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WP ISR MULTI-FOCAL LENGTH LENS WITH A CONTROgLEDs2005/016231
RANGE OF SPHERICAL ABERRATION AND A CENTRALLY

OBSCURED APERTURE TECHNICAL FIELD [0001] The invention

relates to imaging scenes or other objects that can be brought to focus by
combining a blurred intermediate image with digital processing that
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microscopy, machine visionOB§- 6 R&aEdRdment can also benefit
from the invention. BACKGROUND ART [0002] Objects imaged by
conventional imaging subsystems are sharply in focus over a limited
TdiSENEe A Bs the depth of field, which is inversely proportional to the
square of the imaging system's numerical aperture for diffraction-limited
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Ing automatic systems, to provide high quality images of particular
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~ to photograph objects clearly that span a large range of such distances.
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photographs. [0003] Digital processing of image data on a pixel-by-pixel
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photographic applications, although other appllcatlons 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 auto_matic systems, to provide high
qualtty images of particular scenes at various object distgnces. Even with
these means, it .is difficuit to photograph objects clearly that span a large
range of such distances. Cameras with a larger depth of focus will clearly

provide superior photographs.

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

afforded more opportunity for improving and correcting optically imaged
1



scenes. 'Some of these improvements have related to increasing the

depth of field. For example, digital processing has been used to combine

images of the same scene taken at different depths of focus to produce a
WebpgEEs2image having an extended depth of field. The mutgii@’satage231

take time to collect, are difficult to process, and are generally

unsatisfactory for scenes subject to change. [0004] Amplitude attenuation

filters have also been used to extend the depth of field. Typically, the

scaltRRuatemblisr s edqeairdve ifenapative refitwlinnagingesysiemse depth
leaving inner radii clear but attenuating the outer annulus. However, the
offifieidntrbsiueeatarde, athyitailt pf dight 40sg, hvelsidie dimitseits sppbcabomnsimages
[0005] More promising attempts have been made that deliberately blur- an
ofintermediatederagkea systéffetintvdg sththaf dotassteamed inferanation
about the imaged object is retained through a range of focus positions -
campasiienHvaarifire rspafeadascaontdhie!dubEnmmltimedmages
over the defocus range. Digital processing, which effectively -
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recognizable ljkeness of the gbject trg%]gh an extended depth of field.
URSEEST ESHBYUAH SSERTIC RISES R Phase mask within the aperture

of the imaging system to generate a distance invariant transfer function,
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improvement in the depth of field is achieved, the cubic phase mask is not
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proven to be expensive and difficult to fabricate.
of the imaging systems, leaving inner radii clear but attenuating the outer

annulus. However, the filter introduces large amount of light loss, which

limits its applications.

[0005] More promising attempts have been made that deliberately blur
an intermediate image in a systematic way so that at least some
information about the imaged object is retained through a range of focus
positions and a non-ideal impulse response function remains substantially
invariant over the defocus range. Digital processing, which effectively
deconvolutes the point spread function, restores the image to a more

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

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

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



[0007] Another such example similarly locates a circularly symmetric,
logarithmic asphere lens to extend the depth-of-field, which is more
economical to manufacture. However, for the log-asphere lens, the
WihIRE¥ekhonse is not perfectly uniform over the full rangeP & gpEFATEH 231
and as a result, some degradation is experienced in the image quality of
the recovered image. [0008] Reconstruction algorithms for removing the
blur of such intermediate images are subject to problems relating to the
rogatifityadhds wiichetcy anthsirydzisies Nenlipr axporeysimgeIgottiars &an
suffer from slow convergence or stagnation and produce images with
fapdeRied contrast at high spatial frequencies. DISCLOSURE OF
INVENTION [0009] Our invention, in one or more preferred embodiments,
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recovers images convoluted through the more uniform impulse response
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extended range of object depths. The multifocal imaging subsystem that 3
aiQ 280&/028526 RE THITDADNNL 52 3% prulpasetlilly tiarsnnigempdiity of
images is preferably circularly symmetric with a centrally obscured
thepertures nedichnageows the impulse responses and avoids conditions
such as contrast inversion for larger amounts of

[0008] Reconstruction algorithms for removing the blur of such
intermediate images are subject to problems relating to the quality and
efficiency of their results. Nonlinear processing algorithms can suffer from
slow convergence or stagnation and produce images with reduced contrast

at high spatial frequencies.

DISCLOSURE OF INVENTION

[0008] 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 dep{hs. 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
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defocus. Together, the controlled spherical aberration and the centrally
obscured aperture provide a sufficiently narrow and invariant impulse
response over the extended depth of focus for achieving diffraction-
Wit ¥ brmance over the extended range far exceeding ¥4d48R24#5/616231
limits. Diffraction-limited performance over a depth of field increased by
six to ten times the classical limit can be achieved. The circularly
symmetric structure of the imaging subsystem simplifies manufacture and
pueshisefudvebhlirsosts: (ORI @rienexgas e mfedarialdy cted oo mytatioatdic
imaging system in accordance with the invention for producing images
withvinceatreliendisdudep thpsfrietd ivehigBsrarronisod s inayiteg responses
subsystem for producing an intermediate image that is purposefully
arnsivamsdd T166 AsliRiestar HRBGRa - b aps ity anmsdaplasags  apeHaib A f
as the dominant feature of the purposeful blur. A central obscuration
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Hineierahby ceaitRuigs ideRnaserdriaN rife HVP 20628921 1d increased by
PCT/US2005/016231 between 1.8 and 6 wavelengths. The controlled

sileatuie whrrheiical aabriplioniiscRreiosakty daddly affbethitdotger and
is independent of the wavelength of illumination, focal length, and best
syaove oitestrdistane®f the imaging subsystem simplifies manufacture and

reduces overall costs.

[0010] One example of an integrated computational imaging system in
accordance with the invention for producing images having an extended
depth of field includes a multifocal imaging subsystem for producing an
intermediate image that is purposefully biurred. The multifocal imaging
subsystem exhibits spherical aberration as the dominant feature of the
purposeful biur. 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



[0012] The aperture of the multifocal imaging subsystem is preferably
circularly symmetric, having a minimum radius SR, defining an outer limit
of a central obscuration and an inner limit of an annular aperture, and a
WM Yadius R defining an outer limit of the annular apé’rg:ﬁjg_SEOOSI{}lGZ.’il
Preferably, a ratio of SR/R is greater than or equal to 0.3, provided that
the light loss is not excessive. [0013] At least one lens of the multifocal
imaging subsystem can be designed substantially free of spherical
hahaeatiog and & phase elajtheanThe desigudid topeaduce e sgytentical]
aberration that forms the dominant feature. of the purposeful blur. Often,
aliberptiase platefeaatie meivhedfishart hisererdest ane iwitdeatdaghgf the
subsystem at an image-plane side of the multifocal imaging subsystem.
wardeivesf theminkrsual fecairpalianedeidogesaphisst st

element having a surface modified to produce the spherical aberration

t orms the dominant feature of the purposeful blur.and that is in
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imaging system includes a multifocal imaging subsystem designed as a

peFeabRtienratiandfeR imaole semnpraans aad waspbarisy mheddidnhat the
component that balances in and out of focus effects through a range of

lighicelsdisgtanses xhAasinigErmediate image-detecting device detects images
[0013] At least one lens of the multifocal imaging subsystem can be
designed substantially free of spherical aberration, and a phase plate can
be designed to produce the spherical aberration that forms the dominant
feature of the ;:iu-rposefui 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 sphérical 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 88 and R are preferably at least

approximately equal for the center of the designated object range.



formed by the imaging subsystem, exhibiting balanced in and out of focus
effects through the range of object distances. A computer processing
device calculates a recovered image having an extended depth of field

WELL88BR3Y correction of the balanced in and out of focus efféct#PERIE1231
the range of object distances. [0015] The ideal imaging component
preferably provides for imaging an object at a given object distance, and
the range of object distances through which the spherical aberration

[06drponanbbiataneesripindotheinforud efasamextswied drreihotjdigld
distance. For example, the multifocal imaging subsystem can include a
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plate designed to contribute the spherical aberration component. The
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imaging’an o given objeét distance. A second component of the
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is designed as a spherical aberrator for balancing in and out of focus
d&ffectediouabad 3086\ BRI AHdSAACRASy G ting dheibifstrand field

second components of the multifocal imaging subsystem produces an
baRtedaedinte magrpWhaf isheusatsefelty iplurrelotbetésond effrupotierduai h

the multifocal imaging subsystem contributes an aspherical
the range of object distances.
[0015] The ideal imaging component preferably provides for imaging an
object at a given object distance, and the range of object distances
through which the spherical aberration component balances in and out of
focus effects includes the givén 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 integfated 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
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aberration that is the dominant feature of the purposeful blur. Information
concerning the intermediate image and the purposeful blur is supplied to a

digital processing system for producing a recovered image having an
W&%&%ﬂ%ﬁsa’épth of field. [001 7] The range of object distanc@g?ﬁ?%fﬁﬂls(m““
which the spherical aberration component balances in and out of focus
effects preferably includes the given object distance. In addition, the
range of object distances through which the spherical aberration )
imagipananshaigneds fedanediBsfdcunlesifetia e Btk TenbMR A&
than the object distances over which the first component produces . . |
angifpactRininrviteaTincagHY Mg ﬁﬁeF&l?é%%@Wﬁﬂgfgt%ﬁﬁ%iﬂézombmmg
subsystem is preferably arranged ig] a ce?t',&al ol?scuration tha&is sized
th, R 467 theC BRONGTES b SHENT B THE PRUIRARIfhaginty stem
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erration component for purposefully blurring the intermediate image. A
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multifocal imaging subsystem renders point spread functions of object
diBPiRISHPERAYSRILVELR dde: Burpessiul iy mese owviiarthiavege angeyain
object distances. A digital processing subsystem deblurs the intermediate
exreaghepradperadbyighe. multifocal imaging subsystem and calculates a
recovered image having an extended depth of field.

[0017] The range of object distances through which the spherical
aberration component balances in and out of focus effects preferably
includes the given object distance. In addition, the 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
sacond 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 muitifocal 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



[0019] Each of the point spread functions of object points preferably has a
central peak and oscillating ring structures, and the central obscuration
provides for narrowing the average point spread function either for the
Wlgdesi§idints or the distance object points, depending on tRETHESIgHT/AHH231
particular, the central obscuration preferably renders both the widths of
the central peaks and the oscillating ring structures more uniform among
the object points. [0020] The purposeful blur of the multifocal imaging
mSURySiemisg prgferallydhenstastide popbitor semdadriy tiwzipanbsprbpdt
functions of object points more uniform over a range of object distances.
pdinescerichl cotiseittatibe prefeatafuehiovevoerianitomporens Gfitpe of
point spread functions produced by the purposeful blur for narrowing the
olgentrdipeak esf thedigitayprosms Sp@ st hsvstiomAebhgrththenjptarmediate
points, especially the object distance corresponding to the center section
incageanirRdyrrf Svthemmitiacaidmagiogesthny fiB_hi plerdaiph
calculates the recovered image based on the ayerage point spread
RS IMAesdRVIRGaRG B ATRIRGS it centra

obscuration are believed mainly due to the similarities of the point spread
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an ideal imaging system. In particular, the associated improvements in the
pHsRHe offlielda RNeHIREN dQfvelpsgeip disianpesadripeliRyed mnriniiodyhe

to both the narrower central peak of the average point spread function and
clh:simifsipscidating digkativetotgs af peermeind epraati dgnetions: alegign. In
particular, the central obscuration preferably renders both the widths of

the central peaks and the oscillating ring structures more uniform among

the object points.

[0020] The purposeful 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



the designed object range. These two factors lead to point spread
functions that vary less with object distance, so that the average point
spread function used in the digital processing can provide a significantly

WihfeasssUtput. [00211 Yet another example of the inventibhldsSat5/016231
integrated computational imaging system for producing images having an
extended depth of field includes an imaging subsystem for producing an
intermediate image of an object and means for producing a purposeful

fidiyrntheigtaroediatgsmageousipany phedeseroffedeartrad alafaunation in
order spherical aberration that contributes to an extended depth of field. A
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the multifocal imaging subsystem and for calculating a recovered ima
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multifocal imaging system includes a multiple lens element S%;{ that is
toplRSBSETRIRABTANG] 59 RTBARE 3 SRS NRAGEHRRIH SBEFRSIGRNFHP™ and
contributes to an extended depth of field, The third order spherical
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improved output.

