anighyt éhgpRaredt s oe qf&%cw%ae“FQCﬁbgﬁ?ffe&'%w win the
k~tyPe ens a n negative for the /?-type |ens.
rarige ofdetyerpal Ssand Bewaselenashs, algpeyghithe @arhq@otfr Iéﬂl?'t'Ve for
that the /?-type provides a better |ong distance
thegrtypertaseandhidgativieef og-theps-tiypef lansr els atfemthdrecomparison
close-in distances are nore critical. [0078] Based on

betWegiléhd ypdy, iofs hppardmulleg thespaypespraveded hehdteargdong
of object distances, e.g., to S2, digital processing

dls‘?%nE@ rflreh Ejéb%ﬁllé'fﬁg %ﬁ%‘f@ﬁor‘&?@ﬁeﬂ HEEB]B-in

ges o )j ect p0| rou ut the depth o
i mage recovery involves use an
C“$ﬂ68$%39? ?ﬁ?gﬁgﬁgh as the Wi ner-Hel strominverse
filter. Alternatively, a maxi mum entropy al gorithm can
r annmed nto the. ital, ro essi ng _subsyst
IOW WhBioon he sipiGticn ofgheetaiR: 2sPPoges oveh Bt range
orlthn1for i mage recovery. |s set forth bel ow

of p@mem] IStNGase e@ovin, tonfeadigisal PrRfesyingegdha infrimediate

spread function h,
image 30 can be used to sharpen the images of object points throughout

the depth of field. One method of image recovery involves use an inverse
filter, such as the Weiner-Helstrom inverse filter. Alternatively, a
maximum entropy algorithm can be programmed into the digital
processing subsystem, and a preferred approach to the application of this

algorithm for image recovery is set forth below.

[0079] For the known, measured, noisy image d, point spread function h,
and standard deviation oj; of noise 2in J " pixel of d, and unknown object

f, one can write the following relation:
d=h**f+39
(9)

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

the object £, we start with an assumed object A% and iterate according to Fig.
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and standard deviation s of noise 9 in ij th pixel of

d, and unknown object f, one can wite the foll ow ng
wonebaszm: d = h**f +& (9) in which the doubl @cagtsesnsske231

(**) is a spatial convolution. For an estimate of the

object f , we start with an assuned object fl> and

iterate according to Fig.5. The maxi num entropy

criterionis to find an estimate of object "which wll

i i . | t : . .
S.ﬁbb@ﬁﬁlrﬁuwgﬁfrowecrﬂgpﬁ?f i]1tB f”"}g ﬁegﬁlcng?tr%"‘?fgéﬁﬁc( fwhich will
t ot al e ge and <f> is the
mﬁ?fgpézgeeglmmi c%ﬁ%@aﬁﬂﬂﬁgn&gﬁ "trum ent ropy al gorithm
is an |terat|ve approach to determ ning an estimte of
gb; ect 20. A diagramof the algorithmis shown in Fig.

€f6shere an unknown object is convolved with the
actual point spread functi qn of the lens. Then, noise

is added in the proce:ss%: gimg.f)Starting with the
initial estimte of the bqgect an |mage of this
_object is calculated by con(?\{lng with the single
poi nt spread function. Then, 9 dlfference bet ween t he

nmeasured blurred i nag lcukpted blurred
i mage i s cal cul at ed. ‘Ff wgﬁ}égrfncg Is |arger
statistically than the (an

and Cum 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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noi se in the experinment or the criterion of entropy

maxi m zation is not reached, the new estinmation of the
WO olp®ezes21 s generated until both noi se constraPet/usaeds/016231

entropy maxim zation criterion are nmet, i.e.,

Equations ( 10) and ( 1 1) are satisfied. [0081 ] The

single point spread function used in the convol ution

can be cal cul ated as an average of the point spread

diffe %t 382 a glﬁé%ﬁgﬁo&\?e %??ﬂiéi(/ﬁilﬂltfoEQFéLstQﬁE’éi‘ andbe

Wever, 1n ocal " di stances can be weighte
di.fferent t 9, adj ust si.ngl e _poj,.nt read functi .
el R TR R sty e e B B Bt oy Pavoring
conpensating for other effects. The single point
AR bIRM A IS SR TP U B O £PTRRE RSPHT ﬁ%%‘n%eﬁsct&
achi eve desired results for particular applications or
Theeringle poosgpread famtion eould also bewaned experaensally to
of object is calculated fromthe earlier estimation by
aehlidvagld dired résultd 6o padicidatr applicatigas on sdenes.
appropriate coeff icients i.e., f n+X) =f (n) +df =f +
Xx,e, (1 2) where fl p+ 1 is the (n+ 1 )th estination

[082P] FFr edcHepatidi®, BR he@l edtitativhi oRbbfutt igrdiculated from
is the th direction-imge. [0083] Thus, two key steps

o P LA o Wy 8 o Bl bRy wi

ABBRSbHElELbSiriSiBhes. 1% 0 rect i on i mages.

OV =fO 15 =[O+ xe,
(12)
where fn+1)js the (n+1)" estimation of object, £ is the earlier nt

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

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

images.

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

from direction images derived steepest ascent method.
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[0084] A new netric paraneter Tis introduced as a

first step to determning the direction-inages e,. The
WO Joes/@sed7er r adj usts the pixel val ues of PCT/US2005/016231

direction-images derived froma steep ascent method.

The paraneter r ranges fromO to 1, although Y>1 is

still possible. Wien this paraneter is larger, nore

enphasis is given to the |arger pixel values in the

. ’ . A ¢ '
IBPBSE: ; B thdabland StfpoTaior sRHhs hls 8T i Ktive to

st eepest thpd. [0085] Ip th d,step, .
SRR bR SIS SRl ACESland oblE: B0 AR, ghe auadratic
calcul ated up to second order ternms, Hence, the
apraoxamationpmasiel sdt ,BA Gorel estgblighad oy The guadratic models
establi shed. The quadratic nodels greatly facilitate

dreatlgdasilitatenthk terstraped omxyimicationberoness hawsse these
quadratic equations are much easier to solve than the

Uddratiel etiomeare AUEH eadiRritd doluathanshe didginahthanlinear
1 1) . The diagram of how to find the next estinmation

eg{ul?ggﬁ'ﬁgi ggﬁja{iénﬂ‘i’lM‘ ah@ {19 TRe diQ§RGh dMhEWIRY fihd the next

I mum val ue of métric pafaneter Y, an

BP0 P B ARGy Bl 7 el e of varwi ng.

hi stogranms are used including: binary scene, zebra,

iger. Each of these pictures_has 256x256 pixel s
P86 RE pedr R ST P EnURE aliRref B dhieter 1, an
picture is blurred using 15 normalized inpul se
exdepdndedudythas heendnadeaf ghareftestselsyanyingthe pargmeter 1.
matrix with 15 non-zero values and 10 zeros in the

Tdueerdiffege ohpictGaes of aaryiogsti steg rdds @reiuse dainel wehishgr: dinary
deviation s ranging from0.2 to

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 o ranging from 0.2 to
1.8 in 9 steps. The metric parameter Yis given 21 values ranging from 0.0
to 1.0. Hence, in these computer simulations there are about 8,000 cases.
It is convenient to use an effectiveness parameter for the number of
iterations, which is defined by Lo/D, where L is the number of loops for
the maximum entropy calculation to converge, ois the noise standard
deviation, and D is the number of non-zero pixel in the blurring function.

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

parameter. The starting images in the algorithm are uniformly gray
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1.8 in 9 steps. The netric paraneter Y\s given 2 1

values ranging from0.0 to 1.0. Hence, in these
weoivpasse7 si nul ations there are about 8,000 caBEBUSI005/016231

is convenient to use an effectiveness paraneter for

t he nunber of iterations, which is defined by Ls/D,

where L is the nunber of |oops for the maxi mum entropy

calculation to converge, < is the noise standard
piciavéanitnpixaidaliésegbeal tothemedn ofrihedlarmdkinagas. The

the blurring function. In Fig. 9, we show a pl ot of

rat"r@ﬁal@f\&? usYr_lr%\mﬁrﬁarﬁh‘ietfehel_b‘}?Df icegphiredencillows.
par amet er e starting imges in the algorithmare

uni forn1y graypi ctures with pixel values equal to the

[0(?%?‘]1Ioar atth\% Qb f%r ‘sﬁﬁGF‘a'itonThcﬁerlﬁﬁr'rW|cﬁ lB@)rpstJE'f@the

2 2 neter, I's expl di ned as follows

ar_the co f

ma}’ﬂB“%FEx?%gngﬁ?FB}%W'é?m@‘y PPSPI near |Iyt%ptrHoé;gﬁa bfftl% point
to e ar ea t he nt spread

spgelmff wnive: . br Soeer BNl RO 'O%é?ﬁhsés“&re'?ﬁses of the

ur. The Ioop nurrber is al so approxi mate i nverse

bl opbetlbepatumber fie alABRFAX daIteLY iNHETSE »%/ H@wt&i‘g | to the
s. [0088] For a wide variety of pictorial content, it

stared appdedatiohrohtité goise,tdhat the choice Y=0 4 provi des
a much faster convergence than =1 . For the nethod of
st eepest ascent, T=0O, the al gorithm does converge but

[0088] akmsr 4 Madeivarrtaofrpiotoridiogmttat, i i§ iapgdrent Bram Fig. 9
conpared to the Y=0.4 case (for the zebra). Another

thélﬁ V\ﬁo{&‘ét LR HiralRIek aﬂhﬁ’@ét@ﬁést@?@@hﬁﬁg@me/mamy] For
t en t emstrlc Tis equal to or close to 1, there

théh&bﬁgﬁgt%%gﬁgggggfiﬁwﬂ% %h"l’@oflﬁﬁﬁ*l 44€s tBnverge but it
takes 173 times as many loops for a fixed o/D as compared to the Y=0.4
case (for the zebra). Another feature not immediately apparent from the
curves is that when the metric Yis equal to or close to 1, there is a chance
that the algorithm can fail due to stagnation. By the experiment, the
recommended value of the metric parameter is from 0.2 to 0.6 and more
preferably from 0.3 to 0.5. In summary, it is clear that the use of the
metric parameter Y guarantees the convergence and makes the algorithm
converge much faster for a wide range of scenes. Stagnation is not
observed with 0.3<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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recomended val ue of the netric paranmeter is fromO.2
to 0.6 and nore preferably from0.3 to 0.5. In
wauwazs27 it is clear that the use of the met rPEr/Uus2005/016231
par anmet er Tguar ant ees the convergence and nakes the
al gorithm converge nuch faster for a w de range of
scenes. Stagnation is not observed with 0.3< Y<0.5.
This new type of nonlinear digital processing is
[00%0]er r edTivo @serators usedparthiesection migidafineshin thg following
(MPME) algorithm [0089] A nore rigorous mathenatical

fo,dfgﬁyé,ﬁéh@@; of the netric paraneter -maxinmum entropy
algorithmfollows within which control over the netric

DB 2 s 5 VIRAGE, # oyl SRR PImis oVt as: Wi ifstebfiponents

a W dé range of scenes.[0090] Two operators use

in thi ection are defined in the follow ng for
converﬁseJSHbeéJ.afi) If f \s a vector f = {fj, thenf gis

a vector with its conponents .def,hned as: (ii) If and
are vectors of the sane ﬁ?t/n'in_'sdffgr} f ={f,/ a.nd g = )

{gj, then f.x g is a vector with its conponents

qaf i nad famd HOAR1vdctdes lofiet dumealimermionf A+K¥/and g = {g/}
according to the Lagrange nultiplier nmethod, a new

funct i gy F]){j?‘;i%%e@e&%i' VRIPIATdmboRknth eefirled hsi s a

Lagrang€e nu ier constant. Now t he probl em becones
to maxi m ze C? under thgrgonstraiL,nt C - Cam Since
is a function of n bro@REfel 0

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

method, a new function is defined as:
Q=S-AC
(13)

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

step length along these directions.

