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[0001] The present invention generally relates to imaging and more specifically
relates to array cameras that utilize super resolution processes to synthesize high

resolution images from multiple low resolution images.

BACKGROUND

[0002] In a typical imaging device, light enters through an opening (aperture] at one
end of the imaging device and is directed to an image sensor by one or more optical
elements such as lenses. The image sensor consists of pixels that generate signals
upon receiving light via the optical element. Commonly used image sensors include
charge-coupled device image sensors (CCDs) and complementary metal-oxide
semiconductor (CMOS] sensors.

[0003] Conventional digital cameras typically achieve color separation by performing
color separation in the optical path and using a separate image sensor for the
wavelengths of light corresponding to each of the primary colors (i.e. RGB]J, using an
Image sensor with color separation and multiple signal collection capability within each
pixel, or by applying filters over a single sensor so that individual pixels detect
wavelengths of light corresponding to one of the primary colors. Use of filters is
particularly common in cameras that have a small form factor, such as cameras
incorporated in mobile phone handsets and other consumer electronics devices
including but not limited to, laptop computers and televisions. A common filter that is
formed on image sensors is the Bayer filter, the pattern of which includes 50% green
filters, 25% red filters, and 25% blue filters. The output of an image sensor to which a
Bayer filter is applied can be reconstructed as a color image using interpolation

techniques.
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to sense blue (13) 1 mage signal” and, two sensors used to sense green (G
I mage asrgn@rieras in which each array of pixels captures light from a different band of the
visible spectrum and the captured images are combined to create a full color image is
disclosed in U.S. Patent 7,199,348 to Olsen et al., the disclosure of which is incorporated
by reference herein in its entirety. U.S. Patent 7,262,799 to Suda, the disclosure of
which is incorporated herein by reference in its entirety, discloses a 2 x 2 array camera

including one sensor used to sense a red (R) image signal, one sensor used to sense a

blue (B) image signal and, two sensors used to sense green (G) image signals.
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[0009] In a further enbodinment, the forward i'magi ng transtornmation includes
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function further includes a lens blur function for each i mger, and a
sensomrebdlutioh umaigiesrio faprabéaohpravegerecovery of high frequency information through
SR processing.
[0008] One embodiment includes obtaining input images using the plurality of
Imagers, determining an initial estimate of at least a portion of a high resolution image
using a plurality of pixels from the input images, determining a high resolution image
that when mapped through the forward imaging transformation matches the input
Images to within at least one predetermined criterion using the initial estimate of at
least a portion of the high resolution image. In addition, each forward imaging
transformation corresponds to the manner in which each imager in the imaging array
generate the input images, and wherein the high resolution image has a resolution that
Is greater than any of the input images.
[0009] In a further embodiment, the forward imaging transformation includes a blur
function, and decimation.
[0010] In another embodiment, the blur function further includes a lens blur function
for each imager, and a sensor blur function for each imager.
[0011] In a still further embodiment, the forward imaging transformation further
includes applying geometric transformations related to the geometry of the imagers.
[0012] In still another embodiment, the forward imaging transformation further

Includes applying geometric transformations related to parallax.



[0011]In a still further enbodi ment, the forward inmagi ng transformation
further includes applying geonetric transformations related to the geonetry
of the i nigers/08p®@12] I n still another enbodi nent, the PoTWS2@ 1ioEgi ng
transformation further includes applying geonetric transformations rel ated
to parallax. WD 2012/ 082904PCT/ US2011/ 064921 [0013]In a yet further

enbodi nent, the forward i magi ng transformation further includes applying
photonetric transfornations related to the photometric characteristics of

t he i magers. [0014]In yet another enbodi ment, the nethod uses an imaging
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In yet another embodiment, the method uses an imaging prior including
photometric calibration data and obtaining input images using the plurality of imagers
further includes capturing images using the plurality of imagers, and photometrically
normalizing each of the captured images using the photometric calibration data to
obtain the input images.

[0015] In a further embodiment again, the method uses an imaging prior including
geometric calibration data and obtaining images using the plurality of imagers further
includes capturing images using the plurality of imagers, and applying scene
iIndependent geometric corrections to the captured images using the geometric
calibration data to obtain the input images.

[0016] Another embodiment again further includes determining scene dependent
parallax information with respect to the input images.

[0017] In a further additional embodiment, the parallax information includes scene
dependent geometric transformations.