[0021] Yet another example of the invention as an integrated
computational imaging system for producing images having an extended
depth of field includes an imaging subsystem for producing an
intermediate image of an object and means for producing a purposeful
‘blur in the intermediate image using a predetermined amount of third
order spherical aberration that contributes to an extended depth of field.
A digital processing subsystem deblurs the intermediate image produced
by the 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



with the invention for extended depth of field imaging includes formulating

an imaging system as a combination of an ideal imaging component

arranged for diffraction-limited imaging and an aberration component
WELHEAESEEDY a third order spherical aberration. The amounP G HF@0f3A6231

order spherical aberration is determined so as to reduce variations

among impulse responses over the extended depth of field. Preferably,

the amount of the third order spherical aberration is determined by

olacliusting thecapetiteefthitd ibrelenh Brheridal alpdrealian dicem snerafeunt
to another to identify more uniform combinations of impulse responses
re@edi e vatiamnidedi dejpeh jof fipdd 024 ukrothet nectixddraf etb slgpiig cf field.
multifocal lens system in accordance with the invention for extended
Tloke pthu o filgl o frheigyine émo s sc anodifsfing eaatidead 1 éws degigritiymic
incorporating into the lens design an amount of third order spherical
asperrason. The performance of the modified lens design is tested over a
range of focus positions. The amount of the third order spherical
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computational imaging system in accordance with the invention fof

c AR INRUSSNRVNGLINTr SiRNdasaRBth i figiddnateran fonavating
an imaging system having an aberration component dominated by a third
coHdles sRRederhahaeation fomird order spherical aberration. The amount

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



producing a blurred intermediate image. The amount of the third order
spherical aberration is determined so as to reduce variations among
impulse responses over a range of focus positions. A calcullqa%%ig%)g%
W P)O(S;ﬁoggsyeparts from an arithmetic average of the impulse responses
over the range of focus positions to unevenly weight the impulse
responses over the extended depth of field. The calculated impulse
response is incorporated into a digital processing algorithm for debluyring
thih@intrrhBRAR HRGORDRCedFy e HRAGIER iﬁ?@ﬁﬁss?ﬂfs fehtt and
for calculating a recovered image having an extended depth of field.
dgBiE] Thus, a circularly symmetric, spherically aberrated, multifocal
imaging system with centrally obscured aperture can be used in
(O R MG NSRRI o HTRB TR ToRIBd BB HHRGing
impulse response is sufficiently’invariant'over a range of object depths fo

sy HPRPShAigiBlALPRRSHING K SROVRTIRG 3B REIRAIdaMmaGedhERGHS an

over a range of focal depths. Without too much loss in light intensity, this
e 0RAINed SystesT erNdPrRekeR: difpaiiondinies eaalitenyeanhaving an
extended depth of field that is ten times that obtained by a conventional
abersasisierprision appteaahest tal exyendingdherdeptpbiefialdi retver rasidi for
WO 2006/028527 PCT/US2005/016231 had this capability. The new
pindgingsséariscistercoediatedntmgnantifecamssiicef ithariibed order
circularly symmetric. [0027] The invention can also be practiced as a
s phettical abeteviainis letenaypashsedasnian sstean odrasipRsgRMOREh
includes accessing an intermediate image of a scene and performing an
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entropy _ _ _
response departs from an arithmetic average of the impulse responses
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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 circﬁiarly 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



algorithm. Using the maximum entropy algorithm, a new image is
estimated containing a combination of directional images. These
directional images are uniquely altered using a metric parameter to speed
WELHIEH3BHCe toward a recovered image while avoiding poinP§6fis2005/616231
stagnation. [0028] The metric parameter reconciles conventional
maximum entropy algorithms at metric parameter values of zero and one.
Values of the metric parameter are preferably chosen between zero and
hatheltic ahatitigeolisly adjiusniag wgight o differatsopiceinatisi to
Preferably, the metric parameter has a value between 0.2 and 0.6. The
mappfaptiste, choie it anehmatiiciiariv el B&ttibutes to a modulation
transfer function having a shape that increases contrast at high spatial

f ' achi N ist limit, [0029] The i | i
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"metric parameter-maximum entropy algorithm™ or the MPME algorithm,
alybisthis eXParigane Payriwidm apricHiydeiBial IMRAe RIRERSHNG.
he attributes of rapid convergence and the avoidance of stagnation can
e ienganerabnegvantpgeais on dnageofedonstriatian masiesativhe figering,

and picture processing.
directional images are uniquely altered using a metric parameter to speed
convergence toward a recovered image while avoiding points of

stagnation.

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

approaching a Nyguist limit.

[06029] The intermediate image can be produced using a multifocal
imaging system, such as an aspheric lens. Typical point spread functions

of such lenses have oscillating bases, which reduce image contrast. The
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BRIEF DESCRIPTION OF DRAWINGS [0031] Fig. 1 is the block diagram
of an integrated computational imaging system in accordance with the
present invention. [0032] Fig. 2 is the diagram of the multifocal imaging
WaLA98¢8e8MThaving a centrally obscured aperture. [0033] Fid¥: T3ASBP54ys231
graphs depicting point spread functions of a centrally obscured fl-type
multifocal lens for various amounts of spherical aberration. [0034] Figs.
4A-4F are graphs depicting point spread functions of a non-centrally

meRseWshfhbee nutiecahisiesdanvarioup rfetrath efngeheideaficantly
aberration. [0035] Figs. 5A-SF are graphs depicting point spread functions

redl@ecantially bbsoitiid ydype mukifoeahlens Her hanioes amemnts of
spherical aberration. 13 WO 20061028527 PCT/US2005/016231 [0036]

Figs. 6A-6F are graphs depicting point spread functions of a non-centrally
[06B88durets-tyfer ukiticarerioTon wiibRSIRAIITR SRR RHING as

aberration. [0037] Fig. 7 is a top-level flow chart for noplinear. digital
R N ESSSFRETS TSGR GRS Ao AR AR AP
ro chart sho s withjn the imum en ro orithm for
Bt S S BB AR TR DL gaga%byg%h%mﬁé%egr
|ma ste 039] Fig. 9.is a gra 1i \V/
TR RUDIES DA B e T e 6 heb RaR8 Pean
g%%anné?g \il 'gék}gntageous for image reconstruction, restoration, filtering,

and picture processing.

BRIEF DESCRIPTION OF DRAWINGS

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

imaging system in accordance with the present invention.

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

a centrally obscured aperture.

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

aberration.

[0034] Figs. 4A-4F are graphs depicting point spread functions of a
non-centrally obscured A-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.
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maximum entropy algorithm. [0040] Fig. 10 is a set of images of two point
objects separated by a diffraction-limited distance for an imaging
subsystem having a full aperture, including: intermediate image (a)

Weh#arg8a2diffraction-limited blurred image by an ideal lens R&A tHE2§5{pt6231
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), (9),
[0(B 6hovirg ir6AgEsF recoyesgth Dyl dbéchiagimoimtestirepy figocitiom frohm
the intermediate images (a) (b) (c) and (d), respectively. [0041] Fig. 1 1 is

n@matbatsehyod magesiof ey opdifiassjeles ssasavatieusyaamounts of
diffraction-limited distance for an imaging subsystem 14 having a

s pdeticdlyadisseateenaperture, including: images (a), (b), (c), (d), and (e)
formed by an ideal lens with the central obscuration at different object

istances, intermediate jma 0, (9), ), and (j) farmed by a .
O eI ab AR TP MaS SRR A AL Scessing
obscuration at the same abject dis d recovered images (k), (1),
aa:(crﬁ)rcf('nlﬁx)g a?ﬁoa ((r)r)]as '%r%%ﬁn%oggg %ﬁéﬁgné%?by the maximum entropy
algorithm from the intermediate images (ff (g), th), (i), and (j),

[oEsBectively. §0942}b\e chars sheRimyniesinovesnvered Artrifaumbtentropy

point object at a defocused object distance comparing results from a
algRRRAeAl o Alrtated iinagig cebsystert it difierefitiserdtslect imaged by
obscuration values and the blurred image data for Nikon lens without a
theemstidbealiiatmmin0OM3ERG. 13 is a graph plotting recovered data for
a two point object at an optimum object distance comparing results from a
spherically abenated imaging subsystem with different central
OGI3 raiih hises SRPMIBIORIA eagRryaE A INEREM I8 ARMAERR NCe

central obscuration. [0044] FIG. 14 is a set of tmal%es illustrating the, h
AFNARFRE M ATOGR FECHIERABr QPIETIEALR  Rp Metric parameterin the

maximum entropy algorithm.

[0040] Fig. 10is a.set of images of two point objects separated by a
diffraction-limited distance for an imaging subsystem having a full
aperture, including: intermediate image (a) showing a diffraction-limited
blurred image by an ideal lens for the point objecfs at the optimum object
distance, intermediate images (b) {¢) (d) showing blurred images by a
spherically aberrated multifocal imaging ﬁubs-ystem 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} (¢

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



image, including image (c) formed by an ideal lens without central
obscuration and recovered images (a), (b), and (d) from a logaritlno.c
lens with central obscrmatim values of 0, 0.3-R, and 0.5-R, respectively.
[0045] FIG. 15 is a graph plotting the overall transfer functions of the

GOS0 KRB LIS TRE RIS b 20000831 (8 Frhed by

. PCT/US20051016231. [0046] Fig,.16 is a graph.depicting the relativel

TN R G DR TN AP AR e QR e e 0. ()

R R G L NRPER TR o B L SRRy e oo
symmetric gwltifoc lenses have r(avealed that a control d@gfint caf( ) showin

°b§éﬁéﬁlf&iﬂa{ & ARG R Pr OISy B EARY HrRtAMEEh Rriah{ Biah g (0) showing
. leads to superior.depth-of-field . imagjng.. Our preferred multifocal lens f -

RS e T AR CAHBE ASS Ry Sra TR maees O (@) ()
.arrangement mogified to incorporate a third order spherical aberration as

“\7\]@% h?&l?%}%? er 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

[ ) tin depth of field i I ticularly at diffraction-limited .
BTSSP TS st pReAar AP AIE
R L T
oh (%i%ﬁ%le %lg%s%ﬁ{é?? §}§Q£ %%agé-d%teasilgr%ﬂ-{m{ eIII;]SCVr\’e'l SO% &an@?ﬂ%%sl&ratlon

[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

ohscuration values and the blurred image data for Nikon lens without central obscuration.

[0044] FIG. 14 is a set of images illustrating the maximum entropy recovery of a defocused tiger

image, including image (c) formed by an ideal lens without central obscuration and recovered

images (a), (b),and (d) froma logarithmic lens with central obscuration values of
0, 0.3R, and 0.5-R, respectively.

[0045] FIG. 15 is a graph plotting the overall transfer functjons of the integrated imaging system

with centrally obscured aperture for six object distances,

15
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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

WBRrENA#signed multifocal imaging can be used to furtherP&XXERYETB HAS!
2006/028527 PCT/US2005/016231 the depth of field, or to support higher
resolution imaging through the extended depth of field. [0049] Referring
to Fig. 1, an integrated computational imaging system 10 for extended

[08épth offipld Griagingramiudepiatimgtifoeaidiatively Subdydifierencan
intermediate image detection device 14, a digital processing subsystem

berdeamdthalizptagli & 30660] frms Hamsfallim Aying aipdyisaaging system
includes a single or multiple element lens 22 and a phase plate 24. The

Ui RO SYeiREaBINh e8Gf/BRIBHal lens having at least one spherical
surface arranged for ideal imaging and the phase plate 24 is preferably

S P 2R RN TN sperre 26 of the

multifocal imaging subsystem 12 for further improving performance. The
[opdzge plate Rtuckes loé tabridardy separetiy andltiignatliwitkethsdwas 22
as shown, or the optical contribution of the phase plate can be
reivealrsb kh@darnor ral et e nepunisof 25 plve H G RPGIEIHOR STEYHRTIhmic
lens. Although both the lens 22 and the phase plate 24 are preferably
desdrhitsdivtaraprinyrbam Blundhandendatg sepshiiednnid2aichi!de

_ alternatively fashioned as reflective surfaces such as in telescopic . ..
A graBHy gﬁﬁfeaﬁ&qmﬁ‘ﬁéoeaﬁ%% RSEBIIONF egiLof field

realized in different ways, such as by -
can be based on any stXndarahimag}/ng arrangement modified to

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 resoclution |
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 muitifocal
imaging subsystem can be a major contributor to the variation in the
impulse response with distance. The combination of a central obscuration

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

16



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
WRIH8Y 88 elescope. 17 WO 2006/028527 PCTIUS2005/0 TEZBY STt p231
Other imaging systems contemplated by the invention include multiple
lens elements such as for dealing with chromatic aberrations or other
imaging requirements. The invention provides increased flexibility within
theuthpriultiplid ehsoeleonemp plesigris teedistdbliei tre i des i arinowing hothe
spherical aberration among a plurality of the lens elements. For example,
exatledsttdephtioé ferid elements can be formed as logarithmic aspheres,
each incorporating a portion of the desired spherical aberration. [0052]

The ima%(;:- detection device 14, which collects an intermn;giate image 30
(088 jecRe 56718 fOdeAer bR L7 SO RHEReNal Ampgdeaystem

CCD (ch led devi CMOS., I . l. oxid
R SRR SRR S SHES TR e o
SBAENEE TR BAN A e e g1 crors

p%ﬁé’é}%@%@{&ﬂrﬁgrghy subiesidp saanning for collecting enough

n to complete a two dimensional intermediate image 30.
However, one-dimensional imaging can be used for particular

[caggicativhe. 103 TAie g ol prosbssing subaystelndds prafargyor
includes a computer-processing device having a combination of hardware
maihidp b fhbeane forl éns 22 @osk o binesgeprseedsing HEhke 0igal [srquessiadply a
conventional lens having at least one spherical surface arranged for ideal

imaging and the phase plate 24 is preferably arranged to contribute a
predetermined amount of spherical aberration. A central obscuration 26
can also be located within an aperture 28 of the multifocal imaging
subsystem 12 for further improving performance. The phase plate 24 can
be fabricated separately and aligned with the lens 22 as shown, or the
optical contribution of the phase plate can be incorporated into a surface
of lens 22, such as in the form of a logarithmic lens. Although both the
lens 22 and the phase piate 24 are preferabiy 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.
17



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
VWoifnite¥s2Fhe primary purpose of the digital processing suBSy&teritdg1ie31

to sharpen the 18 WO 2006/028527 PCT/US2005/01.6231 intermediate

image 30. An inverse filter or its modifications, e.g., Wiener filter, can be

used for this purpose. Preferably, a nonlinear algorithm, such as an

[Cite1 afive DR¥IM KA EIRGORY BloRsituntistiska dd ghathendbeninia madiate

image 30. If maximum entropy algorithm is used, an optional acceleration
miaiple Matyeparameietuchmbdmhdealing aptimicier dheaspeabdanations or
convergence. [0054] The digitally processed image, which is referred to as
oth ee dovantnlg ineager 8 2 ds Ut pLite thtectiid aisplay deb de digasbdt fl eaib gy
CRT (cathode ray tube), LCD (liquid crystal display) or other display
witeiiceuahpropiise femsalsmeptrdesan Ake MVl ehthdissialy e darount
18 can be omitted and the recovered image 32 can be inputted to other
ofwrhiied! beKiRieRHMang o exalitpiel Herkebvelelaiige B2rcan

be input to a pattern recagnition sistem ora machige vision system.,’FII]: the

exagenisedt IBARdWS RfULKI RIS BRRS AR HREAS e frlarRaErhmic
rocessing subsystem can be incorporated,into,the pattern recognition or

5REEHRRe SASRINGRIRRISHAS &I PBCRLANG ETHT SR sdishaoertation.

optional depending on the amount of blurs in the intermediate image.
(8957 Thadniearaiedceripiiaianakimaging Rysteiekdssarmlieahie deate

binary or gray scale or color imaging. It is also applicable to a range of
irfiffRren wpwplpngths ngludindgeiaradyeagned, can be fashioned as a
pixilated CCD {charge coupled device) or CMOS (complementary metal
oxide semiconductor) detector or other light sensitive device. The
detector pixels can be arranged as a two-dimensional array, as a one-
dimensional array, or even as a single detector pixel. Any pixel
combinations short of two dimensions are preferably subject to scanning
for ﬁollecting 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



[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
WYSGR08TD28527 PCT/US2005/016231. lens 22 with a pre8ettisisied16231

spherical aberration of the phase plate 24. A point source S, which is

located along an optical axis 36 at a distance so away from the

logarithmic asphere 34 at object plane I, is imaged as a blurred

intalarBadiede prigkivageaRahiveeage filenedt atardistanestiange 1§ Wiener
optical axis 36 on the other side of the logarithmic asphere 34. The

filegadthnie asphtfe R4hs pansted wirhifdhatdpnalao irrig-typeyithm,
aperture 28, having a radius from SR to R, where SR is the radius of the

suxemtral asb sewsdtiion @@ siTdURiS tHeapdiakgofrithmapetaes 28, sitiepeo the
OR < R. The center portion of the lens aperture 28 from the optical axis 36

inte Sreidialodkeddsy e JEMmak GheouRBbIP RS A aREithim isf usadkan
shaped stop. However, 5R=0 is treated as a special case of a full

opieRatacRfERtP Bl EEN A @ PAEEIRAL brRBBdMM ERCSEMEC optimize

invention. [0057] In optical system design, the ideal imaging components
thenspprd AncHERBNE ST B described as follows: Olk = W+Oid~, | k (1)

wherein thg phase delay g5 is measured_ in ra_ldia_ns, kequals_ 27T/,Ao_
T, B R IR e St
inTASeRR IS YR kU A V\idesTKdeviea TRSaIAI2Sn be CRT
(cathode ray tube), LCD (liquid crystal display) or other display device
appropriate for viewing purposes. Alternatively, the display device 18 can
be omitted and the recovered image 32 can be inputted to other functional
hardware/software. For example, the recovered image 32 can be input to |
a pattern recognition system or a machine vision system. If the recovered
image 32 is used for these latter purposes, then the digital processing
subsystem can be incorporated into the pattern recognition or machine

vision system. The digital processing device can become optional

depending on the amount of blurs in the intermediate image.