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

weight of different pixel values fi, the direction can be modified to be:
e,=f7.xVQ |
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vari abl es, where n is the nunber of pixels in the

i mge, which is usually very large, an iterative
woenen2sszal net hod can be used to find the sol urGDUS20031016231

each iteration, the standard way is first to determne

the search directions in which the solutionis

estimated to lie and then to find the step length

al ong these directions. [0092] The choice of

directional inmages is inportldt in determning the

convergence and speed of the algorithm In the

oG i KRG8 GRp. M pRALP RSN S Tpies e
spésiandor e bl e BB dararleec BRI ICERBRy

the new netric parg ter y |H§roves t he sqeed and I
algosithani IForymage debiringnRRaRA@Phy. Fh%IA{EEeRXed yglues
al gorithm For image deblurring in photography, the
will Aagerapjereveighituse Mmidt D Isaskosen tedetheyptgorsidg appyoach
is chosen to let the al gorithm approach the desired

thd desrediargdr pdeleal s faster. GBerewmllyy ) is ¢hsosemobrem Q- tonl .
0O to 1. Wien Y= 0, A becones the search direction for

wﬁehﬁr%]%r&%e&ﬁﬁsatth%@a% di¥erBion forl the étdeprerascehe

sea direction used by Burch et al. in a paper
| ghen! PRIG, e ' NGEddBY Burch et al.

m G P28 R b g Burch
.23, 113-1.28,(,,1 . 983), .whi.ch is her '
in G dianes patifRg “mape s SRk kb TRRERITIIFANRRLR) ety

nmet hod of Burch et al. incorporate the trj
methosheCmput. iRians Sra-dEaIGE REQF SR etrel | $a] 28 (1983),

construction that can be mani pul at ed
which is hereby incorporated 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:
vVQ=0
(15)
[0095] This implies VQ- VQ needs to be minimized, too. Accordingly,
the next search direction should be L V(VQ-VQ), or VVQ-VQ. Here

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

(VVQ), = Q

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

direction is modified to be:
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to increase the speed of convergence and avoid
stagnation. [0094] At the nmaxi mum point C?, we have:
wO/Eee0%8547 5) [ 0095] This inplies VQ VQ needs ROI/b&2005/016231

m nimzed, too. Accordingly, the next search direction
should be Vi V(VQ - VQ , or WQ - VQ Here WQ is the
dyadi ¢ gradi ent whose conponent is defined as foll ows:
(WO =- _ QJ df [0096] ain, in ord to enphasi ze
the bigger pixel va) ugfs’,.ﬁfﬁ§@(f‘éo¢V@B1 is nodified to
be:( 1 6) [0097] Substitution of Equation ( 1 3) into
Equations ( 14) and ( 1 6) i@l ds the following: ( 1
7) [0098] Observing the above expression, we know t hat

[odé‘ﬂyt g&b@'tftﬁﬁbhoé‘lsmﬁé’&%ﬁé‘h 'o/ e, E@@@ﬂ*oﬁmupaﬁum) Qhelds

rectrons e treated as separate
h Fa] ch. d| rections, viz., ( 1 8) [0099] From Equati ons
the TQgWIKL (1 1) . we have: ( 1 9) and(20)

= f7.xVS-Af7.xVC
e, = ,12f~7.x[vvc.(f-f.xVc)]—/lf-r.x[vvc-(ff.xVS)]
+f’x[VVS(ffoSﬂ—lf’x[VVS(ffoC[}
(17)

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

as separate search directions, viz.,

= f7.xVS§
—f’xVC

frx[vve (s 7 xVC)]
C(f7.xVs)]
(r7xvS)]
s-(r

\V
vV xVCﬂ.

x|
f7x[V
e

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

_ S
(V) ==ln 2
1
VVS), = -—5;,
( )’j f; y

(19)

and
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[001 00] Substitution of Equations ( 1 9) and (20)
into ( 1 8) yields the conponents of each search
wal2men2sson as follows: (2 1) [001 O 1] In the PCT/US2005/016231
algorithm e5 and e can be di sregarded as search
di recti ons because when g = 0.5 they deconpose to e
and e2, respectively; and also when g < 0.5, for snal
pi xel val ues, they bot h |nvg%ve d|V|d|ng by smal
nunbers, which c us r acy probl ens.
Accordingly, e , g? %;Egadzg%%t 'ggen as four
search directions. [001 O fo S|an|fy the al gorithm
three search dir WQQ qgh for this problem
we can pick ei, , an ,ak tah pick ei, e ,and e
,- 1e3, as another choi ce. The algorlthn1converges at
about the sane speed, aIthou@M)the | atter choice is a
little better. Here, | is a constant chosen by

[0dFOET isbstitutiod) oPPguitidnSX19) aAd.(20) istcg(V@nyields (&)

[001 03] I'n either case, three directions can be

COI\MQ eﬁﬂg (91 SeartAdided@bn %ﬂsr%'II'oWsty In the

search directions, i s apparent that
that the d1rect|ons e and e are baS| cally the
convol uti mﬁe)r=et—ﬁ the real point spread
function, [h, and obJ%& , before being shaped to one

di mensi on. 2o a to make certain that
there is n&?&} Jgfﬁ (]%ffu rfzggk:posi tion shift after
t he convol|ution obél’atlkon [001 04] After three search

directions are %Eﬁfﬁf ,or 4t he yr[g{t)tHk H,H,,

‘ JENCRSS f
), =1 J}_‘;;f —H.H,In Py
— 21 f:

(85)i—f;' 1n<f>

——f”"ZZ (Hk,f —d)H,y.

L kl]l

(21)
[00101] In the algorithm, es and es can be disregarded as search
directions because when y = 0.5 they decompose to e; and ez,
respectively; and also when y < 0.5, for small pixel values, they both
involve dividing by small numbers, which can cause numerical accuracy
problems. Accordingly, e;, ez es3 and esare chosen as four search

directions.

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

Aes as another choice. The algorithm converges at about the same speed,
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iteration (n), the next task is to find an estimtion
of the object for the next iteration f n+l1> which is
walsfosnmdzas: (23) where df\'s the change of i meper/ts2005/016231
the current iteration. It is defined as |inear
conmbi nations of search directions, with their
coefficients to be determned, i.e., df = x,e, + x2e2
+ x3 3 (24) [001 05] Since 5 and Care functions of
althbagh\theMatter thedeis aditdd betyer. defay Uois @xpastardrchasen by
lEt:;l(?used ;ogcal culate their values as a function of
E SREITY) dhA]IEH ONS., Rt@iIvBhNgup to the quadratic
C]terrrvs_, I’(St) angq ?:an be vvrglﬁttenltg/as fol |l ows: q[001 06]
Substitution of Equationr(.24) it g’Equations (25) and
(26) yield the follow ng %)l(pffe%s) ns witten in matrix
form [001 07] In Equagti ﬁs (ﬁi) nd (28), the
notation is defined as f ere [- ]t denotes

the transpose of matri x. §e>sA Bl Mand /V can
be cal cul ated from Equat 6hs ( ) and (2 1) .[001 08]
Equations (27) and (28) can(2®» sinplified by

i ntroduci ng new variables to diagonalize / and N

10@@%%*?@ &L, BB (i BE itufngoRR e 28nd e for

ote the di agona
f c?igsearlch ltréc't)i(Ons it is apparent that that

S|mplac& In t e calculation
the directions e and e are basically the convolutions related to the real
point spread function, A, and object, £, before being shaped to one
dimension. Care needs to be taken to make certain that there is not pixel

shift or image position shift after the convolution operation.

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

next iteration fn+1), which is defined as:

f(n+1) - f(n) +5f
(23)

where 8fis the change of image for the current iteration. ltis defined as
linear combinations of search directions, with their coefficients to be

determined, i.e.,

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

(24)

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

Taylor expansion can be used to calculate their values as a function of the
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[001 09] A new variable Y is defined as follows: Y =

RX (31) [001 10] Substitution of Equations (31 ) and
w@ 30p/028320 Equations (27) and (28) yield the fedT/08d0n8016231

expressions: S1 = SO +ARY - Yv TT dAiag( ,, 2 ) (32)

Cl =CO +t\VRTY + - YRNRY (33) [001 11] Sone

ei genval ues of may be very small, and this is

di scussed in the followi ng two cases. Case i) Assune
seartiadirentions. Retainirgndpl @ the guadrati ooma2f: awd C:can be

i ntroduce Z, such that: (34) [001 13] Substituting

Wn{i@ﬂaﬁ m|é\a§) into equations (32) and (33), yields:
35) C1=C0 + MRT di ag( (36) where: [001 14] A second

_rot ati Sgslt r_n;t m&%g (.g%cgbgﬁ.%ﬁ%%pnal ize P,

i.e.,
(25)
o =C(f‘"))+VC-5f+%5f-VVC-5f

(26)

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

the following expressions written in matrix form,

S,=SO+AX—%XTBX

(27)
C, =C,+MX +%X’NX.