[0018] In another additional embodiment, the parallax information also includes
occlusion maps.

[0019] In a still yet further embodiment, determining an initial estimate of at least a
portion of a high resolution image using a plurality of pixels from the captured images
further includes fusing at least portions of the input images to form the initial estimate
of at least one portion of the high resolution image.

[0020] In still yet another embodiment, fusing at least portions of the input images to
form the initial estimate of at least one portion of the high resolution image includes
populating a high resolution grid corresponding to the pixel locations of the at least a

portion of the initial estimate of the high resolution image with pixels from the input
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[ 0016] Anot her enbodi nent again further includes determ ning scene dependent
paral lax information with respect to the input images. [0017]In a further
addi tional. enbodi ment, the parallax information includes scene dependent
geonetric transformations. [0018] 1 n another additional. enbodi nent, the
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obtain filtered pixel values for each pixel in the initial estimate of the high resolution
image includes interpolating pixel values at pixel locations on the high resolution grid
on which no pixel from an input image is located.
[0022] In still another embodiment again, the geometric correction information is
selected from the group made up of scene independent geometric corrections, and
scene dependent parallax corrections, and combinations thereof.
[0023] In a still further additional embodiment, fusing at least portions of the input
Images to form the initial estimate of at least one portion of the high resolution image
further includes assigning a depth value for each pixel on the high resolution grid, and
using the depth values to direct the interpolation of the high resolution grid.
[0024]  In still another additional embodiment, using the depth values to direct the
interpolation of the high resolution grid includes assigning relative weights to the pixels
that are interpolated based upon their depth value, and interpolating the pixels using
their assigned weights.
[0025] A yet further embodiment again also includes determining a high resolution
occlusion map. In addition, using the depth values to direct the interpolation of the high
resolution grid includes identifying a pixel within an occlusion zone using the high
resolution occlusion map, identifying a neighborhood of pixels around the identified
pixel, and performing interpolation using only those pixels whose depth Is greater than
a threshold.
[0026] In yet another embodiment again, the neighborhood of pixels varies in size

based upon the number of pixels populated onto the high resolution grid in the

neighborhood of the identified pixel.
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[0028] In yet another additional embodiment, fusing at least portions of the input
Images to form the initial estimate of at least one portion of the high resolution image
includes populating a high resolution grid corresponding to the pixel locations of the at
least a portion of the initial estimate of the high resolution image with pixels from the
Input images using geometric correction information, obtaining at least a portion of an
image from another color channel, wherein the at least a portion of the image from the
other color channel is at least as high resolution as the high resolution grid, and
interpolating the high resolution grid to obtain pixel values for each pixel in the initial
estimate of the high resolution image using cross correlation between the pixels on the
high resolution grid and the at least a portion of the image from the other color channel.
[0029] In a further additional embodiment again, determining a high resolution
iImage that when mapped through the forward imaging transformation matches the
input iImages to within at least one predetermined criterion using the initial estimate of
at least a portion of the high resolution image includes transforming the initial estimate
of at least a portion of the high resolution image using at least one forward imaging
transformation, comparing the transformed initial estimate of at least a portion of the
high resolution image to at least a portion of at least one input image, and refining the
estimate of the high resolution image based upon the comparison.

[0030] In another additional embodiment again, determining a high resolution image
that when mapped through the forward imaging transformation matches the input
Images to within at least one predetermined criterion using the initial estimate of at
least a portion of the high resolution image further includes transforming, comparing

and refining estimates until the at least one predetermined criterion is satisfied.



[0023]1n a still further additional. enbodi ment, fusing at |east portions
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[0032] In still yet another embodiment again, the blur function includes a lens blur
function, and a sensor blur function.
[0033] In a still yet further additional embodiment, the geometric transformations
are selected from the group made up of scene independent geometric transformations,
scene dependent parallax transformations, and combinations thereof.
[0034] In still yet another additional embodiment, comparing a transformed estimate
of at least a portion of the high resolution image to at least a portion of at least one
input iImage includes using geometric transformations to identify pixels in at least a
portion of at least one Input image that correspond to pixels in the transformed
estimate of at least a portion of the high resolution image, and determining differences
between pixels in the transformed estimate of at least a portion of the high resolution
image and the identified corresponding pixels in at least a portion of at least one input
Image.
[0035] In a still yet further additional embodiment again, using geometric
transformations to identify pixels in at least a portion of at least one input image that
correspond to pixels in the transformed estimate of at a least a portion of the high
resolution image includes identifying the pixel in the input image specified by the
geometric transformation for at least a pixel from the transformed estimate of at least
a portion of the high resolution image, when a geometric transformation exists for the
pixel in the transformed estimate of at least a portion of the high resolution image, and

identifying a pixel in at least one input image based upon the geometric transformations