[0055] The integrated computational imaging system 10 is applicable to
binary or gray scale or color imaging. 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



(2) 20 WO 2006/028527 PCT/US2005/016231. in which the phase delay

O/deai is measured in radians for a perfect diffraction limited lens, ris the

radial coordinate in plane |, and so is the focused object position, and
WE2HARRIO059] For the ideal lens, as an example with so=P&0QISAN5/016231

t=62.5 mm, R=Smm, and Ao=0.5pm, from a power series expansion of

Qiideal, one can readily find: ~~aeat = 6702.07(8)2 -26.35(8)"

+0.21(8) +... (3) which Equation (3) is valid in the nonparaxial regime.

1kR060] FRRtAeE: Belde Mhi REENEIWE TYRESISE /RAGHINBTE IRSPRAIES plate 24. A

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

pAMT SeRIrES- S vARE Rtis (Hcaherekmnig the ephitet ehthe I athzoffigithce so

range, Ao is the wavelength of illumination in vacuum, and the expression
awhygipfornrthbdindydesraiclagphitmis 4sphengsctGrfaaad, Opincagdabas a

written as follows. Orp(p)=aptz +r2 {In[Ap(t2+r2)]-1)-ap 2x n[in(At2)-1] (5)
bivhee intertgRiate poirR2mage ~ at image plane i at a distance talong
the optical axis 36 on the other side of the logarithmic asphere 34. The
logarithmic asphere 34 is mounted within the annular (or ring-type)
aperture 28, having a radius from éR to R, where SR is the radius of the
central obscuration 26 and R is the radius of lens aperture 28, where 0 <
8R < R. The center portion of the lens aperture 28 from the optical axis
36.to SR is blocked by the central obscuration 26 in the form of a disk-

shaped stop. However, 6R=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:
Pprk=W+¢,./k
M

wherein the phase delay ¢ is measured in radians, & equals 21/A¢o where
Ao is the average wavelength of illumination, and Wis the optical path

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

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

Bt = (N 477 =14+ [5,2 +17 —5)

(2)
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ap Ro R2+t2In) (SRZ+t2 1 Aexp[ FR' +s22 InfR2 +t2 P SR2 +t2 R2 +s

2-582+S 2 (VR2+t2 z121 WO 2006/028527 PCTIUS2005/016231 (6)

and 2 Ory(P)=In 2 ;r {In[A.(12+r2)]-1}+ay -[In(Ayt2)-1] (7) where:
WINWPRP2BE22-11SR2+s22 ay R2+t2 In( SR +12 1 R2 +s1 2 RXHDSIApA1231

2exh[h(226R +t,5 +s22- R2+ 2 SR +t (8) [0061] From a power series

expansion of Equations (5) or (7), it can be appreciated for purposes of

the invention that additional spherical aberration is the dominant feature

irOfiiR PYAROBBHA O IS heIBgneasured in radians for a perfect
diffraction limited lens, ris the radial coordinate in plane I, and spis the

focused object position, and k=21/Ao.

[0059] For the ideal lens, as an example with s¢=1500mm, =62.5mm,
R=8mm, and As=0.5um, from a power series expansion of ¢z, One can
readily find:
¥ ¥ ¥
= 6702.07(=) = 26.35(-) +0.21(—)° + ...
¢ad.':.u! (R) (R) (R)
(3)

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

[0060] For the O.P.D. W, of the two types of logarithmic aspheres
denoted by subscript fand subscript y, one can express them as follows:
W= s, +rt—s, +Zi°;¢,,
(4)
where spis the center of the depth of field range, Apis the wavelength of
llumination in vacuum, and the expression of ¢ for the two types of

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

2 2 2
*r {in{Aﬁ(tz+r2)]——1}—aﬂ£2—[h}(x4ﬁt2)—»1]

(5)

¢Pﬁ (p)= 7 d

where:

[t/ JER <5 -1 R+ s,
“ N R*+1* )

In(
fR:Z +322 RZ '*"12

) SR* +1*
In(
R* &5, u\/(?Rz—i—S]Z SR* +1°

)]

1
Ay x—Tuw;exp{-—
L SR +1 J
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_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 si, s2 can be

Ve Rwoesdsardng with representative values for t, R, 5R, so, a0 7RR2005/616231
Thereatfter, the variables ap, Ap, and cp6 (or ay, Ay, and Qivy) 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 caée constructed in accordance with
the invention. From a more general point of view, a multifocal lens useful

afer extended 22 WO 2006/028527 PCT/US2005/016231 depth-of-field
imaging can be composeéd ci)?;any standard imaging arrangement that is
designed to i orate & prec j& d nt oft rie erration,
including thn%1 er spherl@aldgggArgtlgn ? ITaé i%l}q% dzfspherlcal
aberrations. For example, such stangard imaging and projection
arrangements such as Petzval lenses, Cooke lenses, and double Gauss

es can be used for these purposes. [0064] For describing a multifocal
ens in terms of a range of aberrations, it is useful to expand the

aberration fu ctlonfbﬂn Series 17' (epAs Of (r/R). For example, if the
design parampters %o—ﬁ@@ﬂm—#@% s2=161 5mm, t=62.5mm,
R=Bmm, Ao=0.5pnfeand SRlnpf.e_ﬁdmﬁquatlons (4), (5), and (6) are
used, a powet series expansmﬁ@f tHé phase delays of a fl -type
logarithmic a phere ora Iogarlthmlc Qﬁ;-aE sesplate is fou;ad_@s follows.
Table | y 7 oK =In(— )]

SR +1* \/6R2+s2 -—\/E +st OR+

(8)

[0061] From a power series expansion of Eguations {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 5;, sz can be selected aiong with
representative values for ¢, R, 6R, sg, and Ag. Thereafter, the variables ag,
Ag, and ¢@gs (or ay, Ay, and ¢p) can be computed. From these, Eguation (4)

can be used to compute the aberration term W.

[0063] The logarithmic aspheres described above are examples of a
muitifocal 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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(r/R)2 (r/R)4 (r/R)6 (r/R)8 (r/R)1o $ lens 6721.22 -45.63 0.32 negligible
negligible system Ideal lens 6702.07 -26.35 0.21 negligible negligible ,6
wphase 19.15 -19.28 0.11 negligible negligible plate [0065] In Table I, the
2L BRAata is the whole phase delay function of the miififgESFIEHE 6231
from Equation (1), i.e., 0,6(r)=6721.22 (r/R)2- 45.63(r/R)f+0.32(r/R)6+....
The second row of data is the radian phase delay function for an ideal
lens arrangement, e.g., Petzval lens, Cooke 23 WO 2006/028527 ‘
d REAASF008/0Ha234g leas, mouble Gasmd tHhatpsGassagtdmagtem.

The third row of data is the aberration terms of the phase delay function,
anmmcieipene titierisrdesiperrbtd iheqinatei@ctapsesiairy minewdednrinat of
and an ideal lens. The dominant aberration term in the multifocal lens is
s phe risiad apgEisbrical utiBe Ao ehs RAGTI Bl ddieih 0P AR) VR3S
diffraction-limited resolution, the largest allowahle O.P,D. is generally .

aifhiaaging

higher 0 hERRYER | RRASRIRBeadO T RIS B RIAH
aberration is around 3 wavelen%gz%éif., 19.1% A/277:(:[’$A§kwrl1icnhsi655aeliift1tl
A RIS HiNsAH@ A RaRle G o iR a B IMeS Thaging, oo
erformance of our multifocal lepns includes spherical aberration in the
d&H&%r@%‘ﬁ%&S%%ﬁ’eE%é’t%%&iv ﬂ%ﬁﬁgehﬁg%'égrotgrgér spherical
aberration is largely insignificant. The multifocal lens designed this way
[OWE PRveran gsteniadqdept pirfield Tom tadringsathahgbaof
conventional ideal lens. [0066] Another example of our multifocal lens has
alRersamadarangtRiful to expand the aberration function ¢rin a series in
terms of (r/R). For example, if the design parameters: s¢=1500mm,
5;=1400mm, s2=1615mm, t=62.5mm, R=8mm, As=0.5um, and 6R=0,
from Equations (4), (5), and (6) are used, a power series expansion of the

phase delays of a f-type logarithmic asphere or a logarithmic phase piate

is found és follows.

- Table |
(r/RF (r/R¥ (r/R)? (r/R)? (r/R)70
B lens | 6721.22 -45.63 0.32 negligible | negligible
system
Ideal lens | 6702.07 -26.35 0.21 negligible | negligible
B phase|19.15 -19.28 0.11 negligible | negligible
plate

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

delay function for an ideal lens arrangement, e.g., Petzval iens, Cooke
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values as above, but with 5R/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)2 (r/R)4 (r/R)6 (r/R)8 (r/R)" /3 lens
WErIR@EEH2.11 0.36 negligible negligible system Ideal lens B7DRB705/016231
-26.35 0.21 negligible negligible (3 phase 32.99 -25.76 0.15 negligible
negligible plate 24 WO 2006/028527 PCT/LTS20 0 5/016 23 1 [0067]
Although the third order spherical aberration (r/R)4 looks larger than
lewithdouddetfel wisstration Ghe sefgraiivesusiverorderabidtiony iaf. dae is the
phase delay difference contributed from spherical aberration between the
akergatbpinie rens ahthheage dethe tenetipapediirduipisor differgnce
{25.76x(SR/R)2} =19.32 radians. Thus, the effectiveé:ird order aberration

beswsaRshe P ERsfaAEoR! the MUHERRAL RIARECAR IR e dRE

Table | the centrally ob d [tif I d ibed Table Il .
OB O (et b i R o L R el S e e s Riagrical

B0 £ e ARG LR, Bl MR A Rde dom A e

S rom the above description, it is apparent tha

YNGR P RO RaIe B i gy s

range o avelen eld six to ten

teHNRSIQYRLHRZLONA (RRTWEPHRH 1RNE, THiS SORElSIPRPEFRANS AG #BYound 3
reasonable amount of

wavelengths (i.e., 19.28 A/2m=3A), which is a little over ten times the

allowable defocus for diffraction-limited imaging. Good performance of -

our multifocal lens includes spherical aberration in the amount of 1.8 to 6

wavelengths, while the higher order spherical aberration is largely

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

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

[0066] Another example of our multifocal lens has the same parameter
values as above, but with 8R/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.

Tabile Il ‘
(r/RR? (r/R)* (r/R)f (r/R}® (r/R)°
B fens | 6734.06 -52.11 0.36 negligible | negligible
system
ideal lens | 6702.07 -26.35 0.21 negligible | negligible
B phase 32.99 -25.76 0.15 negligible | negligible
plate
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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)2 of the series expansion, is not relevant to
Wih&HRERSA%e of depth of field, but has the function of changiR§Tther05/016231
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
[086 Tavensimiag Madhes torthdilithte shé phask atteteatideng fbfibatbe larger
the case that no central obscuration is used, i.e., 5R=0, a coefficient of
thirew2tho(® COIGH28521 PCIN LS PeOSItaERE thicontiedabesrafian, i.e.,
selected so that the aberration W at the edge of aperture 28 is zero.
thippriake e nditirener vant thuteseBo B pbesirabahatiginrheiween
incorporated into the well-known imaging lens arrangements, e;;%.r;1 Petzval

thrad ae cbske lens. 3 Sheerdan Pleierritgahfinc yrerhBlewalF iy 76~
o o P Sd e s o SHSe T ek o
TBRRINS 18 PGP AL RloRa o R LA R Do (A Pacsd by
TR A AR T RS A R PR AR PRI

AlY wﬁéﬁdgﬁg egnl?cg@?aq PRl Asler e e, VEERl rRRaSR HRIGYALURGTIORas

cans e ideal lens part and the aberration part. This method

arﬂ@?fg?:‘%i@QYﬂﬂ@Qﬁﬂ@td&ﬁ‘ﬁH@HQ%ﬂ%@ﬁWﬁtﬂﬁ?ﬂ%r@@-fﬂbﬁl 1.8106

ipover of the well-known lens arrangement introduces
wavelengths.
[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 W at the inner edge of
aperture 28 and the aberration W at the outer edge of central obscuration
26 have similar values to facilitate the phase plate or lens fabrication. in

the case that no central obscuration is used, i.e., 8R=0, a coefficient of the
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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
WSS ERTount of spherical aberration can also be distribut@e apgtg/t16231
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
seREafeertinedramsuntlet spheticd] sboereatibe canite Wsat thepeatiicot
26 WO 2006/028527 PCT/US2005/016231 more distance-invariant
apomputee2@sporrsefor effective performance both with and without central
obscuration. In the lens with 5R=0.5, an optimum amount of spherical
aberration has been found to be about 3 waves. Hoye er, fairly good

[ORTRe rétveriie SikEareat Ry SsHIRYERE SeErmEaHsH MBUAIPRDHRN Pe

~18to6 es. Fi to 3F show th ffecti f
A SRS AL SR PRI N oo oo

e Rt GhIe TN POl ISPy R A BaREh, RAMRAE s to

0] W rresponding impu de responses 1or a

faﬁigé?géytgh@&&n{%%ﬂ EQ& ahayR JiscHsRiens RARIN et the £3381al 24,

e logarithmic asphere. For the y-type logarithmic asphere, the

whRETCiaNse gfthemeave $rIiesdAUNCRNGE FiENs AU ARRIBATBATE This

similar, which is shown below by way of example. [0074] For the y-type

megEhicaspRerec e safhe Hpsia Ramsnetatte tensber aegdneiuding:
50=1 500mm, s1=1400mm, 52=161 5mm, t=62.5mm, R=8mm,

oerf: 2P | aod| S=e o Rouationa (e, {@nard) side.