(28)

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

S, =S(/")
C,=C(f)
X=[xl X, xa]r
A=[VS-¢ VS-e VS
¢ -VVS-e, ¢-VVS-e, €-VVS-e|
B=-le,-VVS-¢ ¢,-VVS-e, ¢,-VVS-¢
e,-VVS-e e,-VVS-e, ¢-VVS-¢ |
M=[VC-e VC-e VC-g)
e,-VVC-¢, ¢-VVC-e, ¢-VVC-e|
N=|e,-VVC-¢ €,-VVC-e, ¢,-VVC:e
e,-VVC-e €-VVC-e, ¢ -VVC-e, |

(29)

where [-]T denotes the transpose of matrix. Matrices A, B, M, and N can be

calculated from Equations (20) and (21).
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and al so define Ua.s: U
substitution of Equations (37) and (38) into Equations
W@ 3§/ 0zeser (36) yield the follow ng expressi onsPCT/BS00L0116231
diag(m,nm2, m)U (40) [001 16] Conbi ni ng Equations (3
1) , (34), and (38), yields the identity: x s k u (41

) Case ii) Assune |13 is small relative to |li and | 2.
[001 17] In this case, |3 ~ 0, y3 - 0 \n Equation (3
[001D8] Bquatioes(2ZPanHd@8) tan hmennpliﬁadtb\onstrgdgylrmqaew
(33) becone: where: [001 19] A second rotation matrix

variabll&s t@"dfﬁblﬁ@lﬁize Buntd haFirég ThewtatiohQ9atdR]R i faumd to
variable U's defined as: U VZ (46)

diagonalize the matrix B, i.e.,

RBR™ = diag(%,, 2, 2)
(30)

= VZ (38) [001 15] Then,
S
f

where diag(--) denotes the diagonal matrix.

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

Y=RX
(31

[00110] Substitution of Equations (31) and (30) into Equations (27) and
(28) yield the following expressions:
S =8,+AR"Y —%Y’ diag(4,,4,,4,)Y

(32)
C,=C,+MRY + %YTRNRTY

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

the following two cases.
Case i) Assume that none of A;,A2 and Asis small.

[00112] We introduce Z, such that:

Z = diag(y[A ;.\ 4)Y

(34)

[00113] Substituting Equation (34) into equations (32) and (33), yields:
1 1 1 1
= RT di _=
S,=8,+4 dlag(\/z,\/—j;,\/z) >
(35)
40
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then (47)n2,0)U (48) [001 2 1] Conbining Equations (3
1) , (42), and (46),yields the identity: (49) [001 22]
w(ab@ocorsser case, when two values of |i , A?, a,pdI/US20af/e16231
small, can be treated in a simlar way. In general,
the follow ng expressions of St and C can be witten
for all cases with the quadratic matrices diagnolized
as follows: (5 1) [001 23] The rel ?tlon bet ween u ,
andx,(|=1 R7 Qi LT can be
Found | n t hell adar MRz 8 q\yﬁt. ST 1?49). [001
24] Now t he maxi mum entropy probl em becones one to
maxi nize St in Equation (50§3®nder the constraint of C
= Caimin Equation (5 1) . Cf in Equation (5 1) has
wHh8r8i mum val ue of: (52) [001 25] Cearly, Cmn could be
llarger than Caim. If this happens, then the
maxi m zat i on of 5 under the con§tra| m oftl C % Ca/m

)
AN habnc gt ¥t ORE SR U

follows: (53) [001 26] The Lagrange nultipli er nmet hod
[0GRN4PeA deednl GotativRal Afatrix Vis introduced to diagonalize P, i.e.,

vPy" =diag(sy, ty, i)
(37)

and also define U as:

U=VvzZ
(38)

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

and (36) yield the following expressions:

1

S, =85, +ARTd1ag(\/__ \/_. \/_)VTU——UTU
(39)
C =C, +MRTd1ag(\/_ \/__ \/_.)VTU+1U diag( s, 1, 14,)U.
(40)

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

X =R"diag(——

J_J—J—

(41)

Case ii) Assume A3 is small relative to Ay and Az.

[00117] In this case, A3 = 0, y3 = 0in Equation (31), and also:
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maxi m zation in Equation (50) by introducing a new
variable @ s follows: (54) where @ corresponds to

wo b@oQuedee vari able at the |left side of EquatipoT/gS2bp5/016231
(a > guarantees that the solution found will maxim ze
the entropy instead of mnimzing it. [001 27]
Substituting Equations (50) and (5 1) into (54),
yi el ds the val ues of . that maxi m_ze Q as foll ows:

as. - Cl m+a (5 }a\s‘,)de(t rrg ndd by sol ving
the foll ow ng eq atlo |ch (grlve by the
substitution of t| 55) ntol| Edaat{i on (5 1) and
by the use of th zggr(stralom ion Eyuat #O6n (53): . -
GSsS1-CL1- .as - , m 2~+c¢c*t'- L+ m-- '-)
=Co (a>0) m+a | m+a (56) (4201 28] After a is known,
coefficients of xi, X2, and X3 are found by Equations

or assumed obj ect

[odlslrsg]tﬁg‘ j:_thl‘ratt@r'bst@ %ﬁg%%y@gfcgﬁteat ed by Equati ons
(23) and (24). At each iterajion, the negative val ues
in the assunedSpiaJS@&tAIHrcbag(?/g-e,t Oyer 2{@01 29] At
each iteration if the const of C £ Calmls
satisfied, whether the entr is maxi m zed i s checked
by determning if VQis zeru, on vvhethier and C are
paral l el by cd@ eu at MRrEdtal Ij&m)@‘glrs‘/mfgé

(44)

where:

P = diag(—— ,0)RNR" diag(—=

N T

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

o0 0
VPV =1 0 4, 0
0

0 0 u=
(45)
where
v, v, O
V=|vy v, 0
0 O

[00120] A new variable Uis defined as:

U=VzZ
(46)

then

1

S, = S, + AR" diag(—— O)VTU——UTU

T
(47)
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VS VCtest = - v -v vc -vc (57) [001 30] The algorithm
stops if \ test\ < 0.1. [001 3 1] There is a speci al
waeawe/0n4sen coefficients of xi, X2, and A are PODUSENEE16231
such that the expressions in Equations (2 5) and (26)
are not accurate. The Burch et al. paper deals wth
this by introducing a distance penalty paraneter.
However, if the starting1 estimation of the object is a
uniformy gr ag/=pgwzarrdeg<2f=,ﬁ@)bﬁc/urarcédiagmwne, t hen
this conplexity can gen fa y be avoided. Only when
the starting image i s rando@m&houl d the extra
paraneter be introduced in the algorithmbut only

104F & opobfplid EouafisR: 131 9Pk ARLIPLAF 4P SRR LRRNRL

found in a paper aut hore;:l,b(ylthle co-inventors entitled
"Conput ati onal i magi n§~f4E FheztYodri thni c asphere:
theory" J. Opt. Soc. Am A/ Vol. 20, No. 12, Decenber
2003, which is hereby incor{cfo?)at ed by reference. [001
32] In addition to increasing the speed of convergence

[0GT2R PVIH e btige 5E 24 avhom tiviapyaived ofeb), W) ang' Andre smadl, can
recovery are possible. The netric paraneter-naxi num

i i : Of : bO@GAs of S and
e F R SR I A0 AL MY Kepri s of :an
G cAR%% written for all cases with the quadratic matrices diagnolized as
follows:
S, =S0+}:s,}u,.—%z:u,.2
(50)
C =C, +Zc,.u,. +%Zy,.u,.2

(51)

[00123] The relation between wiand x; (i=1,2, 3ori=1,2,0ri=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; = Cam in Equation (51). C: in
Equation (51) has minimum value of:
2
Coin :C"_%Z%i
(52)

[00125] Clearly, Cmin could be larger than Gam . If this happens, then the
maximization of S under the constraint of G =Cam will not have any
solution. Accordingly, a new constraint is defined that can always be
reached as follows:
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Adj ustnents to the netric paraneter y, particularly to
within the range of 0.2 to 0.6 result in a nodul ation
wo ean®tsse7 f uncti on havi ng a norerectangul ar f opey/usten®b6231
preserves contrast of higher spatial frequency
conponents. The effect of the netric paraneter g \s
al so evident on the point-spread function as a
reduction in side | obe osci Iaﬁioqs apparent in the
i nter medi at e inagex;Iﬁeéﬁﬁm%L—ﬁ§thCL%ages are cl oser
to true points with little 'or no #ingi/ng.
Di sappearance of the oscill@3)ng rings al so increases
contrast. [001 33] The MPME al gorithm provides an
iterative digital deconvol ution, net hod capabl e of
[0QY26Y iThe Waarangs, mullipher Metad fap beorSThaosalye fas,
I mage can contain a |inear conbination of directiona
maxieyzatiomtin kauatien pa0khheieirogyging asnewyadiakde tQasafollows:
i mages fromthose provided by conventional maximm
entropy al gorithms, wliteSrécond?li®g the directiona
i mges of the conventi onal g%gorithns as i nteger
i nstances of the netric par ter g. Preferably, a
quadratic Tayl or expansion is used to calculate the |
whes¢ @ arespenénte spg @mpaveneariable; aj thealefhsidgsof Equation
constraint Cas functions of the search directions. The
(54 dif >ed) gt atareés ahanthe sohuion faind veitlstagsmare the entropy
iterative solution of the new inage estinmate. [001 34]
instB&d BFL i niigs .er-maxi mum entropy al gorithm ( MPVE)
has an inportant range of applications due to the
"box-like" formof the resulting overall nodul ation

[0 1 27T erSfJB’é"t?tUti‘Hb E§Sa§BAMISOY aﬁHQ{%S 133ntdi59e vidld shhghvalues

spatial frequenci'es the contrast of any digital inmage
of 't l:ﬂatb%arf('i%ri]% Q: as follows:

as, —¢
u =—it—1
Hra

(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+ ¢

L=y Co (a>0)
Htra

as,—c¢, 1
i iy )
e 5 2 Hl

(56)

+

[00128] After «vis known, coefficients of x;, xz, and xz 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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than is typical of the classical fall-off of
phot ographic i mages. As is well known, the incoherent
wo pwge2sspt i cal transfer function falls of f i n BCT/US2005/016231
triangul ar-1i ke manner as the spatial frequency ranges
fromzero to the Nyquist limt, also known as the
cutof f frequency. The MPME al gorit hnprovi des shar per,
crisper, high contrast output. Wile there are earlier
[0Cd 20 iAtheech hiatatpof the sonstrantrofo€ HiGhn i satisfiey, whether
edge sharpening, these earlier algorithns anplify the
the e atrdpyeiduaasimiic & ebediedd byFdeteemanipigeifore) suzdro, or
al gorithm consists of a two-dinensional FFT, followed
' 9 b§.calal HYfAbWiNGETiRe:
wh@é}é}‘ %mé@gr?@ggi%?fbin%&%lhgﬁg?e earl i er\gerret hods
of providing enphasis te‘?s{: hi ghevCcontrast at the higher
spatial frequencies anplifws-vthévaocse in the i mage.
From experinments using the gygE algorithm as is
apparent froma study of th peration as shown in
Figs. 7 and 8, the MPME al gorithm does not have this
[0Gik30bathe dlgerikmvEstaipgoifil tésH 57 Ovl .des sharper contrast
at the higher spatial frequencies wthout undue
anplification of the noise. Therefore, this
[0G®I31 Y i bullesretis d spegahease wipl coeflfidients ohxdi yitand xs are:
i mage processing. [001 35] The optional central

to@ REGEr AidIPthAGHef e prossien$ i EqRdtionsaRBaaent (26) dremot
2 has been introduced to inprove the system

ac alfté’.{r ﬁéﬁguh ?il ?gg{ﬁﬁgra&éélg itk tﬁ%“ngn{/ g‘{wtrt%%ﬁ:mg?‘ta' @Rtance

n : magi ng systent " : _
peBatY e ames B e EICPRAT I eHY, SeRiacetih BRr h bl s 2

uniformly gray picture or the blurred picture, then this complexity can

generally be avoided. Only when the starting image is random should the
extra parameter be introduced in the algorithm but only through the first
several loops. A further description of the metric parameter - maximum
entropy algorithm is found in a paper authored by the co-inventors
entitled “Computational imaging with the logarithmic asphere: theory,” ).
Opt. Soc. Am. A/Vol. 20, No. 12, December 2003, which is hereby

incorporated by reference.