[0027] I n a yet further additional. enbodi ment, fusing at |east portions of
the input resolution images to formthe initial. estinate of at |east one
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neighborhood of each of the identified corresponding pixels in the input images.
[0038] In a further alternate embodiment, assigning a weight to the determined
difference in values between a pixel in the transformed estimate of at least a portion of
the high resolution image and a corresponding pixel in an input image further includes
computing a weight based upon a decimated neighborhood of pixels surrounding the
pixel in the transformed estimate of at least a portion of the high resolution image and
the neighborhood of pixels surrounding the corresponding pixel in the input image.

[0039] Another alternate embodiment further includes accumulating the weights

used to accumulate the weighted difference.



[0032] In still yet another enbodi nent again, the blur function includes a
| ens blur function, and a sensor blur function. [0033]In a still yet
further awloi2oi2ons2404 enbodi nent, the geonetric transfor neCirarsgoianesssel ect ed
fromthe group made up of scene independent geonetric transformations,
scene dependent parallax transformations, and conbi nati ons thereof.
[0034]In still yet another additional. enbodi nent, conparing a transforned
estimate of at least a portion of the high resolution image to at | east a
portion of at |east one input inmage includes using geonetric
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the high resolution image and each corresponding pixel in the input images, assigning
weights to the determined differences in values, and filtering the differences in values
using the assigned weights.
[0042] In yet another alternate embodiment, determining differences between pixels
In the transformed estimate of at least a portion of the high resolution image and pixels
In at least a portion of at least one Iinput image further includes determining the
difference in value between a pixel in the transformed estimate of at least a portion of
the high resolution image and pixels within the neighborhood of the corresponding
pixels in the input images.
[0043] In a further alternate embodiment again, assigning a weight to the
determined difference in values between a pixel in the transformed estimate of at least
a portion of the high resolution image and a corresponding pixel in an input image
further includes computing a weight based upon a decimated neighborhood of pixels
surrounding the pixel in the transformed estimate of at least a portion of the high
resolution image and the neighborhood of pixels surrounding the corresponding pixel in
the input image.
[0044]  Another alternate embodiment again also includes accumulating the weights

used to accumulate the weighted difference.



of pixels in the neighborhood of a pixel. fromthe transfornmed estimte of
at least a portion of the high resolution i nage, when a geonetric

t ransf or msiDi2ore/de®8 not exi st for the pixel. in the tramsfraseedoesti mte of
at least a portion of the high resolution imge. [0036]In still yet another
addi tional . enbodi ment again, determ ning differences between pixels in the
transforned estimate of at |east a portion of the high resolution i mage and
the identified corresponding pixels in at |least a portion of at |east one

i nput image includes determning the difference in value between a pixel.
inth nsf Qr i 0 - - i on: e. i r [on
i mageq[zja&r]gc;iﬂeacﬁ1 %ﬁﬂ%ﬁ%%lﬁhgﬁ%% Bg%@?eéfé%@dr{ I r?g %?%grfgs&{%neét?hg%enogﬁﬁg mdahges,
assi gnkbgluBh Ifag et th skl ey fipt @end diRfadé drf BcRIESmabpiay u@seorﬁ‘%h@&cummt ing
a weighted difference using the determ ned differencés in value and the
assi gneghsi@irgbd !itid0:3ifhdte cfratdédranadreioandfabe miegtt re sédtesrminaggand theaences
bet ween pixels in the transforned estinmate of at |east a portion of the

hi gh rlesdlauperdeni efejdeagicbrehepltienadd thegugb er kanhovadi ngpagingetransiormatipeast a

portion.of .at |east on igﬁge further includes determ ning the

) I nput
di f f eMdHeER 1§ He/LEYGESHA W,feﬁ’r&’aﬁ PIINgtramforMaier o M HPER N hthieedtmate

| east a.portion g; the (hi gh,resol ution i mge and pixels within the
. using at ea%tt etﬁan%for ed cgm arison, : . . .
nei ghbor ood “of each of "the i"dentifred corresponding pixels in the input