[0071] Another method of multifocal lens realization is to incorporate
the aberration into the lens design of the logarithmic asphere 34. By
modifying a surface parameter of the logarithmic asphere 34, the overall
phase delay function can still include the ideal lens part and the aberration
part. This method has the advantage that no actual lens element is
needed. e.g., the flipover of the well-known lens arrangement introduces
jarge amount of spherical aberration, which could be used as the starting
design point. Two important features of this embodiment are that it
contains good angular resolution as well as good color correction. The
desired amount of spherical aberration can also be distributed among

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

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

predetermined amount of spherical aberration can be used to produce a
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(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 Ill. Table

Bl r/RgZ (r/R)4 (r/R)6 (r/R)8 (r/R)lo y lens 6682.92 -7.05 0.10 negligible
WHEHIRBRE2S stem Ideal lens 6702.07 -26.35 0.21 negligible%‘éﬂﬁg?ﬁf’é"?@“

phase -19.1 5 19.30 - 0.11 negligible negligible plate 27 WO

2006/028527 PCT/US2005/016231 [0075] As another example of the

mwﬁ%gsrleaaimw imbased Iy Ba sams RIEFIREHERFRARIce both

above, but with 6R/R=0.5 to illustrate the effectiveness of a central

wiRRSEHEAlRM 6+ ThiatiasWhean heiepmnareekice fRakithT akled| sTable IV
(r/R)2 (r/R,4 (r/R)6 (r/R)s (r/R)7 y lens 6670.05 -.56 0.07 negligible
opealiginlansysienbidgshians6 402.03t26. 3RO i arefligittbtoetigibleuy 3
phase -32.02 25.79 -0.14 negligible negligible plate [0076] A difference
whetyedicive ety faidydpoyh epipse glatesrisithebsigneshnge kphieeical
second and fourth order terms. The fourth order term, which corresponds
athe thitibordertbphangs dtmsmatidhtie posiivestorFiga§esyl 1endfapaow the
negative for the fl-type lens. However, the absolute values
effective range for a distance-invariant impulse response. Of note are: 1)
the width of center peak; 2) the similarity of side lobes; and 3) the energy
leaked to side lobes. Figures 4A to 4F show the corresponding impulse

responses for a lens with 6R=0.

[0073] The above discussions apply also to the case of the y~type
logarithmic asphere. For the y-type logarithmic asphere, the coefficients
of the power series for 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: se=1500mm, 5;=1400mm, s>=1615mm,
t=62.5mm, R=8mm, Ap=0.5um, and 6R=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 il

Table |l
(r/RF (r/R¥ (r/R) (r/R)® (r/R)0
Y lens | 6682.92 -7.05 0.10 negligible | negligible
systemn
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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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-SF depict the point spread functions for different
WERHGAESBF third order spherical aberration in units of O.P.BCKUS2005/016231
combination with a central obscuration of SR/R=0.5. Figs. 6A-6F depict
the point-spread functions for different amounts of third order spherical
aberration in units of O.P.D with no central obscuration. It is apparent that
the width of the point 28 WO 2006/028527 PCT/US2005/016231 spread
function changes from small to large with the object is farther away, which

i L i e T ST T o B S A SRR

appirent hat the ef ective spherical aberration is still in. the range of

m'aegwr%%npla&rﬁm’eﬁ vavelengthsthauah g 'RIR-DPOSBiVEIof dhe the

y-fype lens and negative for the fl-type lens. As a further comparison
e fRELWEERIeNS tPeEnilris anRRienk IBAl tiwe firfipe dyaridas abeitehinied to
distance performance, while the y-type is favored when the close-in
thdistancgisiang. more critical. [0078] Based on the similarity of the impulse
responses over the range of object distances, e.g., s, to s2, digital
processing of the intermediate image 30 can be used to sharpen the
images of object points throughout sihg dgpth of field. One method of

T "

image I'ECOV&XRJ}VONQS L‘I(S%Q inverse 2}%561‘ SUCh a .(ﬂ./R)

Wainer-Ha IOY Qo H-nrn
v CTTTCT 1 ro

ycan bdemioe
spseéerred a

RA&binto
pproach to th

e T. "A\ItCT

thé Bigital pr
e application

LIVUIy, (@} Illu/\l

dedsding sub
of this algorit

R :er?tery
sps@hgibled 4

nm for image

hm
argorrrm
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recovery

Iésegﬂefﬂgtﬁ 6%‘2.07 -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 S-type lens. However, the absolute values

of the corresponding third order spherical aberration terms are similar for

the same design range.

[0077] To demonstrate the performance of the y-type lens, Figs. 5A-5F
depict the point spread functions for different amounts of third order
spherical aberration in units of 0.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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[0079] For the known, measured, noisy image d, point spread function h,
and standard deviation aij of noise 9 in i,jrh pixel of d, and unknown object
f one can write the following relation: d =h**f +9 (9) in which the double
WEasHMERYS?) is a spatial convolution. For an estimate of the BEEESF)GH816231
start with an assumed object f\WW and iterate according to Fig. 29 WO
2006/028527 PCT/U52005/016231 5. The maximum entropy criterion is to
find an estimate of object fwhich will maximize S under the constraint of

C=Caym, where: C=J z(d:h**f)..i" Li6,% (10) S=.fi(In" -1)iiCf(11) and
SREGTH 0 R e BPBLEIDA I a5 e PR s

image,, J00801 The maxi Igerithin s, ap dterati h
S S S e

S i T e P

sprea
rdMAOB0LSLRRING Yighihg BiliahesdmakQTdhe ohiackHRN, i9dHkstive for
object is calculated by convolving with the single point spread function.
the y-type lens and negative for the f-type lens. As a further comparison
between lens types, it is apparent that the S-type provides a better long
distance performance, while the y~type is favored when the close-in

distances are more critical.

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

algorithm for image recovery is set forth below.

[0078] For the known, measured, noisy image d, point spread function h,
and standard deviation oy, of noise &in 7,/ pixel of d, and unknown object

f, one can write the following relation:

d=h**f18
(9)

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

the object F we start with an assumed object f% and iterate according to Fig.
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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
WHaMNH2815N is not reached, the new estimation of the objeR¢RKUS2005/016231

generated until both noise constraint and entropy maximization criterion

are met, i.e., Equations (10) and (1 1) are satisfied. [0081] The single

point spread function used in the convolution can be calculated as an

S BRES VI KRR TR Hr0 S AGECT STIAL FoRllsss Awhich wil
indivjdualfacal di }a{rp]%eéPm&%yvg%gE{_gg-gifferently to adjust the single
or

point spread function avoring certain ofafne'ct distances over others for
compensating for other effects. The single point spread function could
alpadee varied experimentally to achieve desired results for particular
applications or scenes. [0082] For each iteration, the new estimation of
object is calculated from theearier éstgmgl;jlqm adding three (or four)

direction-images with appropriatg‘egetiicients. .67, fin+1)=f(")+Sf=f +Lx.e
(12) where Nn+// is the (na-T)th estim‘ﬁqgn of object, fn) is the earlier nth
m

estimation, and e; is the p7h direction-imdge. [0083] Thus, two key steps

of the algorithm are: i) Whatslife_cg)gr;’;mgzie;—should be used. ii) How

to calculate the corresponding coefficientsx¥of the direction images.
(an

and Cam 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 convaolving 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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[0084] A new metric parameter Yis introduced as a first step to
determining the direction-images e;. The parameter Yadjusts the pixel

values of direction-images derived from a steep ascent method. The
Wt AIt{Bt8 Y ranges from 0 to 1, although r>1 is still possible” &Rt iig 6231

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. 31 WO

288?49@#?&5&%@@2@3@%; g%ﬁgﬁaﬁ@s%we&g@& a8k

expansions 0 bt are calculated up to second

%\S’eﬁgﬁéﬁsd#&%?aﬁm&aaﬂs%%@pﬂ Imatian: mppels $LARASEifavoring

esta ed. The quadratic models greatly facilitate the constrained

MAFAZ AR BT eGosThRes e thaser JHRdElia Saations A6e BYke effects.

easier to solve than the original nonlinear equations in Equations (10) and

(IHe Bhegltageant ebhexdtefindithe oexidesiimationaiddecalpediirntally to
shown in Fig. 8. [0086] In order to study the optimum value of metric

pachneeted e sare cexésndiedfstugy iasiimeapmpidetof wheoeffeetnaisvarying

the parameter Y. Three different pictures of varying histograms are used
including: binary scene, zebra, and tiger. Each of these pictures has

2H8BE pikelsaarh HssaHakNHH PRI SRt AhebIst s chlpkRtd from

is blurred using 15 normalized ir@)lﬁﬂse rer%g)ogseiwith the maximum blur
noHZerel

chgisAnteses SRR AddY RIS QGBI BRAT RVt

outer regions. Gayssian nojse is added with a standard deviation cr

rzﬂ&fﬁ% T 9% "f.%"i?f‘g‘s?e'ps. The metric parameter Yis given 21
values ranging from 0.0 tc()ez;;ﬂ. mH?npgcsl}"n t:hfge%cgnxpgter simulations

there are about 8,000 cas
(12)

where fin+1) is the (n-+1)h estimation of object, 7V is the earlier nt

estimation, and e; is the 7 direction-image.

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

images.

[0084] A new metric parameter Yis introduced as a first step to
determining the direction-images e;. The parameter Yadjusts the pixel
values of direction-images derived from a steep ascent method. The
parameter Yranges from 0 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 aiso there exists more deviation of the direction images e;

from direction images derived steepest ascent method.
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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, a-is the noise standard
Wabgdien§Sahd D is the number of non-zero pixel in the blurrPfgrfifzi5M16231

In Fig. 9, we show a plot of Lc/D vs. Y, where Yis the metric convergence

parameter. The starting images in the algorithm are uniformly gray 32 WO

2006/028527 PCT/US2005/016231 pictures with pixel values equal to the

f the blurred i . The._ratjonale for usi LeriD.
S e e ol o e e el b,
N R SR AR e s

BT 8 e e A ton R B DR s A o dets

eviation or the noise, o: or a wi

gfgb%ﬂ Pé@‘.?gg{eccen&eem{?aan@arﬁmﬁwz%@oﬂ {sma&&lag SRRIEEETPdse

s a much faster convergence than Y=1. For the method of

SteRRRRLARCEAL AT AstBRAARE R dRASBOSYREI N thdakagihdPnonlinear

times as many loops for a fixed o/Das compared to the Y=0.4 case (for

thegehimin AN deRIHES(NO) WnaedinfelyapHaigrionf e aarVasdshe next
that when the metric Yis equal to or close to 1, there is a chance that the
algetitimatzam 4dik He oty stagnationviBrtrége x@eriment, 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

méQRBFArarie@idesdarahtdys ittt gevadusaf ke Re AgsigmM an

converge much faster for a wide ran f scenes. Stagnation js not
extegded study has been made g?t%e e?ﬂf:ct o% vgrying the parameter Y.

Three different pictures of varying histograms are used including: binary
scene, zebra, and tiger. Each of these pictures has 256x256 pixels with
the maximum pixel value scaled to 255. Each picture is blurred using 15
normalized impulse responses with the maximum blur consisting of a 5x5
matrix with 15 non-zero values and 10 zeros in the outer regions.
CGaussian 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 Lis the number of loops for
the maximum entropy calculation to converge, ois the noise standard
deviation, and [ is the number of non-zero pixel in the blurring function.
In Fig. 9, we show a plot of Lo/Dvs. ¥, where Y'is the metric convergence

parameter. The starting images in the algorithm are uniformly gray
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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

Wi entropy algorithm follows within which control ovB T{R&2fefe231
parameter Yenables the algorithm converge much faster for a wide range
of scenes. 33 WO 2006/028527 PCT(17S2005/016231 [0090] Two
operators used in this section are defined in the following for

picameanipieep el fas i yeeiarf ro(khdhere fnisce vieetbturitbdtimages. The
components defined as: 1 (f nt n {fr) (ii) if fand g are vectors of the same

radigrensioor Lsidd ahd pardgeitehend A0y is exmleaioeditsifodomponents
defined as: (.f.xg); -{fg;} [0091] To find the solution of (fk)according to the
Lagrange multiplier method, a new function is defined as: Q=S-AC

13
[0RRHe iFarighe campige riimyiatieshdbah NER R bleBRmbi Es) to
maximize Q under the constraint C = Calm. Since Q is a function o .
MARAIBIIER AR RCANERL MDA IKBIORIHAAREJE, WRidT§e L?s{u‘l\ﬁ/po'”t
very large, an iterative numerical method can be L{%eﬁqto find the solu(gipﬂ,' o

Sl?ﬁeégc_ iﬂ&féﬂﬂnﬂh@s 5?&'\‘)(/%1)‘/ igrfﬁgf) AT RN T R
b ireciRag I uhighine Se'urion Jp SREMAERER TR ANYIRPRAIERIEIA to the

standard deviation of the noise, o

[0088] For a wide variety of pictorial content, it is apparent from Fig. 9
that the choice Y=0.4 provides a much faster convergence than Y=1. For
the method of steepest ascent, Y=0, the algorithm does converge but it
takes 173 times as many loops for a fixed o/0 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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step length along these directions. [0092] The choice of directional images

is important in determining the convergence and speed of the algorithm.