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

0.2 to 0.6 result in a modulation transfer function having a more
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The details of this conparison are described in the
foll ow ng paragraphs. [001 36] To illustrate the
w0 aeo¥se7 per f or mance i ntroduced by the centraPtpUS2005/016231
obscured | ogarithm c asphere, Figs. 10 and 11 conpare
the i mages produced through a full aperture
| ogarithm c asphere with the imges produced through a
centrally obscured | ogarithnm c asphere. The inmagi ng of
reciangolardiontn, ok isdt pedsenves contriast ofidughenspatjal ilequency
based on afull aperture ”~-design |ogarithm c asphere.

comnﬁeﬂsgm@éﬁf@et of sharaetrid patamefenyds asso divikteanam the
16 15nmm far di stance, and s= | 500mm center

g1 %?F’é‘aed YhEtiGR s/ # réduétien ! |ﬁ%$d@‘lolﬂ‘e o?h.ﬂla_lt_lons apparent in

action-Irmted depth of field is 8nm
t I t
the B fnelfac nf0¢ FRAfRERoMt [inds pfd PFEe trllbpoints
ed b the | ogar.it hm ¢ _asph
witfoffJ€ e or PG "o agbe dreditarasheSeNBHR {ifg s,
and 1580mm respectlvely Figs. 10(e)-(h) show the
inarexsefIRPBHASbPY recovery results for the inmges in
Figs. 10(a)-(d), respectively. For conparison, the
performance of an idealized lens is showm in Fig
[0Q133) ThedMPRME RIgonivhii prosiige appdtenativedigital @iﬁ@@mwemtlon
recovery due to the deconvol ution inherent in the

methsdneapabié rofpstaaligg withmnyAnsaged drde stinriaae icfrthef nextenew
noi se used in these recoveries is s=1.5. The point

im3QE kA% Eomalin %ﬂlh@ﬁdcér%'blﬁt%n B (dredtiondlsinidfe AVFhad@etric

poi nt spread function of the logarithm c asphere over
ool A e 0B ogRE 5 B pr ey
coé?%rgtllglkaelnrsnaxmum enr{a())(f)ﬂ@grrﬂtthrrggywhlI%or\éec%cuﬁcﬁgn &Y
directional 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 S and the statistical noise constraint

C as functions of the search directions. The modified statistical noise

constraint assures an iterative solution of the new image estimate.

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

Nyquist limit, also known as the cutoff frequency. The MPME algorithm
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menber of the inpulse responses will |ead to near

perfect recovery at that distance. However, for
wezxdoeoessad7 dept h-of -field, it is nore advant agePOUBUS®05/016231

use the averaged point spread function. Still, as seen

in Figs. 10(b)-(d), by the elimnation of nost of the

oscillation rings and the narrow ng of the blurs,

nearly diffraction-limted resolution can be achieved
pravides sharpet,iaréspeanbégh Eanbitast iongpubr Vbibpdherg aremeatier

recoveries shown in Figs (g) and (h). [001 37] A
algoirithingy tisatpratidersomae fgrinhef higri-fedduembsonrede sharpening,

| ogarithm c asphere 26 is shown in Figs. 11(a)-(0).

theé%%aé’r?i'@?gib?ﬁtg%@%n{gmgliwm’igﬁﬁi’rééuénw no§&asanéll. For

i stances are used. The center

ex%rgmi):féj {ﬁﬁ?l ? ncfﬁg{g?qugtggﬂ é%n%;stsbé/f f‘?\g?i—aﬁ%"eﬂfsiérﬂﬂ FFT, followed

obscu on causes an

pproxi mately 25% 1 oss_.of |ight intensit i,ch needs .
by Hibbat eBRenataaohass: follaveddy ol inratre B P! Hawerays as is
11, the rows are for object distances 1450nm 1492mm
well3gmmwg, threnearligianetsodmef peepising\asnphagisdok higher
colums are for ideal inmages, internediate (blurred)
contrageat thatigleeospatal freggescieseapeltify the ynoigdén the image.
conventional depth of field (for a full aperture

FrdrhesPerimeaes ulirmgntAd QPVE taigd AOSMNasAssd pigdre na fesmoe study
i mpul'se response over the design range is used for all

of Fﬂé’%lp.%‘?ﬁt‘?aﬁra{se%owmnsﬁi 5| ardrd/ 80th& MBMEQIgbR€hm does not
ogarit him

C asphere 1Is early seen fromthe center

v SN Bl B B ML EEh g P a v
nigfies Al fBFay e e s RBO T HBdBEPUT A O ot EBofS
pose a problem since excellent recoveries are achieved

Therafose ) this g@ntributes 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 introduced to improve the system
performance. By incorporating the central obscuration 26 into the
multifocal imaging system12, the processed image can have higher
resolution and higher contrast, especially for the close in object distance.

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

[00136] To illustrate the improved performance introduced by the
centrally obscured logarithmic asphere, Figs. 10 and 11 compare the
images produced through éfull 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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i mages. The two-point recovery (right columm) shows
excellent diffraction-limted resolution from 1450mm
WO 000858Gem At s= | 420mm (not shown), the twoP@EDURL085/016231
are still easily resolvable, but not as clearly as
those in the figures. [001 38] The performance
i nprovenents, particularly for close-in distances
(b-design), is believed due to both the narrower
fulcepertare pﬁaaiesagn iogarithmigaspleniet Shestesigomarametangare:
the simlar oscillating ring structure of the point

s;=SP4@amrhuiesé elistanee, shel 6@ Snymekhralisenice, amge soThB8OMM
two factors lead to a point spread function that

ce@FidistdrReswithtdh ?P# %‘ftth@'léhé“é‘%el E’I'hesﬁlfﬂaa:ttldrflﬂlmnted depth

average point spread function used in the digital

S
of RrfER ﬁf?ﬂ%ﬁp i ﬁ%%evdéc?tegmat%aﬁ‘%@é%aréf%%?’&. he diffdktion
rove resul achi eved usi . tra
lwﬂ@&ya@eeq Ve 2. SUnages it n%@%a éff £d by'the
gressed and the tmo points are nore c
|09raé§ misasphererarg shavwe 19 igDh; bQ&b)zj(CQtfaﬁégg ObJﬁct distances
addition, the central obscuration can avoid conditions
s=$46r1)nam,dcﬁr00m$m, and drs8 @mnt arespactjge lyanbigst J 0fe)-(h) show
defocus. [001 39] To further denonstrate the inproved

thePAHHARBACEN 196 pp a et R fyyreshissUficrd hleoigrag e him Eigss priag(d),
we show in Figs. 12 and 13 intensity distributions

res?)%%?l%ﬂl eﬁchBHwééT‘?ﬁiﬂrf‘QHehS TR aheR-PRARGdORIAL lens is

ing three logarit C asp eres having different

sh@&%@gsei@g@m@ﬁm@ﬁnﬁdﬁéw R )
n t he best focus

reo&vgmégqeﬁé)og?&g\%rgpgggfntlon Piferen?tn the Maximl®S entropy

algorithm. A standard 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 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
to use the averaged point spread function. Still, as seen in Figs. 10(b)-(d),
by the elimination of most of the oscillation rings and the narrowing of the
blurs, nearly diffraction-limited resolution can be achieved over the entire

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

[00137] A similar simulation using the centrally obscured logarithmic

asphere 26 is shown in Figs. 11(a)-(0). The same close (s;=1400mm), far
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one di nensional pixel values in the two point
direction are plotted in Fig. 12 along with the pixe
wo adodmzssef the blurred i mage by an ideal |ens.PEDUS2005/016231
produci ng the ideal lens curve, the full aperture of
the lens is used, i.e., <5/?=0. A fully resolvable two
poi nt recovery is produced with center obscuration of
dR-0.5. However, when the obscuration is reduced to
(s2eR6). Bnmhand eeoter {sopdiximancdistandas arsosedblTde aegnater
when there is no central obscuration, dR=0, the
obt€SRAtRIY SRS i.al by ares 26%abf the Apes@ireus st wiekhrThis
show t he performance i nprovenent made by a correctly

ob§&&reaqida?eag§és ahse&wr%&iimtewhps%n_sis,@@wi_dm iﬁgérjﬁfemnﬁﬁ.h

I's believed mainly due to the simlarities o

' . f t.] the [ r f '
nefils 20 (RO ad hA Fndl B+ ioh a8 M. PR, AapPle s are
field by central curation, si we seen_from
for pjess A ances 4 a2 ABime douRuti, REBRTSr anfel o
% central obscuration of aperture_is, by itself, nuch
1580nem, iraspectivelygand she qalymng ake forsikteadimages, stermediate
curves for an object is at a distance of 5 1500nm the
(blbestd)fioage sp @sid renovieoed timagesg ae s peativelns gher egnventional
the ideal lens. Again, advantages of the logarithmc

depEpBE TR W (Fdr & <0l raperarecly4ad) pandey frioeh N 498mm to 1508mm.
resol ving power and contrast are apparent. [001 40]