i magegp04410038] Adbthef UnitbGTatd! bEEARLS| CORBALIRSLL %S BOhparidoNehehind O
the determned difference in values between a pixel. 1n the transforned

esti mtahsdbrraéd Irtaslt eAiratetdfen l@dsttdhgoriodofitrs tligh ravdlitidoenaddlagd the at
correspondi ng pixel. in an input inage further includes conputing a wei ght
based leasira podewi whbkdeartigisbmphbotage ipiludes verightedngliadgertthdopakédastian t he
transforned estinmate of at |east a portion of the high resolution inmge and
t he ndiogheor dlodbe ol epmMate r eluibf nfiabheee@lpies pRadngai xe@rreshe ndHy

i nput inagﬁ t%HO%géﬁgother al ternate enbodi ment further includes

accumfCHH TP RAYSI Ght s used to accumul ate the weighted difference. WD

2012/ QgglpAPaH ngl(?&l;/eq’%?ﬁ'ger alternate embodiment, the weights of the weighted

gradients are all equal.

[0048] In still yet another alternate embodiment, mapping the comparison of the
transformed initial estimate of at least a portion of the high resolution image and the at
least a portion of at least one input image through a backward imaging transformation,
which is the reverse of the forward imaging transformation, includes upsampling the
weighted gradients and the accumulated weights.

[0049] A still further alternate embodiment again also includes applying a blur
function to the upsampled weighted gradients and the accumulated weights, and
applying geometric corrections to the blurred and upsampled weighted gradients and
the accumulated weights, accumulating the geometrically corrected blurred and
upsampled weighted gradients and accumulated weights, and normalizing the
accumulated geometrically corrected, blurred and upsampled weighted gradients using
the accumulated weights.

[0050] In still another alternate embodiment again, the blur function includes the

transpose of a lens blur function, and the transpose of a sensor blur function.
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[0040] In a still further alternate enbodi ment, conparing a transforned
estimate of at least a portion of the high resolution inmage to at |east a
porti on oVoapbidma®t one i nput inage includes determ ni ngCaidSb@nanmes
between pixels in the transforned estinmate of at |east a portion of the
hi gh resolution image and pixels in at |least a portion of at |east one

i nput inmage. [0041]In a yet further alternate enbodi nent, determ ning

di fferences between pixels in the transformed estimte of at |east a
portion of the high resolution imge and pixels in at |east a portion of at

| east [ﬁﬁ‘?ﬂ' P 5 smgf%{fh%?l gﬁe‘?ﬁ i%eécfc{a Or?z& g‘%‘nf)ears‘r?érﬁf fHle°y &ﬁnlef‘r ?#Hgﬁﬁ(ﬁlé"’ee”

aplxe I'n the transtorne apor|ono

resol yb @@lécﬂ@&#oﬁﬂﬂw@%@ﬁ pGREACEPONEhNEEVRIXEbT thielbcehe ihduPéndeABg&Smetric
assigning weights to e determ ned differences in values, and filtering

t he ditfdresf@meaisond) tiialreesrsasofnihet t\@mde@a‘r&ﬂan\t\@eghiesnc[t@éxzﬂs'a‘burrnayerhs aarat her
al ternate enbodi nent, determ ning differences between pixels in the
transK@ﬂﬂEﬂa@®¥iW@f@ﬁof at least a portion of the high resolution inage and

pi xel ortion of at, |least one input e further includes
det errswhg%l M% héekterpate t'%@\%@wdam&nwpd;? %gttﬁs estLE disHR
estimte ast .a tion of th h resolutlon els
Wi t hi n‘tthgsaitﬁ"gehbor A Rl dn it Aot TRER S RREE B

[ 0043](:'0H1tﬁn|nﬁrthge?ﬁ|tl%i bg{.ﬂ%&@ of AP R TBN or %9 d1- th@ﬁ%@?éﬂuﬁor‘f‘%ggé with khe

determ ned difference in val ues between a pi xel the transfto

esti megstahe dhckwasd tranpfortiedrtodhpdrigdnhi gh resol ution image and a
correspondi ng pixel. in an input inage further includes conputing a weight
based [0pa3 a Aeet fattber akeghive emivatlimenpigeinsalsarindudes ggnetrdingi arelintran t he
transforned estinmate of at |east a portion of the high resolution i e and
t he néi gﬁb@lrmwdgr@filemtx@m%ue@ﬁtrmm 954IMDHE USHIG 8- PUARiChgNPE kilior gr@ !Ehg

Ut oo IBSS) ot 2ERLS SR renl gl AL, LncLudes, 1
estimate using the intra-channel prior gradient enforces localized image constraints.
[0054]  In yet another alternate embodiment again, the imager array is configured to
capture images in multiple color channels, the method further includes generating an
inter-channel prior gradient, and updating the estimate using the inter-channel prior
gradient. In addition, the inter-channel prior gradient is determined so that updating
the estimate using the inter-channel prior gradient enforces cross-channel image
constraints.