In the steepest ascent method, the search direction for maximizing Q is
WOQIBHEsRROrder to adjust the weight of different pixel valueB@T/II$005/016231

direction can be modified to be: en= fT.xVQ 34 WO 2006/028527 '

PCT/US2005/016231 (14) [0093] In the above equation, the new metric

parameter yimproves the speed and reliability of the metric parameter -

[op%hm“,m eFlBRY L BI9RSEEM s EaTiimage sekigringdnaarpiearapie thsllowing

arger pixel values will have larger weight, so y> 0 is chosen to let the
tlgarittun;apeEoach the desired larger pixel value faster. Generally, yis
chosen from 0 to 1. When y = 0, eA becomes the search direction for the

stggpesifagaent mettwd AVhERJy théne# bésamesdter seitichtdirestigponents
used by Burch et al. in a paper entitled "Image restoration by a powerful
maximugeéimieapys method,” Comput. Visions Graph. Image Process. 23,

11 3-128 (1983), which is hereby incorporated by reference. Neither the
steepest ascent method nor the{rﬁét}ﬁc{ﬁﬂ%urch et at. incorporate the

metric parameter y , which provides a new mathematical construction that
cambe nfafipudnigdrtovecteasethehepemtiofoneesiemcé andidaod g = {9,/
stagnation. [0094] At the maximum point Q, we have: VQ=0 (1 5) [0095]
This impitesnt@ WMQnsedeectbe wikhirtiz o room reousrdigighied as:

(fxg),={/fg}

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

method, a new function is defined as:

Q=85-4C
(13)

where is A is a Lagrange muitiplier constant. Now the problem becomes to
maximize Q under the constraint € = Caim. Since Qis a function of 1
variables, where 7 is the number of pixels in the image, which is usually
very large, an iterative numerical method can be used to find the solution.
in each iteration, the standard way is first to determine the search
directions in which the solution is estimated to lie and then to find the

step-length along these directions.

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

weight of different pixel values f;, the direction can be modified to be:
e,=f7.xVQ
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the next search direction should be %z P(17Q VQ), or 77Q. VQ. Here

PVQ is the dyadic gradient whose component is defined as follows: (VVQ)

=af2fQ [0096] Again, in order to emphasize the bigger pixel values, the
W88 modified to be: 35 WO 2006/028527 PCTIUS2085/01528Y 863!

= fY X[VVQ.(f7.xVQ)] (16) [0097] Substitution of Equation (1 3) into

Equations (14) and (16) yields the following: e, =fY.xVS-.1 f Y.xVC

ee=A2fYX[Vvc.(fY xVC)]-. fY X[VVC.(f".xVS)] +f Y.X[VVS.(fY.X VS)]-,If

Y X[VVS'(f Y.xXVC)]. (17) [0098] Obg@#rling the above expression, we

know that the two directions actually are linear combinations of many

[o@igggtions. twhighso8 bqureriadtiae aeparatseqsahatitetiopsyvizoves the
e,=fT.xVS e2 =fY.xVC e3=fYX[VVC.(frxVC e4 =f r.x[VVC(f'7.xVS)] es

s pele X XHYS (BT i aiBtlyesit e xivr B raxu@}tet1 8)nfoR BB LN EQD¥tions
(10) and (11), we have:
algorithm. For image deblurring in photography, the larger pixel values
will have larger weight, so y > 0 is chosen to let the algorithm approach
the desired larger pixel value faster. Generally, yis chosen from 0 to 1.
When y = 0, es becomes the search direction for the steepest ascent
method. When y = 7, e4 becomes the search direction used by Burch et al.
in a paper entitled “/mage restoration by a powerful maximum entropy
method,” Comput. Visions Graph. Image Process. 23, 113-1 28 (1883),
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:
vVO=0
(15)
[0085] This implies VQ- VQ needs to be minimized, too. Accordingly,
the next search direction should be kV(VQ-VQ), or UVQ-VQ. Here
770 is the dyadic gradient whose component is defined as follows:

62
of;0f;

(VVQy,; = Q

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

direction is modified (o be:
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(VS), -Inf<f> (VWWS)U1s,-f(19) and 36 WO 2006/028527
PCT/US2005/016231 (VC)i=Et 22(HkjJj-dk)Hki k=1 j=1 Qk (ODC)~ L
22 HkjHki. k=1 6k (20) [00100] Substitution of Equations (19) and (20)
Wiae(§08%3%ields the components of each search direction ag$d1eiy895/016231
(€)=_frf 1< <f> (e2).=fly, 2 (Hkifj dk)Hxi k=1 j=I 6k (€3~1 =il zll fi 2 2
(Hkjfj -dK)HKrHIHIM j=i k=1 1=1 m=1 Qk 17, n n (e4)Y {Y 2 i- -J((i ~ U2
HkiHkJ In<{> j=lk=11klj(ezy'inf

ey = 17 %[ V9Q-(f7.xV0)]
(16)

[0097] Substitution of Equation (1 3) into Equations (14) and (16) yields
the following:

e, = [*.xVS—-Af" xVC

e, = ﬁ,zf"’.x[V‘{?C-(f"‘xVC)]—/’!Lf".x[VVC-(f",xVS)]

+f".x[VVS-(f"’,xVS)}—lf".x[VVS‘(f"’.xVC)].
(7

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

as separate search directions, viz.,

‘e = f7.xVS
e, = f1.xVC
e,= [ x[VVC(f7.xvC)]
e,= [T x[VVC(f7.xV5)]
g =f"xVVS§.

e, = [ x| VVS-(f7.xVC)

| IR

[0099] From Equations (10) and (11), we have:
T/
(V8), = h1<f

1

(19)

and
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(e5). -f L/ 2 (Hkjf dk)Hki' k=1 j=1 Qk (21) [00101 ] In the algorithm, es and
e6 can be disregarded as search directions because when y = 0.5 they
decompose to ei and e2, respectively; and also wheny < 0.5, for small
WEHeEP&/818ES, they both involve dividing by small numbers, wifiéfi@&p5/016231
cause numerical accuracy problems. Accordingly, er, €2, es, and e4 are
chosen as four search directions. [00102] To simplify the algorithm, three
search directions are enough for this problem we can pick e!, e2, and es
or we can pick ei, e2, c%g e. The algorithm
converges at about th rég(r??e sﬁi 20 /&8527
PCT/Lrs2005/016231 qlthough th;,e Iaztter choice is a little better. Here, A is
a constant chosen by H§vadip s@g}gmq {.5), i.e., Ais given by: 1/2
as2 a- ~f (af> f(aC)2 taf E (22) *06103] In either case, three directions

can be written as e,, ez,and e3 for sipgplicity. In the calculation of search
directions, it is apparent that that the directions e2 and e3 are basically

105F GOMQIHRRE AT EJINRIGH (19) and (20) into (18) yields the

components of each search direction as follows:

T i
(el);— f; h1<f>

f*}”jz ], - d)H,

kl;zl

(33 fyzzzz.fy (Hi’gf ~-d)H,H.,H,

Jet k=l =l m=1

___f”ZZf’ —H H, = f

Tl Kl <f>

SR
(&), = /. <f>

(e)“fz”'lzz (H:gf d,)Hy.

L Jrlj:i

(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 smali numbers, which can cause numerical accuracy
problems. Accordingly, e;, ez e3, and e; are chosen as four search

directions.

[00102]  To simplify the algorithm, three search directions are enough
for this problem, we can pick e;, ez and ez or we can pick ey, ez and e4-

Aes as another choice. The algorithm converges at about the same speed,
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point spread function, h, and object, f, before being shaped to one
dimension. Care needs to be taken to make certain that there is not pixel
shift or image position shift after the convolution operation. [00104] After
Wireogeareh directions are calculated for the current iteratid € (H)ShE/HERs1
task is to find an estimation of the object for the next iteration fn+"), which
is defined as: f(n,I,=f")+Sf (23) where bfis the change of image for the
current iteration. It is defined as linear combinations of search directions,

atfgg}@?igﬁ%@gﬁ%ﬁg&ms defrrmingdrde HEf 16 % ¥3A2ranBeRo {23 by

are functions of fthat vary in a complicated way, a

E%Mg&xgpﬂs%t@rgp’q@geq fo galeaio-their values as a function of the
8 WO 2006/028527 PCTIUS20051016231 search directions. Retaining

up to the quadratic terms, Stand an g w itten as follows: S,

=S(f")+VSSf +26fVVS- 8f (25)| @ f(ﬁrg}% C 8f+sf.vvC-sf (26) [00106]

Substitution of Equation (24) 7 [4)2 5) and (26) yield the

following expressions written in ﬁriﬁ&g}ﬂz ,=S0+AX_| XTBX

f=1 i
(22)

[00103] in either case, three directions can be written as e,, ez and e; for
simplicity. In the calculation of search directions, it is apparent that that
the directions e> and es 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 (), the next task is to find an estimation of the object for the

next iteration fir+7, which is defined as:

J T )
(23)

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

determined, l.e.,

8f =xe+xe +xe

(24)

[00105] Since Sand Care functions of fthatvary ina complicated way, a

Taylor expansion can be used to calculate their values as a function of the
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2 (27) C, =Co+MX+ | XTNX. 2 (28) [00107] In Equations (27) and (28),
the notation is defined as follows: Sp SCf 14)) C, W") A=[VS.e, VS g,
VSe,] e, VVS e, e,VVS-e2 e, VVS e, B=-~e2 VVSe, €,.VVSe, ezVVS e,
we,M¢8285F, VVS-e, e, VVSe, M=[VC.e, VC-e, VC e|] e,-V\REBIE2MJT/16231
e,-VVC.e, N=e,.VVC.¢, e, -VVC.ge, €2-VVC.e, e,-VVCeg, e,-VVC ¢, €,
~ VWVGe, (29) where [ ]T denotes the transpose of matrix. Matrices A, B, M,
and Ncan be calculated from Equations (20) and (21). 39 WO

s 2006/628534 RC RS 2007/ Q523 th e 18Ikt uationss (29)aant (28} nave

be simplified by introducing new variables to diagonalize Band N. First,
wrihe rokatisimatix R is found to diagonalize the matrix 8, i.e., RBRT =
diag(71,A2, A,) (30) .
S, =S(f‘"))+VS-5f+«-2m§f~VVS‘ch

(25)
C =C(f‘"’)+VC-5f+~})~5f-VVC-§f

(26)
[00106] Substitution of Equation (24) into Equations (25) and (26) yield
the following expressions written in matrix form,
S, xSO+AX—~%XTBX

(27)
C=C, +MX+%XTNX.

(28)

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

SO:SU'(H))
C=C(f"™)
X=[x x x|
Ax[VS-e, Vg VS'GJ]
e VVS-e ¢-VVS-e ¢ VVS g
B——\ez-’V‘U’S-el e, VVS.e, ¢ -VV§-g
e, - VVS-g e -VVS-¢ & VVS-g ]
M=[VC.e VC-e, VC-g
T,-VVC‘-e} e -VVC.e, -VVC-e
N=le, -VVC-g ¢ -VVC.e &-VVC ¢
e,-VVC-¢ ¢-VVC-g e,-VV(-g ]

(29)

where [~]7 denotes the transpose of matrix. Matrices A, 8, M, and Ncan be

calculated from Equations (20) and (21).
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where diag( ) denotes the diagonal matrix. [00109] A new variable Y is
defined as follows: Y = RX (31) [001101 Substitution of Equations (31)
and (30) into Equations (27) and (28) yield the following expressions: S, =
W 2008R2BY27 2 yT diag(2,,1,,1,,)Y (32) C, =Co+MRTY+!YTRNRTY2(83)16231
[001111 Some eigenvalues of B may be very small, and this is discussed
in the following two cases. Case i) Assume that none of .1,,.12, and A3 is
small. [001121 We introduce Z, such that: Z = diag(J,,,,)Y (34) [00113]
[0@?‘@35!“@&51%%%@@?{%4)«1 NP QU PRSIRY ANEIIR) iNEleg L Sirg FRiv
AR"diag('11,17,1)Z_1ZTZ 73 2 (35) 40 WO 2006/028527

vaRSHI4S2PaR(0603B2e B andWMRTstjadlelrdtatidpbrhZ{FBZR(B5Joume e
P =diag(11)RNRT diag( 11 1} [001141 A second rotational matrix Vis
didyendiined teediaganalizei @, i.e.,

RBRT = diag(A,, 2. /)
(30)

where diag(-) denotes the diagonal matrix.

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

Y =RX
(31)

[00110] Substitution of Equations (31) and (30) into Equations (27) and
(28} yield the following expressions:
S, =58, +AR'Y W%YT diag(4,,4,,4,)Y

{(32)
C =C,+MRY + —;YTRNRTY

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

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

[00112] We introduce Z, such that:

Z = diag(\[4, s/, A )Y

(34)

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

11 1 1.,
ey ) L — =27 Z
RPN
(35)
40
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VPVT =diag(,,p2,p3) (37) and also define Uas: U =VZ (38) [001151
Then, substitution of Equations (37) and (38) into Equations (35) and (36)
yield the following expressions: 111 T S =So+ART diag( )VTU 12U U

WEHIYIELCo+MR 'diag( 1 1 1 )VTU+1UTdiag(u,,,uz,fy)U. B {AGI0S016231
[00116] Combining Equations (31), (34), and (38), yields the identity: X =
Rdiag(1~,11~, z)V,U (41)*z Case ii) Assume X3 is small relative to Al
and X2. [00117] In this case, A3 0, y3 = ? inE%uatio? (31), and also: 41
WO 2006/02852F PGT/]I 1z~ 227057 0y2 z3=000
0y3=0 (42) [001518]%@%%%@@ &7y édél—g(%%) Become:

(36)

where:

1 11 R SR S
P = diag( , , YRNR' diag( , , }
NP NN
[00114] A second rotational matrix Vis introduced to diagonalize 7, i.e.,

vev’ = diag(s, 4y, 1)
(37)

and also define {/as:

U=VZ
(38)

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

and (36) yield the following expressions:

S,mSo-z-ARTdiag(\/%,m\/%,\/%)VTU~}2uUTU
(39)
C, = C, + MRT ding(—e , —e, WV TU 4+~ U diag(ty iy i25)U-
NERNFRRN/N 2

(40)

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

1 1 1
X =R diag(~—=,~—,—=W"U
TR
(41)

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

[00117] In this case, Az ~ 0, y5 = 0 in Equation (31), and also:
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S,=So+ARTdiag( 0)Z-1ZTZ (43) C, =Co+MRT diag(l, 0)Z+ I1ZTPZ, (44)
where: P=diag( ,0)0RNR' diag( T /~', 1~,0) VZ V'h V*z [00119] A second
rotation matrix Vis introduced, such that 00 VPVT=0i000,0 (45)

VWHREPE A5G 2 0 V =v21 V22 0 00 0 [00120] A new variabRCIEG&HEE231
as: U=VZ (46) then S,=So+ARTdiag( 0)VTU-UTU 71 (47) 42 WO
2006/028527 PCT/US2005/016231

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

1

§ =8, + AR diag(— ZTZ

T

(43)

C =C,+MR" daag(\/m \/,—

(44)

0z+1 zTPz

where:

P = diag (e LOIRNRT diag(—=

\F\/_

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

Mo 0 0
VPV =0 g, O
0 0 =0

(45)

7

where

[00120] A new variable Uis defined as:

U=VZ
(46)

then
S =8,+AR" d:ag( :/.: o)V”U—-—UTU

(47)
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C, =C, + MRrdiag( | ~i 0)VTU+IUrdiag("0)U 7 J (48) [00121] Combining

Equations (31), (42), and (46),yields the identity: X =Rrdiag( | O)V'U

NN"~k n (249) [00122] The other case, when two values of Ai, A2, and A3
WA 2Can be treated in a similar way. In general, the f&i%m 005016231

expressions of St and Cr can be written for all cases with the quadratic
matrices diagnolized as follows: S =Sa+zs,u,_Izu02 (50) C'=C"+zc,u;+
11 uu;' (51) [00123] The relation1 between u; zimd x;(i=7,2,30r=1,2,0r
=7) can be found #ﬂlh@ﬁﬂem{ﬁ ueltidhs (419(49))§00124] Now the
maximum entropy problem bec s'one to maximize Sr in Equation (50)
under the constraint of Cr = Calm in{&§uation (51). Crin Equation (51)
has minimum value of: Cm,,=Coc- /x, (52) [00125] Clearly, Cmin could be

[0Brged tteortlsining fihissiappeis] Ihéhthexmiatdirdtbtsof® ineletithie
constraint of Cr =Caim will not have any §o|utiron. Accordingly, a new
constraint is defined that carf al‘\?/\rfé&ﬁéﬁe’j;j"’)” v

(49)
[00122] The other case, when two values of A, A2, and A; are small, can
be treated in a similar way. In general, the following expressions of 5 and
G can be written for all cases with the quadratic matrices diagnolized as
follows:

§ =8+ > su - % >ou’
(50)
C,=Cu+ Y cy, +~;-Z pu}

(51)

[00123] The relation between wjand x; (i= 1,2, 30ri=1,2,0ri=1)

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

[00124] Now the maximum entropy problem becomes one to maximize 5S¢
in Equation (50) under the constraint of C; = Cum in Equation (51). G in

Equation (51) has minimum value of:

2

i c

cC.=C,—— E -4

min 2 #i
(52)

[00125] Clearly, Cmin could be larger than Cam . If this happens, then the
maximization of §under the constraint of ¢ =Caum will not have any
solution. Accordingly, a new constraint is defined that can always be

reached as follows:
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reached as follows: 43 WO 2006/028527 PCT/US2005/016231
C,=ComaxIC.- Coy, 3 u; (53) [00126] The Lagrange multiplier method can
be used to solve the maximization in Equation (50) by introducing a new
warweeretas follows: Q=aS,-C, (a>0) (54) where Qt correBpdfitiag/ther31
Qwave variable at the left side of Equation (54), (a > 0) guarantees that
the solution found will maximize the entropy instead of minimizing it.
[00127] Substituting Equations (50) and (51) into (54), yields the values of

u; that maximize Qt as follows; qﬂaxég c'L %*a (B5) where a is determined
by solving the following equation, w ich & derived by the substitution of
Equation (55) into Equation (51) and hyythe use of the constraint in
Equation (53): Co+zc, as,c~'+l -, I(as 1,)z=60 (a>0) ;+a 2 u;+a (56)

d@?u%a%jons 5—,5??3539 4&4&@%@@?%%& X2n98 3R] SoIddihe

49), and the next assumed object for the next
maximization in Equation (50) by introducing a new variable Q:as follows:

g =as ~C, (o> 0)
(54)

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

instead of minimizing it.

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

of u;that maximize Q: as follows:

as, -~ ¢
Y, = —teh
Hta

{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):

;¢ 1 i LN

C0+Zcij'+:‘+~£z;;,(%£—) =Co (a>0)
(56}

[00128] After o is known, coefficients of x;, xz, and x; 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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iteration can be calculated by Equations (23) and (24). At each iteration,

the negative values in the assumed object are reset to zero. 44 CVO

2006/028527 PCTIUS2005/016231 [001291 At each iteration if the
WEDMEAMREDT C = Caim is satisfied, whether the entropy is nf&dHEEH&16231

checked by determining if VQ is zero, or whether VS and VCare parallel

by calculating the following value: vs.vc test = vsvs vc vc (57) [001 30]

The algorithm stops if | test] < 0.1. [001311 There is a special case when

[oeasfiigientQE N ivs2a BB XB e covdatasuethahs expseistieds whether
Equations (25) and (26) are not accurate. The Burch et al. paper deals

theiBniispyi infractiningeal distdresk quehgltenarametag HoWeMsrzitheor
starting estimation of the object is a uniformly gray picture or the blurred

whithie, feartti SO anelgxatah byerdrlipioaivbriéall omipgmeluehe
starting image is random should the gxtra parameter be introduced in the
algorithm but only through théﬁﬁrsﬁegg@zlws. A further description of
the metric parameter - maximum enfrQpy algorithm is found in a paper
authored by the co-inventors entitlet? omputational imaging with the

logarithmic asphere: theory," J. Opt. Soc. Am. A/Vol. 20, No. 12,
[06d dShbdreodigariniumistegielly| i88brpofttd by reference. [001321 In

addition to increasing the speed of convergence and avoiding stagnation

(dBP3qyed deRlurring and ImageJecoyREy, ¥SRAEANE $P%), x2, and xsare

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

incorporated by reference.

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

0.2 to 0.6 resuit in a modulation transfer function having a more
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metric parameter-maximum entropy algorithm or MPME algorithm

improves image quality by increasing the contrast of the recovered image.

Adjustments to the metric parameter y, particularly to within the range of
W@ 24¢00285sult in a modulation transfer function having a ni§fé&/us2nAY 16231

2006/028527 PCT/1782005/026231 rectangular form, which preserves

contrast of higher spatial frequency components. The effect of the metric

parameter yis also evident on the point-spread function as a reduction in

reditith QbR PseHRlioNs apprEsRl Ve sthe ilermediatg Hangpatiae fingpaiay
images are closer to true points with little or no ringing. Disappearance of
cahepesaiiaingThigsffdse ofcrensesteanpasinie®d:39)iT éshRiviBealgonthie
provides an iterative digital deconvolution method capable of starting with
paimy s di\fuestivatesot treelnekiorein Rityobancsoilfaianknapparent in
combination of directional images. The metric parameter ymodifies the
théiradkome dirdgdsmom thdselpraliBeinbyntamReAfio P REIMETH S RO
algorithms, while reconciling the directional images of the conventional
Wil distiRraraROTIEGHR thslRHARPSATRB A& CEaPSHERY VI PIBRT AIRP a
. quadratic Taylor expansion is used to calculate the values of the entropy
INSERRP AT StAlSR I noise constraint Cas functions of the search
directions. The modified statistical noise constraint assures an iterative

[O%ﬂlétgin ?Bﬁ‘ﬁnﬁw . ﬁtﬂ?ﬂ%%ic[ggja?iﬂtzmwwﬁ%ital deconvolution

parameter-maximum ntropy algorithm (MPME) has an important range

mYtABRIIEAHARTCYL dou Hof PRITHKEN Joagfeth e rasitiingravefathe next new
modulation transfer function, as shown in Fig. 1 5. Hence, at high spatial
infieghiRnfiasina FratRaLf @y Bigkeldmagalvildee highfages. The metric
parameter y modifies the directional images from those provided by
conventional maximum entropy algorithms, while reconciling the
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 irnages. As is well
known, the incoherent image optical transf'er function falls off in a
triangular-like manner as the spatial frequency ranges from zero to the

Nyguist limit, also known as the cutoff frequency. The MPME algorithm
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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

WRVPRLRRRT, also known as the cutoff frequency. The MPMEGIGOtA 433!
WO 2006/028527 PCT/US2005/016231 provides sharper, crisper, high
contrast output. While there are earlier algorithms that provide some form
of high-frequency or edge sharpening, these earlier algorithms amplify

priveidéghstraguenay ispisg dsghetioRuraeixanfietonWbilehthigeridnemearlier
consists of a two-dimensional FFT, followed by high-frequency emphasis,

alfmioted hyhan resricke sEMetwever! high-enKesivn anesaesfiarpening,
methods of providing emphasis or higher contrast at the higher spatial

theegeaibies alapign e aABIe& Y the iRighe frerin s BRiteMS ueiy Y

oARE 9B A TRESGURITR Aok T TR e e
MPME algorith [ h t at the high ial .
o, iR A ARS Ao oo Y b FOBE TharertIa gy 2 i
tributes {p it I icability-in digital | ' 135
G i A SR S

cnbARp S??l’i@tﬁqea%?%g%ggﬂP'f‘?(\:’q.d@?\éﬁé%t PENAHRERGE B the image.

Incorporating the centr scuration 26 into the multifocal imaging

F%t%@?p%%i%Eéwﬁm@waa%v&mﬁb% resqiptieBRNGdHgReEtudy

contrast, especially forthe close in object distance. The details of this

oCORRPSHSPAL R Se3HARed iR the Joliowsng ParRermPaE §18éAkhmPdoes not
illustrate the improved performance introduced by the

have this drawback. The MPME algorithm provides sharper contrast at the

higher spatial frequencies without undue amplification of the noise.

Therefore, this contributes to its general applicability in digital image

processing.

[00135] The optional central obscuration 26 of the aperture 28 as
apparent in Fig. 2 has been introduced to improve the syste.m
performance. By incorporating the central obscuration 26 into the
multifocal imaging system]12, the processed image can have higher
resolution and higher contrast, especially for the close in object distance.

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 é full aperture logarithmic asphere with the
images produced through a centrally obscured logarithmic asphere. The

imaging of a two-point object simulation is shown in Fig. 10, based on a
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centrally obscured logarithmic asphere, Figs. 10 and 1 1 compare the
images produced through a full aperture logarithmic asphere with the
images produced through a centrally obscured logarithmic asphere. The
With#yig %R a two-point object simulation is shown in Fig. 10,7263468r¢y/gE6231
47 WO 2006/028527 PCT/US2005/016231 full aperture f-design
logarithmic asphere. The design parameters are: s1=1400mm close
distance, s2=161 5mm far distance, and so=1 500mm center distance

fulvighanlie oktae dens Rideritherdiffaagiien-dmied dipthyroblielthie@mnare:
The two object points are separated by the diffraction limit distance, viz.,
5,2 24pmPhe iosagdss of the  ohje dt0d| Gmach i thili stagakthanid asphé@temen
shown in Figs. 10(b)-(d) for the object distances s=1450mm, 1500mm,
ceandriSR0amte neipestivelst. tfighellofy-at)shbhe thdfraaxianrtinshedpge pth
recovery results for the images in Figs. 10(a)-(d), respectively. For )
ofclierddsisoB mie. pdrforma it TapOdiali2ER SeRaiateddnntheragsraoign
~and 10(e). Immediately apparent is the excellent recovery due to the
limicaisianeonvitherert ithe THaXiMaAreRioHe 2BKThRUASthRYRe
deviation of the noise used in these recqveries is. 0=1 .5. The point
logaritmimenBn eea oo PRV IdMh-@5 is &Qﬁg@a%é %&ﬁrﬂ@ﬁfeta%'staﬂces
fungtion of th arithmic re over the design rapge, he pqi
S e A PR A S P, TR
cHE R HVRL Y FRESRERRNARY YSineherinalgale) MABDe! 6ldfta),
impulSe responses Will [ead to 'near perfect recovery at that distance.

g e S
sidimingtiepyef meghofdhe eelllatiapiiarang A Rarravdngefdkeellent
recovery due to the deconvolution inherent in the maximum 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 (5,=1400mm), far

48



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
WRSIAUPZESY is shown in Figs. 1 1(a)-(0). The same close (srEEAOGMAT 1!
48 WO 2006/028527 PCT/US2005/016231 (52=161 5mm) and center
(so=1 500mm) distances are used. The center obscuration SR=0.5. i.e.,
by area 25% of the aperture is not used. This obscuration causes an
(s appedmately 28 %dnesrdisightittimsiy, diviah ceeeds tosed coitsidezotian
a final design trade-off. In Fig. 11, the rows are for object distances
obi450ation1482@rh, 1 60Gmmicesd8hmT dhd ATBOHIR | 5ospeoiesly Tahg
the columns are for ideal images, intermediate (blurred) images, and
olrecarasion ifAES, AesPRBIEINNIYceRveitional HEpth BraRItGoVRIRN
aperture /4.0) ranges from 1492mm to 1 508mm._A single avera

nepfhulsehesorndd st iR disid fRsige KKadeasd A filg r&o&gge@ws are

The similarity of blur for the logarithmi is cl from th
R RAR AT SRR ORI Aoch AR o SR e Bt

k h ied by low i ity. gscillati ings. The. ..
1 O S PRAE g T DS FR IS B e aa) A #fet fediate
i | ' iieved ' .
R R S Lok s e A M ermona

d%{%ﬁ?@lﬂ@ SerAlution i AABBIFA e dSBRIAM 49 STAAME o@RIm.

, the two points are still easily resolvable, but not as clearly as

Ag\?@é%ﬂ@%@é‘E%p&@%@ﬁ?@é@@f%%k@ﬁ%@@ﬂ?ﬁuﬁéﬁinaéN
or Close-in distances (0-design), is believed due to both the narrower

fiee A RaaKOf The similarity of blur for the logarithmic asphere is clearly
seen from the center column of the intermediate (blurred) images, all have
two bright peaks at the center accompanied by low intensity oscillating
rings. The center bright peaks also have similar sizes. The oscillating rings
do not pose a problem since excellent recoveries are achieved for all five
images. The two-point recovery (right column) shows excellent
diffraction—limited resolution from 1450mm to 1580mm. At s=1420mm

(not shown), the two points are still easily resolvable, but not as clearly as

those in the figures.