A sﬁﬁglé qPE R aisrﬁgﬁfs‘é_r@'ﬂ)‘bﬁs@%rm%@iignbﬁéﬁd@is used for all

ent1 on articular benefits for “photaography,

v PeEB 0SS SRR PRI HIE AR % cleary
se&%iﬁql}ggtthie?%éﬁ}g? dl&%ﬁ?ﬂﬁ tf?é:jrét%?%rggisge' %IUr%mea%/e%?%ll 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

s, so that the average point spread function used in the digital processing

49



l4(a) is the recovered inmage for the logarithmc
asphere wi thout center obscuration. Figs. 14(b) and
wda4dqod)p2ssee t he recovered i nages for the | ogaripdmis2005/016231
asphere with central obscuration of <5/7?=0.3 and dR=0.
5, respectively. Fig. 14(c) shows the tiger inmage
reproduced by an ideal lens with full aperture for
conpari son purposes. The |logarithm c aspheres both
camiprbviaieda sig mibiaa ntips mpraviedro wtpel tc apabs .6 nofo replasing higs. 10
the depth of field. However, the recovered images for
and agard siynificasty ovkd resbRaaimabe ithdevee b By tiging the
because there are fewer artifacts. The artifacts of

ce@??%?@%ggg&%g%ﬁﬂ{MEc‘éSQplﬁ@re@pWﬁérrir??s‘:QF@?né’rfe suppressed

en t poi nt spread Tunctions through
t r.ange of. _abhj.e i i le i
ang e s faitscitedre TRAMEE sl fbleGateic REAGERS St
.the recoveri.es. In inspecti t hese pictures, it,js of
diskghees nil SHBOR e BFPGTARPSGHTAE Bafi VoI conditin§ such
simulation is about 0.7 mm which is snaller than the
as gpntrasttinversiomfertarggsareunty obdetoays.| n intensity
i magi ng systens, it is comon to characterize their
performance by an optical transfer function. Extending
[00139] A fumheodanmomytuate thenehproveyl pgrigrmange ofi centrally

principle, the overall frequency response can be found

obbyu@didvicgarihintie sptrire meoshdlwdnriigoy e ethd MBdatbysity
that of the input object. Thus, to find the overall

disftFiBﬁﬁ:‘l‘%‘éyasrs%gp«ﬁ%%ithh?nédm@%e°§atﬂeﬁ%d‘1p§|ﬁt' Hi?eétaﬁs ing
| d the

be cal cul ated at various ©Object distances, an

G E 2B L G085 Ay SRS SR, otues of
6Rr=%?03/RG=ré)§s, a%%ﬁé%g—-o(?g,n?eisdpeerc%ﬂle?f ann the object is at a distance
of s=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 blurred image by an ideal lens. For
producing the ideal lens curve, the full aperture of the lens is used, i.e.,
5R=0. A fully resolvable two point recovery is produced with center
obscuration of 8R=0.5. However, when the obscuration is reduced to
&R=0.3, the recovery points are barely resolvable; and when there is no
central obscuration, R=0, the recovery points are unresolvable. These
curves clearly show the performance improvement made by a correctly
sized central obscuration. The increase in performance is believed mainly
due to the similarities of the point spread functions over the design range
of object distances instead of from the increase of the depth of field by

central obscuration, since we have seen from the earlier section that the
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conbi ned i npul se response of the integrated
conput ational imaging system A Fourier transform of
WO b@eessoveries is plotted in Fig. 15. The curREBUS2085/016231
t he conbi ned transfer functions of the systemover a
range of object distances. The transfer function of
the systemis circularly symetric, and Fig. 15 shows
its values along the radial direction over a range of
incressd inldpphls .of el drley aehwral spatuedtidn ef apreciurk. 8, by itself,
corresponds to a cutoff frequency of the

muth Aicetlirafeld. mF‘i?..d] Bangsirated A et dfsimiRGidigves for an object
settings. The anplitude of the overall transfer

is %;fgpﬁéaﬁcefoft hey ?ewn%aﬁ%ﬁ@ﬂe%t ifggggeg%%@héﬁ fbP%he Ipgarithmic

raction ITmt over’an exten j ect range.

ddi tion, . .the se of,the qvera tr en '
asiiactss, SRS rabaians, Aer D, A5aAtesY B Biflodalifftbfaspnere
_response. The djffraction-limted performance for the
withneentirak @Bsewislamionhath F%@??@VH&SPQM{%@?‘? sRntrast are
extended depth of field is clearly seen fromthese
apparerds. [ 001 42] However, the concept of overall
transfer function is only an approxi mate i ndex of the
system performance because of the nonlinear digital
[0QF4R)e Fhenimprnowvd d pe rfdrmarideemadter pessithlé byrtdvet inveatiain has
transferfuncti ons can be expected for various objects.

pahiiiahhekassits FOE photoggihy, wisichadurs bevebderved by ¢dmiparison
a good indication of performance of the integrated

frorTRAL rlﬂcﬁ?fgg%‘ﬂ Fiﬁis?-l 4D -1 elrnefFFi?%iﬁﬁ‘ﬁat‘PcYﬁ,rﬁ%e% tiggr picture is

transfer nctio or oObjects at a distance o

ot A3Ece P 8SbLAAG. SRS B3 ol Bt i
14@{)5%5}1?%28}4??’@[,Prgg'gg%gﬁkfmgﬂ"ﬂéahﬁq”r%é’ﬁ% gl(?e %/vrgt out center
obscuration. Figs. 14(b) and 14(d) are the recovered images for the
logarithmic asphere with central obscuration of 6R=0.3 and 6R=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 simulation is about 0.7um, which is smaller than the

diffraction-limited spot size.
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and overall edge response function, respectively. From
Fig. 16, it is apparent that the overall transfer
wo mveesses are simlar for these two cases. [ 0BAT/483005/016231
From the foregoing description, it will be apparent
that an inproved system nethod and apparatus for
i maging are provided using a nmultifocal imging system
in which spherical aberration is the predom nate form
[0®F4 1) un iftenditt enagilicasestemsyiings aathmoenito characterize their
central obscuration can be used for making nore
petfol ATATR@ By ani opges transfes fanepbinbl Extemding téds hotiobyto a
di gital processing for increasing both resolution and

: O oo e . .
co tAtiohal 'irﬁ_a%ga@’?%&tm, ﬁﬁpﬁﬂ@l ,'tfglé ‘é)%?@lmrédhe_tﬂltﬁf response

rern descri ystem nethod, and apparatus w

cari:ﬁt%omrﬁcfh}{/tﬁg&gv rtﬂ@pﬁ;e%ﬂu%\o%ﬁﬂ?es?e%&ég‘aaﬂnjéa{bé BG that of

al’l~'spiri scope
i nventi on. CLALM OR CLAI 1. An, integrated :
the: Yrphk a&e&ﬁaﬁlh%épﬁé@yﬁ? averall TR SRAREs the images
havi ng an extended depth of field conprising: a
of gpainf sexrce ayi brycalebdatededt Yaiops @Mﬁtr@lsgaﬁces, and the
internedi ate i mage that is purposefully blurred; the
manitriu rhoaretiro pyraddg ogtlsmbsars berapgdie chto ithgs s pikerimexdiate images
aberration as the dom nant feature of the purposeful
to Pétbveraheepbdintl obsjeeE UThkI reieolBEEs aapiee gbesiddred ddthe

spherical aberration to reduce variance anong blurring
cofHiREHSMPUIS¥ HBsBoh 8@ 9% tRE iHEdMategEorrpLtdtiiival idfdhing
system. A Fourier transform of the recoveries 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
symmetric, 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
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a digital processing subsystem for deblurring the

i nternmedi ate i mage produced by the nultifocal inmaging
waewspsssem and for cal cul ating a recovered i naPET/Ds2005016231

an extended depth of field. 2. The systemof claiml

in which an overall aberration of the nmultifocal

i magi ng subsystem can be expressed as a phase del ay

function in nom nal wavel engths of imaging Iight, and
furidttosp ban ibkaé x peetedafdrorariaud dbbiadtes No pédede sis|the wansfer

between 1.8 and 6 wavel engths. 3. The systemof claim

fur?ctidh WRo@h IMeigRhes & Q%_Jcibd fr#t!i@ht:@ﬂ dﬁﬂeﬁ@rﬁ?&ﬁc@%ﬁﬂ’ne

aser|e5|nterrrso s fol = a{r/

mtéhg@g i\gé@/{nﬁi st{tg radl%s l—‘:‘%“?’éﬁﬁés Icrler e(y‘:érQN"?ffereR.function

o B SRl o A ATl AR R o
coeffici ents of the second fourth, sixth, d e rl?

a porigeAndeamedgespliiect aes P ouedThEW%y%@%raﬁs ﬁJns HT
which the coefficient b of the fourth order term

imdgés ihysthe kogarithoniddens givevideatheabeeralt point sprepsefunction
systemof claim4 in which the coefficient b is

andreairgll rddppriseefiricticntrespeatidely, FeomTRig. ShGtieis

of claim4 in which the aperture of the nultifocal
apBEPéH aﬁ%%ﬁéyﬂe‘%ﬁlmﬁnﬂemfﬂhﬁﬁﬂhg%% USnfiRRr f@'ﬂ‘ihbb@ two cases.
ase delays for r equal nd for requal to Rare

at | east approximately equal. 7. The systemof claim®6

[00T4 3 1B Bfte PYREFDihgPREL AN, RwiliNSe apparent that an
improved system, method 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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mul ti focal imaging subsystemis circularly symetric.
8. The systemof claim1l in which the nultifocal
WO pgiozs§2subsyst em i ncl udes an annul ar apert ur BCTrES1008016231
a mninmmradius dR corresponding to a radius of the
central obscuration and a maxi numradius R and a
~ratio of dRIRis greater than or equal to 0.3. 9. The
systemof claim8 in which the ratio of dR'Ris
reater than or equal to 0.5. 10. The systemof claim
CLgerDWGleHMﬁwe mul ti focal inmaging subsystem i ncl udes
at least one lens that is designed substantially free

f heri cal ab ti d. h plate th .
or oltuc esAPHEtSGHLPA CAMBBEAYSRAIGA A0 IR [afeproducing

_ dominant feature of the purposeful blur.11. The system
images lhaving ani extendes depthhabiieldicamprisingtt ached to an
aperture of the nultifocal imgi ng subsystem at an

12 e ByEKBIOERP DR b hhSyRE, FofEPRBRE M AN Th EéFmediate
N rra%'hng_subs stemincl udes at |east one |lens el ement
imAgeithat ks PUFPRYUNYAPIUTERF't 0 produce the spheri cal

aberration that forns the dom nant feature of the

pur posef ple Pr'u;ﬂ"ti:foééal: inTAGingY §1i 1959 s0é nTe RhBifings YR rGéhl

the nmultitocal 1magi ng Subsystemincludes a plurality
[ ' I t e ' f ionis
b R S B e s o S R Pas i ot o
14. An extended depth of field inmaging system
conpri si AGentral obscuration that cooperates with the spherical

aberration to reduce variance among blurring effects through a range of

defocused positions; and

a digital processing subsystem for deblurring the intermediate
image produced by the multifocal imaging subsystem and for calculating a

recovered image having an extended depth of field.

2. The system of claim 1 in which an 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

contributes a phase delay of between 1.8 and 6 wavelengths.