[0055] In a yet further alternate additional embodiment, determining a high
resolution image that when mapped through the forward imaging transformation
matches the input images to within at least one predetermined criterion using the initial
estimate of at least a portion of the high resolution image, includes identifying pixels in
the initial estimate of at least a portion of the high resolution image corresponding to
pixels in at least one input image using at least one forward imaging transformation,
comparing the corresponding pixels, and refining the estimate of the high resolution

Image based upon the comparison.

"



WO 2012/ 082904PCT/ US2011/ 064921 [0045]In a further alternate additional.
enbodi nent, refining the estimate of the high resolution i mage based upon

t he conpawO=ore/isewitudes mappi ng the conpari son of the tramafSesrm®e4ozni ti al ,
estimate of at |least a portion of the high resolution image and the at

| east a portion of at |east one input inmage through a backward i maging
transformation, which is the reverse of the forward i nmagi ng transformation,
and updating the estimate using at |east the transformed conparison.

[ 0046] I n another alternate additional. enbodinent, the conparison of the

t r ansf d ipigdal t] o} - porti c ’ I on
anSHGBARE, | ko B Sl PR RIS B opglo
wei ghtiedqarddt efieh HdpprlY 1HR884h ahPXokvard Fhabtg trahtickhatRst MEREfesOthd he
hi gh resol ution image and correspondi ng accunul ated wei ghts. [0047]1n a
still iyedt imadeBen vathiarataésstemeosicoetdrmihbdé cvwedrgdit asiofy thbéniwal ghtimdte of
gradients are all equal. [0048]In still yet another alternate enbodi nent,
mappi 7 ledrd acoampiani g dhe digh resolutiersfroagreduithiet indlydessapmiing aobluatfunetiat a
portion of the hi. h.resolutioE inage and. t he Et l§$st a portion of at |east
one i PR iY@ e ALELGRIBIBRRKNIFEST FBOTHG QALY VHON W2 s the
rever the forward_imaging. transfor ion. ineludes, upsannplin he
wei gh:ig%g;g]r adrhean usr\f\@%r ltt rg%g%%clij(%lpg?le%'ng\g(itil%%nst_agaln,Lfﬁle BUPRALHRN 9ud Ly
a lens blur function, and a sensor blur function.
[0058] In another alternate additional embodiment again, identifying pixels in the
initial estimate of at least a portion of the high resolution image corresponding to pixels
In at least one input image using at least one forward imaging transformation includes
selecting a pixel position in the initial estimate of at least a portion of the high
resolution image, and using geometric transformations to identify pixels in at least a
portion of at least one input image.
[0059] In a still yet further alternate embodiment again, the geometric
transformations are selected from the group made up of scene independent geometric
transformations, scene dependent parallax transformations, and combinations thereof.
[0060] In still yet another alternate embodiment again, using geometric
transformations to identify pixels in at least a portion of at least one input image
includes 1dentifying at least one pixel in the input image specified by the geometric
transformation for at least the selected pixel from the initial estimate of at least a
portion of the high resolution image, when a geometric transformation exists for the
pixel in the initial estimate of at least a portion of the high resolution image, and
identifying at least one pixel in at least one input image based upon the geometric
transformations of pixels in the neighborhood of the selected pixel from the initial
estimate of at least a portion of the high resolution image, when a geometric

transformation does not exist for the pixel in the initial estimate of at least a portion of

the high resolution image.