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

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

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

W) gedliagttie average point spread function used in the digitB{pAieesig231
49 WO 2006/028527 PCT/US2005/016231 can provide a significantly
improved output. Thus, in comparing Figs. 10 and 11, a significantly
improved result can be achieved by using the centrally obscured

cARGHEDRIC 2SRNSHE IS RS R B BURPIeFRAd IAND P AMAHERS. 10

are more clearly resolvable over a range of object distances. In addition,

artBe1geniralph s Ao nEaRANQId s ditions Iselclt e\eentsash divvg reien
for larger amounts of defocus. [00134] To further demonstrate the
cdRPEONEEHRRTPENanga ofloentraky Heheculdeklogegithanicraspberepme ssed
show in Figs. 12 and 13 intensity distributions associated with imaging
arbetsamedwymipaskobjechresirigathyoe todeaithentvas pheraghafindgject
different central obscuration values of bR=0, 6R=0.3, and 6R=0.5,
distgpeetiveln. agténthetbisjserisrat abisstarmido b W50 AL ISoMmsuch
closer than the best focus plane, the recovered one dimensional pixel
a5/ SR 35 LHRVETS BB AP HRE RN aRe BBt Tif BICUS along with the pixel
values of the blurred image by an ideal lens. For producing the ideal lens

e o B S R e e R R e oAbl

IS pro centér ‘obscuration o

0'5%9:\%?6\’8 rro\gg?fq\}fg'&ée)?;g}g\@@ 'W%] GALESH tﬂg@??%%n@q BRI RPINtS

are barely reso when there is no céntral obscuration, (5R=0,

d G FRASUREY RADESRLR YHESANEBIR g TIFRSCa REUEPLIBBTIV o dh & sing

performance improvement made Dy a correctly
three logarithmic aspheres having different central obscuration values of

SR=0, 8R=0.3, and dR=0.5, respectively. When 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.,
SR=0. A fully resolvable two point recovery is produced with center
obscuration of 58=0.5. However, when the obscuration is reduced to
SR=0.3, the recovery points are barely resolvable; and when there is no
céntra! obscuration, 8R=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 fieid by

central obscuration, since we have seen from the earlier section that the
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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
WEbHePB53turation, since we have seen from the earlier sedrliFaPIA6231

50 WO 2006/028527 PCT/US2005/016231 increase in depth of field by

central obscuration of aperture is, by itself, much more limited. Fig. 13

illustrates a set of similar curves for an object is at a distance of s=1

inePONREidheeBestdpeug Positiamies it iegattion o Bapberessand bieiicet]
lens. Again, advantages of the logarithmic asphere with central
meksctiatonifonbath e rasoiling pows raswt afriiast are vapparttan object
[001401 The improved performance made possible by the invention has
ispErtiodisraneradifsstot pAGwgraghy, bestfiaszus rosideryéarhedegriigomic
from the pictures of Figs. 14(a)-(d). In this simulation, the tiger picture is
asphedistancktbe1s8emieNG.c Agemmaskpsiaghe pEdhmlegarbdio) asghere
1 4(a) is the recovered image for the logarithmic asphere without center
wishseematRlrplrgyraues) Eidbf ) Bee 8re hedtsl St thagdssRp tist are
logarithmic asphere with central obscuration of 6R=0.3 and 6R=0.5,
apedheblively. Fig. 14(c) shows the tiger image reproduced by an ideal lens
with full aperture for comparison purposes. The logarithmic aspheres both

BT Hinah AR Bl AlfafiRR TS BEEIBIRAPRHERI A Bl thas

owever, mages for logarithmic aspheres with obscuration

PHEERMET A ey Aeisse st someton
frivRction s iverandheiNgraeh phiect fistancemmuhiledhethe tiger picture is
at a distance of 1580mm (i.e., 80mm beyond the best focus position}. Fig.
14(a) is the recovered image for the logarithmic asphere without center
obscuration. Figs. 14(b) and 14(d} are the recovered images for the
logarithmic asphere with central obscuration of §8=0.3 and 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 smalier than the

diffraction-limited spot size.
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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 0.7pm, which is smaller than the
WaitdetietiaAfmited spot size. 51 WO 2006/028527 PCT/US2085/0 8051016231
[00141] In intensity imaging systems, it is common to characterize their
performance by an optical transfer function. Extending this notion to a
computational imaging system, in principle, the overall frequency

[OEPAPNSE: AnteRSifpURthBING \igita ihe, speciturm Pidhadeaoyried magteir
by that of the input object. Thus, to find the overall frequency response,

péhfrimeages biapaipitiouirmenafebdicattidaie d atamadious Wwhgeabtion to a
distances, and the maximum entropy algorithm can be applied to these

conmgrmatizie inmaggsntosesiever theppoiniplejetheTheeretoledes bay tasponse
considered as the combined impulse response of the integrated

cato g featohVrdagitia syae Fea runm &f tihesTeRver eskiraaaeaheshat of
plotted in Fig. 1 S. The curves are the combined transfer functions of the

theyinamtoviestrarideist 1Gnflitd dRRtaAreEAecabRerer fesaRItsf the images
system is circularly symmetric, and Fig. 15 shows. its values along thf

of ZdRR BT SN B YEN D PR RIS CaR HBIIRUTIRPIERR I @iRe, and the
frequency 1.0 correspongds to a cutoff frequency of the .diffraction-limited

T e CEPRY G D R RP L B R D e BtS IS b dfapaes
function of.the i$NC he dif ion. [imi

R T DR, T R R o D S R S5 e

A ORI i e
<RI SYIE PSR AForm of the recoveries is plotted in Fig. 15. The
curves are the combined transfer functions of the systermn 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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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

W 3pEsg$Rg involved. In other words, different overall transfeP G WARH05/016231
2006/028527 PCT/US2005/016231 functions can be expected for various
objects. Nonetheless, the transfer function shown in Fig. 15 is a good
indication of performance of the integrated imaging system. Fig. 16

fug?é%@n&%%ms&&%&t@mﬁ* JHRRI98 oigjeebiccigciar iiistance od srdnsfer

80mm, where transfer functions for both a point and an edge object are

fupletied. JiwwreGaVEES Famdhsoblarindizgen hyothpdetantanielefizhe

provide the overall point spread function and overall edge response

intengtiead raapgdiiyelysfaom Fig. 16 itdée aprarenhthaverelbvernkifearfsiection
functions are similar for these two cases. [00143] From the foregoing

fcdtesiojgatiora titwdiisberagppal ert HRGmimproeee kystetar dunptie amdor both
apparatus for imaging are provided using a multifocal imaging system in

a whioh spilericdaRARIRA B thelprebmiitd esanesipluirfom the blur
intermediate imaging and in which a central obscuration can be ysed for

imagaRd M bhe e iRRsgREAISHe thasRuptIcnD' BbtBERBA bynction

digital processing for incregsing both resolution and deptp. of field. .
ARERMEGP SR ISTRERTE S T W LSBTl STREH: hBHbS anc

SSRpE LA IUSOI besant, SepererLle SIS HINS R cass.
{00143] From the foregoing description, it will be 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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WO 2006/028527 PCT/US20051016231 CLAIM OR CLAIMS 1. An
integrated computational imaging system for producing images having &CSLLp
extended depth of field comprising: a multifocal imaging subsystem for
WSk 3IeditR N intermediate image that is purposefully blurreBCH{ES2005/016231
multifocal imaging subsystem exhibiting spherical aberration as the
dominant feature of the purposeful blur; a central obscuration that
" cooperates with the spherical aberration to reduce variance among
blurring effects through a range of defocused positions; and a digital

ClotdieORriglédlbsystem for deblurring the intermediate image produced by
the multifocal imaging subsystem and for calculating a recovered image

having an exieitteq aReth Al et 2 ShaIRiRgel Slagan Ko1Biduating

overall aberration of the multifocal imaging subsyStem can be expressed

iR PIasA Laa/&@gﬁe@dira@gewrad W@M?&%‘Fﬁs‘?ﬁ%ﬂaging light, and

thé 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 e oxgR<RuB A LRI G R Y ) A el St g Reciate
. (r/R) G(r/R)6 d(r " re 0.is the overall phase delay, r is a radius
“"E‘)?%g tcr{aﬁ gsepé @g’eﬁ r.ieﬁl'%\ﬁ ed

consi point within an aperture of the imaging subsystem, R is a

54 MCSLLP WO 2006/028527 PCP/US2005/016231 = )
the multifocal imaging subsystem exhibiting spherical

aberration as the dominant feature of the purposeful blur;

a central 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/RF=b{riRY = clr/RF =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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maximum radius of the aperture, and a, b, c, and dare coefficients of th
second, fourth, sixth, and eighth order terms respectively. 4. The syste CSLLP
of claim 3 in which the coefficient b of the fourth order term defines a third
WBRHEF/eHeTical aberration. 5. The system of claim 4 in whicR&h&/S2005/016231
coefficient b is greater than the coefficients ¢ and d. 6. The system of
claim 4 in which the aperture of the multifocal imaging subsystem has a
minimum radius SR, and the phase delays g5 for r equal to SR and for
mdgidaktorRdice aiflenstapomuximatety eqbalc,7aftersystamnadficiaini Bof the
which the overall aberration of the multifocal imaging subsystem is
sectrodlaftyusymrabttiv, 8nddgydiepndsdiclgirms rearreh e multifocal
imaging subsystem includes an annular aperture having a minimum

radius SR _corresponding tq a radius of the central opscuration a

maxfmum T&&i&é’ﬁ?%&’aﬁéﬁ'@ %W\gﬁblt &Hh Hi&ﬁi gﬁf)ﬂsi&ogrth

The system of claim 8 .in,which the ratio of SR/R is.greater than or equal
Orf]c?b.t@.rﬂbg‘]?ﬁé@?/ﬁe i a"a‘i%%"fﬁ]hv% 'ﬁ:ol t%téer%rlﬂ%%%}sll imaging

|
subsystem includes at least one lens that is designed substantially free of

spheyical abgralioRanda AapseplateRhPIREuGS e sRNBTICYreater than

aberration that forms the dominant feature of the purposeful blur. 55
thMEkEPieMQ 2Q0RIQ28527 PCT/US2005/016231 11. The system of
claim 10 in which the phase plate is attached to an aperture of the
multifocal imaging subsystem at an image plane side of
6. The system of claim 4 in which the aperture of the multifocal
imaging subsystem has a minimum radius 6K, and the phase delays ¢ for 7

equal to 8R and for requal to R are at least approximately 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 6R/R is greater than or equal to 0.3.

Q. The system of claim 8 in which the ratio of 8R/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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the multifocal imaging subsystem. 12. The system of claim 1 in which the

multifocal imaging subsystem includes at least one lens element havii§8LLP

surface modified to produce the spherical aberration that forms the
WaaHitHcIdature of the purposeful blur. 13. The system of BfaliSpips/016231

which the multifocal imaging 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

comptisingTRdT¥4titecaldmaging sobsysitit kerignetes plsambinatiomed to
an ideal imaging component and a spherical aberration component that

anbalRegrainprbomwt s rffagis theatlstyateange ahobjeg distaneedde of
an intermediate image detecting device for detecting images formed by

théheninhafidag | Subsysteys elkkbitsitary.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 d dgggh of field

tend
basédfon aTJlﬁréﬁﬁﬁ%Pfh@aHQIdnB%wﬂ'%h&%%%%‘f’iﬁé% #EWE fHough
th of object di .15.Th t f claim 14 in which the..
S AP IR O AS AIEE Por I Y e oo g ©
dist d f 56. MCSLLR
P B CHB OS2t SapLaT At b Ut o A feature of the

b%rsrggt;}jf;%ﬁ% ponent balances in and out of focus effects includes the

a
pugrieen 0 istance. 16. The system of claim 14 in which the ideal

imaging component
13.  The system of claim 1 in which the multifocal imaging

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 mufitifocal 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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of the multifocal imaging subsystem includes a lens designed to contribute
the ideal imaging component and a phase plate designed to contributeCilel. P
spherical aberration component. 1 7. The system of claim 16 in which the
WEHAAHBEE is located within an aperture of the multifocal irhagiHgp03/016231
subsystem between the lens and the intermediate image detecting
device. 1 8. The system of claim 14 in which a beam of light for producing
the intermediate image has a nominal wavelength, and the spherical
oaberrditsoarcas berexygbssbichsthphpbe deilaipetia dpiocantioeeiéen
1.8 and 6 wavelengths of the nominal wavelength of the beam of light. 19.
bathecepsteranst olaineflLipicawietie the isiud %ng SN OBIPFE SHSERBE &
series in terms of (r/R)as follows: g5= a(r/R)2 b (r/R) c(r/R)6 d(r/R)8 +...

I oS Sy, 8 s SR Bl e
.and a h d fici f .

o BT SO ARSI L, BRSO o

A3 AR B foren g L g enen i

s;ﬁ%@%??ﬁ%ﬁﬂﬂgﬁ'c%pm?eﬁﬁtem of claim 20 in which the multifocal
u

Imaging subsystem includes an annular aperture having a minimum
radius SR and a maximum radius R in a ratio of oR(R equal to at least
0.3. 32.. TheTsystgnptehelainiaininvéhiohathéc phdee phaagspatefos teguat
to oR and for r equal to R are at least approximately equal.
within an aperture of the multifocal imaging subsystem between the lens

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

1.8and 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:
p=alr/RP b (iR = c(r/RP xdr/RS +...
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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23. A method of designing a multifocal imaging subsystem as a pai’{ﬂ%fsatri@.;
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
20subsysterflasgssphefichialbidriatohiitrhalapgiogin PHtlURFHOSHST term defines
effects through a range of object distances; combining the first and
a tisetond-cpheponiattsatitie mdititoeaiftiegings sthasystem te predutefn and d.
intermediate image that is purposefully blurred and the second
component of the multifocal imaging subsystem contributes an amount of
spherical aberration that is the dominant feature of the purposeful blur;
21and arrangingferesupPlying hifarwbithmhconttinisdtheiinteimnesiatenciudes an
image and the purposeful blur to a digital processing system for
anpriodereirig alecoyerednimageriini i@, andextendeadl epiinoR fialer 2. oEB/R equal
method of claim 23 in which the range of object distances through which
io thiza§8®.;AMENDED SHEET - JPEA/US MCSLLP spherical aberration
component balances in and out of focus effects includes the given object
distance. 25. The method of claim 24 in which the range of object
distances through which the spherical aberration component balances in
22and out ofifecysteffects smtlEast/Bixttimgsiaeglt : thashthfeiobjgah! to 6R and for r
distances over which the first component produces diffraction-limited
eqrmiaghere 20:Ahepprethodiefyotgind. 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
23designing the secondl crthpdnédtsigndhihiidt ifbes encefmyg betvyeem hs®: part of an
and 6 nominal wavelengths of imaging light.
mntegrated 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 cut 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 purposefuily blurred and the second
component of the multifocal imaging subsystem contributes an amount of spherical aberration
that is the dominant feature of the purposefur] blur; and arranging for supplying information
conceming the intermediate image and the purposeful blur to a digital processing system for

producing a recovered image having an extended depth of field.