3. | The system of claim 2 in which the phase delay function can
be expressed by a series in terms of (r/R) as follows:
d=alr/RV=b(r/R) = c(r/R)S° =d(r/R)® +...
where ¢ is the overall phase delay, ris a radius of a

considered point within an aperture of the imaging subsystem, Ris a
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a multifocal imaging subsystem designed as a

conbi nation of an ideal inaging conponent and a
wa@plvenessat aberrati on conponent that bal ances PeT/asmos/016231

out of focus effects through a range of object

di stances; an internedi ate i mage detecting device for

detecting i mages forned by the imgi ng subsystem

exhi biting bal anced in and out of focus effects
maxhmoug radius ofitye aperobiecanddi,sbagcrnd dare eoeffigentsrof the

processing device for calculating a recovered i mage
sedvnd, fouath esikemdaed eephth ofddr wirdhseesgab ativedy.

correction of the balanced in and out of focus effects

t hrough the range of object distances. 15. The system

of gl ai nTR4 syBrerii sinclalia 3 deathichabenweffironebof the fourth
provi des for imagi ng an object at a given object

' t i | ' t hr ough
ord R e o L e e e e e anoss i n
and out of focus effects includes the given object

di sgfanlcer;%%%asgg}ﬁ gfyagﬁwofiq ﬁ‘}em%rmtf]? é&frmieﬁgé %greater than

i de onponen foca
subs]ystem includes a | ens designed to contribute the
the eRelfiGieRks ?@”Eloﬁ‘ponent and a phase plate designed to

contribute the spherical aberration conponent. 17. The
systemof claim16 jn which the phase plate i ocat
o thin SRhastmOLfalRe muhiebAls ARG RyOL LS yauEffocal
between the I ens and the internediate i mage detecting
imalging: subdystemhdasasranirotine radims 1R, anduihe iphasecdehays ¢ for r
light for producing the internediate i mage has a
eqi@MA8R aw eberehbal an® ateeast [@ast iapproximately equal.

7. The system of claim 6 in which the overall aberration of the

multifocal imaging subsystem is circularly symmetric.

8. The system of claim 1 in which the multifocal imaging
subsystem includes an annular aperture having a minimum radius 6R
corresponding to a radius of the central obscuration and a maximum

radius R, and a ratio of 8R/R is greater than or equal to 0.3.

9. The system of claim 8 in which the ratio of 6R/R is greater

than or equal to 0.5.

10. The system of claim 1 in which the multifocal imaging
subsystem includes at least one lens that is designed substantially free of
spherical aberration and a phase plate that produces the spherical

aberration that forms the dominant feature of the purposeful blur.
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aberration can be expressed as a phase delay in the

anount of between 1.8 and 6 wavel engths of the nom nal
woawelozssgt h of the beam of light. 19. The systeoT/v82005/016231

claim14 in which the phase delay can be expressed by

a series internms of (r/R) s follows: f = air IRf Db

(rlRf ¢c(r/R6 d(r/R) L+ ... where f is the overall

phase delay, r is a radius of a considered point

wi thl n afhepgstamefadlairhd 0 imgihigh the plstsenplare 4s attached to

maxi mum r adi us of the aperture, and a, b, c, and are

an ‘é%ﬁdr@'@mﬂﬁe afultifec Sl apnitingsubsiRterdi att &n imagdeepinehside of
order terns respectlvel y. 20. The systemof claim19 in

V\mﬁf(g f the fourth order term
the ﬂes&g ﬁﬁhb sp erical aberration, and the
coefficient b is greater than the coefficients c and

T [

mabfng LipayStm cc'? RSB e PRyl el

amnlrmmrdlusd a mumradius Rn a
SUBRYREBLI UG8 3 FERAnQIeS %'fm%teﬁéy@tgeﬂqswfaaema‘iﬁed to

in which the phase delays for requal to dRand_fo
praditeathe sphesicat abewsatioaphas foraseing @auunanzzéeatwe of the

nmet hod of designing a nultifocal inmagi ng subsystem as
puspgseful blurmn integrated conputational imaging

subsystem conprising steps of: designing a first

overal | conponent of the nultifocal imaging subsystem

as pp. i dBRE syseghngf damonéniwiioh theaguitfowal dbjaging at

a given
subsystem includes a plurality of imaging elements and the spherical

aberration is divided among more than one of the imaging elements.

14. An extended depth of field imaging system comprising:

a multifocal imaging subsystem designed as a combination of
an ideal imaging component and a spherical aberration component that

balances in and out of focus effects through a range of object distances;

an intermediate image detecting device for detecting images
formed by the imaging subsystem exhibiting balanced in and out of focus

effects through the range of object distances; and

a computer processing device for calculating 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.

15. The system of claim 14 in which the ideal imaging component

provides for imaging an object at a given object distance and the range of
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obj ect di stance; designing a second overall conponent

of the nmultifocal inmaging subsystem as a spherica
w@ab@eoz8sor for bal ancing in and out of focus eP¢BUS®05/016231

through a range of object distances; conbining the

first and second conponents of the nultifocal inmaging

subsystemto produce an internediate inage that is

purposeful Iy blurred and the second conponent of the
objegt distangesithegual whissyiheesplheieali ahpreatian cspreneshl

aberration that is the dom nant feature of the
bakwcpodafand blutof feodsrefferys mycltides shp@iyengbject distance.

i nformati on concerning the internedi ate i mage and the

pur poseful blur to a digital processing systemfor

proglgci ngha syeeavesfeclai mieDg imavhiob the ideakndadintgrbmponent

of field. 24. The nmethod of claim23 in which the

of EREBfu IR0 LR i‘?ﬁi%iﬂligﬁ%@lggxfsgeﬁmﬂﬁae%i I@Hstd&iéﬁéértb%ntribute

aberration conp nces I n and out of Tocus

U TS LR A BPASE pflbER y cOMre e
SRR bR et oo cal aberration

| east six tinmes |larger than the object distances over
whi ch the first conponent produces diffracti qn-l I

! ¢ | ted

i may7ng. T syHenmmef kb bcinaviicisthe DhRse P aFfe'érlcecated

of designing the first conponent of the nultifocal
withimgimapeibsy of ¢hei maltifdeal duagird sgbaystede dletivees they lens

i mgi ng the object at a given object.
and the intermediate image detecting device.

18. The system of claim 14 in which a beam of light for producing

the intermediate image has a nominal wavelength, and the spherical
aberration can be expressed as a phase delay in the amount of between

1.8 and 6 wavelengths of the nominal wavelength of the beam of light.

19. Thé system of claim 14 in which the phase delay can be
expressed by a series in terms of (r/R) as follows:
d=alr/RV =b(r/R) = c(r/R)° =d(r/R)® +...
where ¢ is the overall phase delay, ris a radius of a
considered point within an aperture of the imaging subsystem, Ris a
maximum radius of the aperture, and a, b, ¢, and d are coefficients of the

second, fourth, sixth, and eighth order terms respectively.
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27. The nethod of claim26 in which the step of
desi gni ng the second conponent i ncludes designing the

W@ ewe/neBsepnmponent to exhibit a phase del ay bet MeRDnSH0B016231
and 6 nom nal wavel engths of imaging |ight. 28. The
met hod of claim27 in which aberrations of the second
conponent are defined by the phase delay function can
be expressed by a series in terns of (r/R) as follows:
f a2Qr/ RThe systgm/ad) clairo(T9 impdhich the qoekficient b offibedourth
f is the overall phase delay, / is a radius of a

ordamniragedefinesianthivd tdrder aphapieat abermatiarharichtiye agefficient b
subsystem /? is amaxi mum radi us of the aperture, and

is %ea@er %a@'ﬂﬁe‘éo@fﬁc@ﬂ?ﬁ%'a‘ﬁcﬁﬂts of the second, fourth,
and eighth order ternms respectively. 29. The

met hod of claim 23 including an additional step of

arr apgi ngh@rg P@rﬁté'frﬂagf] é(z?n WHithftheahultiREal 9ma gl

subsystem wi't centr scuration that Is size

suBDATERT Eelids A e d RS At AR ba™ 1 Eﬁra‘”}s‘hirhﬁﬁ%% and a
focus effects t hr ou af /9 of Obj e _bances
maximupegiii ek 'é‘oﬁ‘wﬁ@%ﬁtq PR eAHgl Hyat

produ0|ng |nages havi ng an ext ended depth of field
nEr|S|n a multifocal imaging subsystem
pro

dei ngharsysterarofedaine? | maydiigh ths W%ectﬂe[adﬁbﬂﬁpﬁg"equal

an ideal overall inmaging conponent and a prescribed
to oRaarad forbequal itorR acarpd feast afppropimptelgfaqual. bl urring
the i nternedi ate i mage;

23. A method of designing a multifocal imaging subsystem as a
part of an integrated computational imaging subsystem comprising steps

of:

designing a first overall component of the multifocal imaging
subsystem as an ideal imaging component for imaging an object at a given

object distance;

designing a second overall component of the multifocal
imaging subsystem as a spherical aberrator for balancing in and out of

focus effects through a range of object distances;

combining the first and second components of the multifocal
imaging subsystem to produce an intermediate image that is purposefully
blurred and the second component of the multifocal imaging subsystem
contributes an aspherical aberration that is the dominant feature of the

purposeful blur; and
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a central obscuration of the nultifocal imaging
subsystemthat renders point spread functions of
W@bkyoeme85pDI nt s produced with the purposeful blPRPCT/UY05/016231

nore uni formover a range of object distances; and a

di gital processing subsystem for deblurring the

‘i ntermedi ate irmage produced by the nmultifocal inmaging
subsystem and for cal culating a recovered i nage havi ng

an ext enaizdngipy foosu pphing |Bfnrn’rate08)£§mﬁmm9:tfm m 30

in which: (a) the central obscuration bl ocks a portion

int@fmédlaﬁtéqfﬁag{) eanll theepumpgdsefocblur toagidigitaly ptera dsavg sgstem
a radius R (b) the central obscuration has a radius

forqﬁ‘ocﬂfl‘#né doRveF At Atlg cORSANEAEN @Rté Fd &d %@I‘)tW‘ dffield.

respect eaperturelnaratlo of dR/R of 0.3 or
nore. 32. The systemof claim31 in which the central

Obsfﬂrat'\'ﬁg/ﬁét '%Sgcﬂihhﬁe?lp\ggfd{r éP&n %Vftdﬁﬁct Bistances

ratT o of or nore mof claim

el o e eal BEef I:Atnpéczm%zﬁ&nz;b% £ RBFs Hhanpguc of

structures,  and the centr curation provides for
fO%r‘ifé%ﬁﬁgméfPQﬁﬁeF gived) ﬁSJ rcgé@”lcﬁnctl gn among t he
obj ect points. 34. The system of claim33 in vvh| ch the
central obscuration renders the oscillating
st r 2Bt ur Bhe moethahiof slainagdniy whecfbweéan%.qit@ﬁgsdIstances
The system of claim30 in which the ideal imaging
throaghowainth 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.

26. The method of claim 23 in which the step of designing the
first component of the multifocal imaging subsystem includes designing

an ideal lens for imaging the object at a given object.

27. The method of claim 26 in which the step of designing the
second component includes designing the second component to exhibit a

phase delay between 1.8 and 6 nominal wavelengths of imaging light.

28. The method of claim 27 in which aberrations of the second
component are defined by the phase delay function can be expressed by a

series in terms of (r/R) as follows:
b= alr/RV =b(r/R) = c(r/R? +d(r/R)® +
where ¢ is the overall phase delay, ris a radius of a

considered point within an aperture of the imaging subsystem, Ris a
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Is provided by at | east one conventional |lens and the
aberration conponent is provided by a phase plate. 36.
wab@emystem of claim 30 in which both the i deabPCT/mamong16231
and aberration conponents are provided by a
| ogarithm c asphere having a surface nodified to
produce the prescribed aberration. 37. The system of
claim30 in which the prescribed aberration is a
masqpimerrh catiudof the iaperturat ang ghb, domdahare coeffidents of the
t he purposeful blur.38. The systemof claim37 in
seddtd; foamtipvsixeh | andv@iglath ordef tarhes redpddiivedy. | nagi ng
subsystem can be expressed as a phase delay function
in nom nal wavel engths of inmaging light, and the

sphgyi carhahpéfiid of ctAR RRDKCAR iAgPhaaeldiebadl fep of
between 1.8 and 6 wavel engths. 39. "An integrated

: . i . .
arrgAOHE, A At BE A rFURISBER! RRaBIHEbSR R 3R o central
mul tifocgl_ .i.magi ng . subsystemfor pro LN
obfeatiafifhat® Hage Biaone s il B FEGORH Bhagopgnt of the
such a way that renders point spread functions o
multifeedl igHging Srkﬁ?sé’SEﬁﬁnf'iﬁ)rﬁ%rék}%rr Béﬁ‘rn&ﬁg‘é‘ ghd &éitébfifocus
di stances than correspondi ng point spread functions
effpcsdiivedghi a iange tdfeolpjecpdédantedl ur; an average of
the point spread functions having a central peak; a
central obscuration of the nultifocal inmaging
sub3@st eAnpnhorgdited doonpatatiavdlrignadiagesysteal farepkodsicing
t he average point spread

images having an extended depth of field comprising:

a multifocal imaging subsystem for producing an intermediate
image of an object combining an ideal overall imaging component and a
prescribed overall aberration component for purposefully blurring the

intermediate image;

a central obscuration of the multifocal imaging subsystem that
renders point spread functions of object points produced with the

purposeful blurring more uniform over a range of object distances; and

a digital processing subsystem for deblurring the intermediate
image produced by the multifocal imaging subsystem and for calculating a
recovered image having an extended depth of field.
31. The system of claim 30 in which:
(a) the central obscuration blocks a portion of an aperture of

the multifocal imaging system having a radius R,
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function anong the object points; and a digital
processi ng subsystem for deblurring the internediate

wo pamg®283enduced by the nultifocal inmagi ng subspst/esoasialie231
for calculating a recovered i mage based on the average
poi nt spread function over a range of focal depths.
40. The system of claim 39 in which the point spread
functions have oscillating ring structures and the
central @Hsthercdritoal oksdersiornkas @i ladiys e, rmint
structures of point spread functions nore uniform

anong th | ect ints. 4.1. The_syst.emof cl.aj m40
frons: e e dRnta) Sskurdrion, 5oz Wikl (Bspécttate aperture

oscillating ring structures of the object points. 42.

in FHatioyek /o'?Of:Ba3 @r3vorer whi ch: (a) the central
obscuration bl ocks a portion of an aperture of the
mul ti focal inmaging systemhaving a radius R (b) the
cenBRal Ghecystemodf tlasma3  adiwkichRheagantral obseuration is
central obscuration is sized with respect to the

sizaplewithr @ sipecato ahe apErtuid R afratiobfobRIE.0.8330r iure.
systemof claim42 in which the central obscuration is
sized with respect to the aperture in a ratio of dR'R

of 835 oThawieterfof dlAgmsYStieWRithcd&imoBthé poii spread
mul tifocal inmagi ng subsystem conbi nes an ideal inaging

FuRTBRAET SRS, PPk S o et
structures, and the central obscuration provides for narrowing an average

point spread function among the object points.

34. The system of claim 33 in which the central obscuration
renders the oscillating ring structures more uniform among the object

points.

35. The system of claim 30 in which the ideal imaging component
is provided by at least one conventional lens and the aberration

component is provided by a phase plate.

36. The system of claim 30 in which both the ideal imaging and
aberration-components are provided by a logarithmic asphere having a

surface modified to produce the prescribed aberration.

37. The system of claim 30 in which the prescribed aberration is a

spherical aberration that is the dominant feature of the purposeful blur.
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45. The systemof claim44 in which the nultifocal

i magi ng systemincludes at | east one conventional |ens
web@amegs2t hat provi des the ideal imagi ng conpoPEenUSENE016231

a phase plate that contributes the prescribed

aberration conponent.46. The systemof claim44 in

‘whi ch the mul ti-focal -i magi ng system includes a

| ogarithm c asphere that contributes both the ideal

i mgBng #hd syseemanf dairmo3pomevhish avovaradl abstratiosf of the

claim39 in which a spherical aberration that is the

mtﬂﬂf@)ébéml?nafgﬂﬁbtﬂlﬁb stdmeca beasgirelssel Ws. a phaséhdelay function
system of claim47 in which an overal | aberration of

in EEF‘mW&‘ wafngEﬁ{%hW |'?19a§'|'ﬁ 'Hrfcﬁfh@@pﬁéﬁ%ﬁﬁﬁ%@n%%cﬁl

ase del ay ctioninn wavel engt hs of 1 nmagi ng

co%ahﬂ%feaia”%@%? %@?ﬁé’éﬁv@gﬁnd%ééﬁﬁ&i%ngleﬁtﬁfﬁig. The

systemof claim39 in which the central obscuration

i ncludes stop | ogated between the .nultifoca

U3yt oaREIEeH RN RUTUR B ipgindsty st Rt PROLdfing

i magi ng system for an extended depth of field
imagaphaying anexgndeg depeénef é'le&'réﬁfnl%ry%'ﬂém that is

pur posefully blurred by nmeans of a third order

spher i Cahfrﬁgﬁfo‘% | gﬂ?ﬁhﬁﬁ .{t‘eWr”fS?Bde@@lq@(Eﬁr?ﬂfa&medlate

dept h of order s

.mS‘SS%?% IlsoBngclasgfuqustglrurr Iel’(lj sac nagway that renders point spread

functions of object points more uniform over a range of object distances
than corresponding point spread functions produced without the

purposeful blur;

an average of the point spread functions having a central

peak;

a central obscuration of the multifocal imaging subsystem
providing for narrowing the central peak of the average point spread

function among the object points; and

a digital processing subsystem for deblurring the intermediate
image produced by the multifocal imaging subsystem and for calculating a
recovered image based on the average point spread function over a range

of focal depths.

40. The system of claim 39 in which the point spread functions

have oscillating ring structures and the central obscuration renders the
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plurality of the I ens elenents and form ng a dom nant

nmonochromati ¢ aberration of the system5l1. The system
w@booelozesetr 50 further conprising a central obscECERUSDNG/016231

that cooperates with the third order spheri cal

aberration for reducing variation in the purposeful

“bl ur -over- the extended depth of field. 52. The system

of claim51 in which the nultiple |lens el enment system
ostitlatingesngrstantulres ofiperinuspréad fugctéions monerunifermsamong

dR corresponding to a radius of the central
th@bg&@tqjd,mns_and a maximumradius R, and a ratio of

dR'R is greater than or equal to 0.3. 53. The system

of claim50 in which the nultiple |lens el enment system

i nch‘l“?'es'rj'ﬁ& R8s MBlal oA iih WRiehapkh& igal 88scuration

systemof claimb50 in which the third order spheri cal

S L L T

multiple lens el ement system and the third order

1o e ol BRGRE Il SRS TRyTER"SE A ot coratoa

~conput ati onal imaging system for producing inmges

havi ng agh)axeaddrealdsydduration Blodke aMpbrebnf @naperture of
i magi ng subsystem for producing an internedi ate i mage

th mARfOLAIAMAQIREPLS LAY hBY RS radiyds Rurposeful bl uri n

erne I'mage using a predeterm ned anmount of
third order spherical aberration
(b) the central obscuration has a radius éR, and

(c) the central obscuration is sized with respect to the aperture

in a ratio of 6R/R of 0.3 or more.

43. The system of claim 42 in which the central obscuration is

sized with respect to the aperture in a ratio of 8R/R of 0.5 or more.

44. The system of claim 39 in which a multifocal imaging
subsystem combines an ideal imaging component and a prescribed

aberration component for purposefully blurring the intermediate image.

45. The system of claim 44 in which the multifocal imaging
system includes at least one conventional lens element that provides the
ideal imaging component and a phase plate that contributes the

prescribed aberration component.
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that contributes to an extended depth of field;a
digital processing subsystemfor deblurring the
WO paoe/0nssai at e | nage produced by the mnultifocal PCTYESINF016231
subsystem and for calculating a recovered i mage havi ng
an extended depth of field. 56. The system of claim55
in which the third order spherical aberration bal ances
in and out of focus effects through a range of object
di sg@nceThe Systerheofsglairam oin evldcintbe molufdcah imaging
overal | phase delay of the imaging subsystem can be

sysQéH’f ﬁ?cflﬁge?)é I@Igf%?fthﬁ‘ﬁc'd% r&haf contibutss both eMeidéal
a(r/ d(r /Rf +... where f is the

lm%ﬂﬂahhd%?aﬁgh%% b§ﬂ@n{5ad| us of a considered poi nt

n'an aperture o magi ng subsystem /? is a
maxi mum radi us of the aperture, and a, b, c, and dare

coef Li Ci :
or b ¢ of e Svakssbodh OB i MHiER g ShiblIcePapeTaiBh that s
in \NhICh he co i.ci ent e fourth order term
theydpmipant %aW?erf%‘fedB\"E‘?ﬁ?gW E’E-fr-aberrati on, and the
coefficient b is greater than the coefficients c and
d. 59. Thesstemof cIa|m58|nvvh|chaagFgw }
f or48r odTbErﬁgszfé‘ ohelaimetil 4 avhighan A%erall AbRY rﬁgqon of the
wavel ength, and the third order spherical aberration
multifodsd imagingssatbsystemptams bec)prgssed tasea phasatdelay function
between 1.8 and 6 wavel engt hs. 60. A net hod of
in 6AigRi avelengthisfeicimhadinaslighstard tioe spheeiedbdberration

contributes a phase delay of between 1.8 and 6 wavelengths.

49. The system of claim 39 in which the central obscuration
includes a stop located between the multifocal imaging subsystem and the

intermediate image.