24, The method of claim 23 in which the range of object distances through which the
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28. The method of claim 27 in which aberrations of the second component g p
are defined by the phase delay function can be expressed by a series in
terms of (r/R) as follows: car-a(r/R)2 + b(r/R) + c(r/R)6 + d(r/R)s + ...
where is the overall phase delay, r is a radius of a considered point
within an aperture of the imaging subsystem, R is a 59 AMENDED
spIGFE b AIS IS hatnppeip aokrapeERrue cffyais SeoBs/he 2B EN object
_maximum radius of the aperture, and a, b, ¢, and dare coefficients of the
dissggdnd, fourth, sixth, and eighth order terms respectively. 29. The method
of claim 23 including an additional step of arranging an aperture of the
multifocal imaging subsystem with a central obscuration that is sized to
cooperate with the second component of the multifocal imaging _
25subsystert 6 RS YakRBL finndiguihertean sl eksetdiFmtrsHHughgEbich the
of object distances. 30. An integrated computational imaging system for
splisi éﬁ%@'ﬁﬁ%@@gwm@éﬁnéﬁéﬁa@ljoaéﬁﬂﬁ%ﬁiéﬁ&%ﬁﬁﬁﬁsﬁ#@ Sig times larger
multifocal imaging subsystem for producing an intermediate image of an |
thagpfsaestBntanecanveeiisiehs (s sgmerpepoderrsdiE acinedentely maging.
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
26purposeful BIARIHG hid&aiifohi B’Q}é’ﬂlél’%ﬁﬁéogfiéﬂﬁ%’ci%i%Faﬂ’ééé?@ﬁanﬁm of the
digital processing subsystem for deblurring the intermediate image . X
ﬂuﬁv%%&é%ﬁw%ﬁé O At RS B R iER A fOF Eaneigtihg opiect 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 (i/R) as follows: d=a(t/R) +
b(r/R)4 +o(/R)® + d(w/R)® + . . . where ¢ is the overall phase delay, r is a radius of a considered

point within an aperture of the imaging subsystem, R is a
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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  pcsiLp

aperture of the multifocal imaging system having a radius R, 60 MCSLLP
WY RIBBIR8527 PCT/US2005/016231 (b) the central obs@GrEESH#as ¢231

radius SR, and (c) the central obscuration is sized with respect to the

aperture in a ratio of SR/R of 0.3 or more. 32. The system of claim 31 in

which the central obscuration is sized with respect to the aperture in a

MmO RIBi 0f B @lemyer 33, BirisysiEn of siniona30 tbufiieieasshothe

the point spread functions of object points have a central peak and
se@eailntiag: rihg sSktieiues, agtithe edotrad abscuratieotwelyides for
narrowing an average point spread function among the object points. 34.
The system of claim 33 in which the central obscuration renders the
oscilRing rirftestethiresoheleitmadrinewdingte asiditiopahtsea®The
system of claim 30 in which the ideal imaging compagnent is provided by
arsRNCHHCOAR BBRTEHIORAIRM SUNHREAALRIRAHBA LUPRpoHITYE Koy iddtiral

by a phase plate. 36. The system of claim 30 in which hoth the idea

| |
OB HIAY Ah A AL S OrTBORSAE S BRoUiGet by BhSEAN AN Of the
DA AN SRS R R e Bureyie fiaReree speriafien

clam’307n whic prescr aberration is a
effects through a range of object distances.

30. An integrated computational imaging system for producing

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 muitifocal 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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spherical aberration that is the dominant feature of the purposeful blur. 61
MCSLLP WO 2006/028527 PCT/US2005/016231 38. The system ofMCSLLFP
claim 37 in which an overall aberration of the multifocal imagin

W HBEHLRETT tan be expressed as a phase delay function in AGrHzA105/816231
wavelengths of imaging light, and the spherical aberration contributes a
phase delay of between 1.8 and 6 wavelengths. 39. An integrated
computational imaging system for producing images having an extended
depth of fielthreepeismealeobsitiftcabimbging satisysi®fh fordroducing an
intermediate image that is purposefully blurred in such a way that renders

point spreag fupgtions of U ELRANEHMOE A RiTh QUL EBRIRIRE aperture

object distances than corresponding point spread functions produced

inV‘QtP;QHBtB? MPR%F@,@'% afbaverage 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
spre&ad fungtienystemg tiechjecs pdints;ientd shdigitaltpabodssingation is
subsystem for deblurring the intermediate image produced by the
simadtivoithl insEiny Subsysteattand for 2aktipmigdd Feeb\dle @ intagee -
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
oscill3fing rih %ﬁ!&%%&gﬁ@tﬁé%@df&’éﬁ&'&%@%ﬁ@ﬁ SHGPORE SPread
functions of object points have a central peak and oscillating ring

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 ieast 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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62 MCSLLP WO 2006/028527 PCTfUS2005/016231 oscillating ring
structures of point spread functions more uniform among the object MCSLLP
points. 41. The system of claim 40 in which the central obscuration
WO HIIPELEEY oscillating ring structures of the object points. 4FCFAS¥Pste31
of claim 39 in which: (a) the central obscuration blocks a portion of an
aperture of the multifocal imaging system having a radius R, (b) the
central obscuration has a radius SR, and (c) the central obscuration is
sizedwith reapes)dee theofipdaivnes M ia rativchl SRRk, 3ioe mutienddE the
The system of claim 42 in which the central obscuration is sized with
midsifechidritegapg rtuiesiys reraticaof ISRER pf € Seor mscrenhdd e T ayy Stamtion
of claim 39 in which a multifocal imaging subsystem combines an ideal
inimagimptompelegtascd prespnigetighbeaagidhesmperieat airerration
purposefully blurring the intermediate image. 45. The system of claim 44

capwilidrete phase s iR Rfieiysei ind aasdshvres® bnventional

lens element that provides the ideal imaging component and a phase

iy s T
imV\érg%g Wa?vmﬂltgﬁceaﬂ@\@ﬂgdepth of field comprising:

a multifocal imaging subsystem for producing an intermediate
image that is purposefully blurred in such a way 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 muitifocal 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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system includes a logarithmic asphere that contributes both the ideal
imaging and aberration components. 47. The system of claim 39 in Wi LP
a spherical aberration that is the dominant feature of the purposeful blur.
WRSIHHBEYStem of claim 47 in which an overall aberration of theURiBHifbEA
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. 49. The
osYRERIA @ Haim Afcituvdiakf thei aerisat abisumatiom simalice s i kiom among
located between the multifocal imaging subsystem and the intermediate
thimelgie cd@onltifocal 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
extefided dEBEOEtE: ahal#e Al BE SPRBRGH A8 rﬁ%ﬁﬁ%@ﬁ‘@”

distributed am,or;g,a pluralit%fof the lens e%me ts and forming a dominant
SURBFRTHroMStIL ALHNG Sitth B HEHSSAh 1BS RIIETLPPRIS 2006/028527
PCTIUS2005/016231 51. The system of claim 50 further comprising a

centrlsalét obw@gggt@ﬁt 5POPEASS with, ghe third order spherical
aberra lation 1

ion for reducing variation in the purposeful blur over the extended

depth of field. 52. The system of claim in which the multiple lens
elel?nent (a) the centrgi obscuration ?ijocks a portion ot#pan aperture of

the multifocal imaging system having a radius R,
(b) the central obscuration has a radius 4R, and

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

in a ratio of 8R/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 6R/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 biurring the intermediate image.

45. The system of claim 44 in which the multifocal imaging
system inciudes 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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system includes an annular aperture having a minimum radius SR
corresponding to a radius of the central obscuration and a maximum MCsLLP
radius R, and a ratio of SR/R is greater than or equal to 0.3. 53. The

W 29eqi9288L1aim 50 in which the multiple lens element systeR§ IS Bf231
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

Systeqg, a”%'aesw{w@@&ﬁﬁwﬁm&i@b\mr@mﬁ@%ﬁ?@@pmgiﬂ@ay

of between 1.8 wavelengths and 6 wavelengths. 55. An integrate

s\ROSRYIRLNARKINAGHIL SHSHRN R I PEURIRO ciRaEBS hay gt Bt iexRIGed
depth of field comprising: an imaging subsystem for producing an

imatgrmacsiale feags ioh am ahieetz 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; 65 )
MCSEIP Whe2eosrpsshe maTAISroobiclea sraclisrhahecasigngthat is
subsystem for deblurring the intermediate image produced by the
thedamiarmhigmy <usEhemuRes6f ehRMsting a recovered image
having an extended depth of field. 56. The system of claim 55 in which the

third ppder RCUGRlo AR AHORPRIANGSIHRATHOB SHRUSFHRR of the
through' a range™of object  distances.

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.

49. The system of claim 32 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 biurred 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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57. The system of claim 55 in which an overall phase delay of the

imaging subsystem can be expressed by a series in terms of (r/R)as MCSLLP

follows: a(r/R)Z b (r/R)4 c(r/R)6 d(r/R)$ +... where g5 is the overall phase
WP/ 17854 radius of a considered point within an aperture SCHESHEYIHG

subsystem, R is a maximum radius of the aperture, and a, b, ¢, and dare

coefficients of the second, fourth, sixth, and eighth order terms

respectively. 58. The system of claim 57 in which the coefficient b of the

fourthordefyigrey dafinest tha iird orlrtisohedaab AbRIERHOM Mg the

coefficient b is greater than the coefficients ¢ and d. 59. The system of

otsdaimRfoin maichsb beaneeal Hoth ttrepthitdcingidhe piterioatiisteriratige for
has a nominal wavelength, and the third order spherical aberration can be

reexpiessedrsia phaskdelaypo skéudrbtumové risdeveasteh8eahdepth of field.
wavelengths. 66 MCSLLP WO 2006/028527 PCT/US20051016231 60. A
method of designing a multifocal lens system for extended depth of field
imaghty comfFiSTE e SicHaiar. RhrHuMING R PG SEhs Slement
combination of an ideal imaging component arranged for

VBB B AGHIG AR SRS YPAH EARFBMAIT d8IH&: 88 by o
SR e e AT R e S G

eauces variations among impu

ra@sﬁoﬁ?’gﬁg\ée:[am% %)ﬂ%%dﬁ'\dfgg?gl\ter than or equal to 0.3.

53. The system of claim 50 in which the multiple iens 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 iens 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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of field. 61. The method of claim 60 in which the step of determining thﬁ

amount of the third order spherical aberration includes adjusting the CSLLp

amount of third order spherical aberration from one amount to another to
Waetikp#ge uniform combinations of impulse responses oV EHE2005/016231

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 lgng;gystepyéRieexirpdach sendreiielddpRaINE ceRmpIiRemiediate

steps of modifying an ideal lens design by incorporating into the lens

infIRNop rad areauBY ehthinsLordet sphatgahgbartalions AV NA SbRal(ating a
20061028527 PCT/US2005/016231 testing performance of the modified
relemsetedign ioeimading avexasadge defodalddpehs; and adjusting the
amount of the third order spherical aberration for producing point spread
functions that vary less over the extended depth of field. 64. The method
of cldife 63 ThivEKFIERR PhAtRIERP R ¥t theCHIRS A BRIrARY B tahs
elements and the modification of the ideal lens design includes .
AR ROAR BFhEYHiRT S0FSSPHERL FAFRY R Gh ARG FrBfe@ blect

than one of the lens elements. 65. The method of claim 63 including a

d‘ﬁfﬂﬁé%tep of

57. The system of claim 55 in which an overall phase delay of the
imaging subsystem can be expressed by a series in terms of (r/R) as
follows:

¢ = alr/RF b (/R = clr/RF +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 expfessed as a phase delay in the amount of

between 1.8 and 6 wavelengths.
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incorporating a central obscuration into the design to narrow the point

spread functions. 66. A method of designing an integrated computationigpsu‘-P

imaging system for producing images having an extended de;lj_th of field
WEGH(IR5Y steps of: formulating an imaging system having BhAbE Y>3

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

respgoses Avielktite e)xdé nitstigtepth aoffiedf ERMESBLEPs té for extended
2006/028527 PCT/US20051016231 calculating an impulse response that

degehasfstfedch iame ginth roetipaisragthef siepmpdise responses over the
extended depth of field to unevenly weight the impulse responses over

the eXtenC_'?g%Bfgtmgﬁﬁpirﬁﬁgi%%{’ﬂr@fwgsﬂ?&ﬂ%lﬂﬁ‘i’dmgﬂ|§ﬁ ideal

response in a digital processin orithm for deblurring the intermediate

iniRALS REdyeatkhy dheAydiifesadmagingovinysted mnadnTealedlating
a recovered image having an extended depth of field. 67. The method of
abelAiAtiee ine vgiog an alithiienstdtey of tinedrpedingpherntthhberration;
obscuration in the imaging system for further influencing the impulse
an@sponses for producing a sharper recovered image.

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

of fieid.

51. 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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69 MCSLLP 68. An iterative digital deconvolution method for image

processing comprising steps of. calculating a succession of estimagerk} |

images of an object based on a starting image and combination of
WlrsfigEE2images; 5 inputting a metric parameter that modiR€3/Agt05/016231

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 @ &iNgHadimaseefdhe bied @¥ridhersiatiingyd 9dmaragging
wherein the starting image contains a purposeful blur; spherical aberration

ovétherdaminantiralude girbeapidrposeful blur; the spherical aberration
balances in an out of focus effects through a range of object distances;

15the e““%’l}iﬁ%ﬁ@%{ﬁ%%inﬁ% RrisPoed daplh Qiigld BR 1hg satedtah

claim 1 in whi al Imaging subsystem includes an annular

f@ﬁ%ﬁﬁﬁ%ﬁ@r@ﬁ PNNAALUS AL SRt P2ROId0s Bhesysteny ol aim

ocal imaging subsystem includes an annular
d@pEIHreRaying a minimum radius of SR = 0. 70
64. The method of claim 63 in which the multifocal lens system
includes a plurality of lens elements and the modification of the ideal lens
design includes incorporating portions of the third order spherical

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;
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caiculating an impulse response that departs from an
arithmetic average of the impulse responses over the extended depth of

field 1o unevenly weight the impulse responses over the extended depth of

field: and

incorporating the calculated impulse response in a digital
processing algorithm for deblurring the intermediate image produced by
the multifocal imaging subsystem and for caicuiating a recovered image

having an extended depth of field.

67.  The method of claim 66 inciuding an additional step of
incorporating a central obscuration in the imaging system for further

influencing the impulse responses for producing a sharper recovered

image.
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MCSLLp

68.  Aniterative 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; wherein
the starting image contains a purposeful blur;
spherical aberration is the dominant feature of the purposeful blur;
the spherical aberration balances in an out of focus effects through a range of
object distances;

the enhanced image has an extended depth of field.

69.  The system of claim 1 in which the multifocal imaging subsystem includes an

annular aperture having a minimum radius of 6R = 0,

70. The system of claim 14 in which the multifocal imaging subsystem includes an

annular aperture having a minimum radius of 6R = 0.

70