50. A multifocal imaging system for an extended depth of field

comprising:

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; and

the third order spherical aberration being distributed among a
plurality of the lens elements and forming a dominant monochromatic

aberration of the system.
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depth of field imaging conprising the steps of:
formul ati ng an i magi ng system as a conbi nati on of an
WO d@alo28sergi ng conponent arranged for PCT/US2005/016231
diffraction-limted i magi ng and an aberrati on
conponent dom nated by a third order spheri cal
aberration; and determ ning an anount of the third
order spherical aberration that reduces variations
ano§y. i NPhe s§steanpahcdaimd@ futther exnepi sihgla et o
field. 6 1. The nmethod of claim60 in which the step

ob&éurdeidi Rt cbperatedsTaith t1ed thitg dridlet & pivedidal speeratien for

aberration includes adjusting the amount of third

recﬂ%cqﬁg éétrallsﬁrdm tﬁ@ﬁuf{gbkefmfrgga%%?tﬁagya&naegad@meaf field.

y nore u rm conbl nations I mpul se
responses over the extended depth of field. 62. The

| LiLf I . . . '
" 81 cnrbpeveTal R AR BTER T HiEH sHERRR Bfe. S, Rkt
nmean_of third order spherical aberration. 63. A od
Sy IR N T FRIET U 80 BT a e AR g

depth of field imaging conprising the steps of )
conregpontling & ai wshus lofibedesitiy ®YsGUTabioForRE A axiryIm

the Il ens design an amount of third order spherical
radibsrR,aricha;ratist ohgRPRI§ greaterethaih ohequabitd Oedl. | ens

design for imaging over a range of focal depths; and

53. The system of claim 50 in which the multiple lens element

system includes at least two logarithmic aspheres.

54. The system of claim 50 in which the third order spherical
aberration can be expressed in phase delay in units of a wavelength of
light intended for used with the multiple lens element system, and the
third order spherical aberration produces a phase delay of between 1.8

wavelengths and 6 wavelengths.
55. An integrated computational imaging system for producing
images having an extended depth of field comprising:

an imaging subsystem for producing an intermediate image of

an object;

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;
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adj usting the amount of the third order spherical
aberration for producing point spread functions that

wo 2004/0b8535 over the extended depth of field. 6GHCT/Ub®05/016231
met hod of claim63 in which the nultifocal |ens system
includes a plurality of Iens elenents and the

~nmodi fication of -the ideal |ens design includes
i ncorporating portions of the third order spherical
aber r at i @digitalop rames stritaubsystein foe debhsring teeintermediate
65. The nethod of claim63 including a further step of

imad€ proquatd iy eheRiltitifdcalbptagingi subdystemt dved desicgltulating a
narrow t he point spread functions. 66. A nethod of

Welnl® | P h §FFielgmagi ng system
recﬂ?&%@é@‘%&%n&é\ﬂh@g{eﬁéﬁgﬁl ng gtﬁ%‘éﬁ?gnaeed depth of field
conprising steps of: formulating an i nagi ng system

havi Ag [ i.pat ' :
L2889, A SRS RWHEA B S byt bphtical
I ntermedi at e i nage;, and termpin n_ammunt_ _of t .
bR AR anGh AN Cep B ANCPURBETOGES B Ll halE dgaRae' SFobject
_variations anong inpul se responses over the extended
disgamees.of fiel d;calculating an inpul se response that
departs froman arithnmetic average of the inpul se
responses over the extended depth of field to unevenly
wei §At t Adhe syateseof efgionSsinowbich ae averallddtsgegelay of the
of
imaging subsystem can be expressed by a series in terms of (r/R) as
follows:
é = alr/RF£b(r/R) = clr/RP =d(r/R" +...
where ¢ is the overall phase delay, ris a radius of a
considered point within an aperture of the imaging subsystem, Ris a
maximum radius of the aperture, and a, b, ¢, and d are coefficients of the

second, fourth, sixth, and eighth order terms respectively.

58. The system of claim 57 in which the coefficient b of the fourth
order term defines the third order spherical aberration, and the coefficient

b is greater than the coefficients cand d.

59. The system of claim 58 in which a beam of light for producing
the intermediate image has a nominal wavelength, and the third order
spherical aberration can be expressed as a phase delay in the amount of

between 1.8 and 6 wavelengths.
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field; and incorporating the cal cul ated inpul se

response in a digital processing algorithmfor
walelwboesseng the intermedi ate i mage produced bypPeh®s2005/016231

mul ti focal imagi ng subsystem and for cal culating a

recovered i mage havi ng an extended depth of field. 67.

‘The nethod-of -claim66 including an additional step of

i ncorporating a central obscuration in the inaging

sys6em f Armethothef designierga muttifecahiarsssystespbosexstended

for producing a sharper recovered i mage. 68. A nethod

defth bEERIGNI MY iAH dOrAPAshARS ek etemnof:nt er medi ate i mage,
conprising steps of: accessing an internedi ate i mage;
and performng an iterative digital deconvolution _of | A
the i nt eforsaulating aadmaginggyatemanamosabintion of an ideal
al gorithmincluding the sub-steps of: estimating a new
imagigecompaiartrayrangedifonaliffoactodn-dimited ionagingragdsgn
andaltering the directional inmages using a netric

ab®AaHTRt & mpd neRpr fbmaetdgnaahireerde s pledyelr ggerration;
i mge while avoiding points of stagnation. 69. The

thod of claim68 in which the netric paraneter has a
non-i nteger val ue.

determining an amount of the third order spherical aberration
that reduces variations among impulse responses over the extended depth

of field.

61. The method of claim 60 in which the step of determining the
amount of the third order spherical aberration includes 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.

62. The multifocal lens system made by the method of claim 60 in
which the imaging system is purposefully blurred by mean of third order

spherical aberration.

63. A method of designing a multifocal lens system for extended

depth of field imaging comprising the steps of

modifying an ideal lens design by incorporating into the lens

design an amount of third order spherical aberration;
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70. The nethod of claim69 in which the netric

paraneter has a value between 0.2 and 0.6. 7 1 . The
woredohoeBsef claim 68 in which the directional i|PEmEs2005/016231

i ncl ude pi xel values, and the netric paranmeter adjusts

wei ghts anong the pi xel values. 72. The nethod of
claim7 1 in which the netric paraneter is adjusted

above zero to give larger pixel values nore weight.

73. The restimypefforhaimoetsf the modifiedhle nsedesign for imaging

paraneter has a value that results in a nodul ation

ovér &ahge dfuidehl depbRyi oied @ shape that increases
contraSt at high spatial frequencies approaching a

Nyquist Iimt. 74. The nmethod of claim®68 including a .

further adigistiorg praoamount ohthe thisd mrdieasehericgd absragion

a nultifocal imging system 75. The nethod of claim
for’droducihggoinba pread furdiiane thatyaryplesduaat the extended

mul tifocal imaging systemexhibits a point spread
deptiefifRildhavi ng side | obe rings, and the netric

paraneter is adjustablewithin a range that reduces

side | obe rings of the point spread function in the

recgpstr y e; I i '
w6y G5, IREl g i B BIGHN RUAIERAMcrs system

i he R POE I bR A e loaFhat Bethefdeal ens
i,ncl,ud;fs a central obscurrﬁti on,

desila Watudie THRPOrRURO Rt ¥ of el rfe?spfferical

aberration into more than one of the lens elements.

65. The method of claim 63 including a further step of
incorporating a central obscuration into the design to narrow the point

spread functions.

66. A method of designing an integrated computational imaging
system for producing images having an extended depth of field

comprising steps of:

formulating an imaging system having an aberration
component dominated by a third order spherical aberration for producing

a blurred intermediate image; and

determining an amount of the third order spherical aberration
that reduces variations among impulse responses over the extended depth

of field;

68



processi ng conprising steps of: calculating a

succession of estimted i mages of an object based on a
W@ t@e628397 | nage and conbi nati on of directi onal PCTYHE®S5/016231

inputting a netric paraneter that nodifies the

di rectional images; evaluating the estimted i nmages

nodi fi ed according to the netric paraneter against a

criterion of entropy maximnmization and a statistica

noi se pacalcatating andhopskseaesposse that depactsofronhan

obj ect; and outputting an enhanced i mage of the object

arlﬂ%ﬂ@t'tfhﬁ/e?hgétdffme' ifmgelse fespbheesrivepdhefexceaded/d@epth of
whi ch the estimted i rrages contai n pixel val ues and

i, TR APAREIR e L HSGEaranec g o

fleﬁ ri ¢ paranmeter has a non-integer value. 8 1. The
t of claim80 in which the netric paraneter has a
val ue between 0.2 and 0.6. 82. The nethod of claim78

i N whi chidderpstatihg tBei cBadacad imipussargspeoseinb digital
blur. 83. The nmethod of claim82 in which spherical

figat
or R A5 e BT A6 Rl sfRBRbced by
the P elElngalll %’zfgrlrn%tsuo&ystem and for calculating a recovered image

having an extended depth of field.

67. The method of claim 66 including an additional step of
incorporating a central obscuration in the imaging system for further
influencing the impulse responses for producing a sharper recovered

image.
68. 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 algorithm including the

sub-steps of:

estimating a new image containing a combination

of directional images; and
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bal ances in an out of focus effects through a range of
obj ect distances. 85. The nethod of claim84 in which
wo bmeordsanced i mage has an extended depth of fPel/ts2005/016231

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

points of stagnation.

69. The method of claim 68 in which the metric parameter has a

non-integer value.

70. The method of claim 69 in which the metric parameter has a

value between 0.2 and 0.6.

71. The method of claim 68 in which the directional images
include pixel values, and the metric parameter adjusts weights among the

pixel values.

72. The method of claim 71 in which the metric parameter is

adjusted above zero to give larger pixel values more weight.

73. The method of claim 68 in which the metric parameter has a
value that results in a modulation transfer function having a shape that

increases contrast at high spatial frequencies approaching a Nyquist limit.

74. The method of claim 68 including a further step of producing

the intermediate image using a multifocal imaging system.

75. The method of claim 74 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
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within a range that reduces side lobe rings of the point spread function in

the reconstructed image.

76. The method of claim 74 in which the multifocal imaging

system includes third-order spherical aberration.

77. The method of claim 74 in which the multifocal imaging

system includes a central obscuration.

78. An iterative digital deconvolution method for image
processing comprising steps of:
calculating a succession of estimated images of an

object based on a starting image and combination of directional images;

inputting a metric parameter that modifies the

directional images;

evaluating the estimated images modified according to
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.

79. The method of claim 78 in which the estimated images contain
pixel values and the metric parameter alters weights assigned to the pixel

values.
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80. The method of claim 79 in which the metric parameter has a

non-integer value.

81. The method of claim 80 in which the metric parameter has a

value between 0.2 and 0.6.

82. The method of claim 78 in which the starting image contains a

purposeful blur.

83. The method of claim 82 in which spherical aberration is the

dominant feature of the purposeful blur.

84. The method of claim 83 in which the spherical aberration

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

85. The method of claim 84 in which the enhanced image has an

- extended depth of field.
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