12



[0049] A still further alternate enbodi nent again al so includes applying a
bl ur function to the upsannpl ed wei ghted gradi ents and the accumul at ed

wei ght s, wsodoeskyitng geonetric corrections to the bl urPet/sedioppannpl ed
wei ghted gradi ents and the accunmul ated wei ghts, accunul ating the
geonetrically corrected blurred and upsannpl ed wei ghted gradi ents and
accunul ated wei ghts, and nornmalizing the accunul ated geonetrically
corrected, blurred and upsannpl ed wei ghted gradi ents using the accunul at ed
wei ghts. [0050]In still another alternate enbodi nent again, the blur

functi {incl ydes t trans of L CLl - t ose
[Unct B e, pies, IR HAREBR;OoRrbsls BUMRUNCLh B At | NS phiAny
still bbrdspehdidlgt BIxBR! thAdEdd idebaiminfPaftfdrRAtes Ha@WEEP RELIECinC e GitiboNs
are selected fromthe group made up of the reverse of the scene independent
geonetestindte aokfair teaist oaspoittive roéviveseigh itdeligeenenmdgpendentheyademtifidd

transformations, and conbi nations thereof. [0052]1n still another alternate
addi t iconzgsporeipgdiixeiatn atisaat pmeinpvé iesgenat e usi ng at | east the

coni DMEZk holR Tl ¥l aneBEr AHEEF SsaSab e nPasBREn bries TG AgIFrences

resol ylhRBeh BRA% M 1L Rlitid SRS RS AAUNE S pbFRIS LR ORI R image
and the identified corresponding pixels in at least a portion of at least one input image
includes determining the difference in value between a pixel in the initial estimate of at
least a portion of the high resolution image and each of the identified corresponding
pixels in the input images, assigning weights to the determined differences in values,
and accumulating a weighted difference using the determined differences in value and
the assigned weights.
[0063] In a still yet further alternate additional embodiment again, determining
differences between pixels in the initial estimate of at least a portion of the high
resolution image and the identified corresponding pixels in at least a portion of at least
one input image further includes determining the difference in value between a pixel in
the initial estimate of at least a portion of the high resolution image and pixels within
the neighborhood of each of the identified corresponding pixels in the input images.
[0064] In still yet another alternate additional embodiment again, assigning a weight
to the determined difference in values between a pixel in the initial estimate of at least a
portion of the high resolution image and a corresponding pixel in an input image further
includes computing a weight based upon a decimated neighborhood of pixels
surrounding the pixel in the initial estimate of at least a portion of the high resolution
image and the neighborhood of pixels surrounding the corresponding pixel in the input
Image.
[0065]  Another further embodiment also includes accumulating the weights used to

accumulate the weighted difference.
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[ 0053] A yet further alternate enbodi nent again also includes generating an
intra- channel, prior gradient, and updating the estimte using an

i ntra-chamoeb1zp8ewn gradi ent. In addition, the intra-chaomalS2@nioes92gr adi ent
termis determ ned so that updating the estimte using the intra-channel
prior gradient enforces |ocalized image constraints. [0054]1n yet another
al ternate enbodi nent again, the imager array is configured to capture
images in multiple color channels, the nmethod further includes generating
an inter-channel, prior gradient, and updating the estimate using the

i nterq @@ﬂne' i, RGO N gfhaeq' wtthe# %ﬁaﬂa iR ranﬁ.nﬁaw ecéafme' ofptrh' Ohigh

gradient I's dét er mi Ke I'ng the estimate uslng

i nt er rgbSRNBh . imk geOBageroadP@Htth@rﬁd?ﬁs@rss&f ﬂﬁf’eu&é@%%ahtuﬁﬁ%ew&ﬁrﬁ@bfﬁcﬁ
[0055]1n a yet further alternate additional. enbodi nent, "determ ning a high

r esol wdighteddmagslidritat usihgtheapgedndlbtaligleighite, hpplWaidg ai b‘agl fugction to the
transformati on matches the input inmages to within at |east one

pr edetrermatiedd griatdentonandiupgating thai estahateegsingathe bfuraed |aras noemplbizad on
of the h| h resolution inmage, includes identifying pixels in the initial,
esti m@8diGNtsat | east a portlon of the high resol ution inage corresponding
to pl 4}%@' n gt éteaansotthgrnfaurk DRYE gg%enl{skhneqb%r flueatstt)n (i)nnqud 21 pra rTqusleng
t r ansf tion,”’ conparing the correspondlng pl xel's, Fett ning '

esti gl |0fs bhﬁf[]hethor'f &3@! tHE tRfhs gﬁé‘&%f Q%éﬁé’oru&ngGmuo%Oﬁpa“ son. WO
2012/ 082904PCT/ US2011/'064921 [0056]In yet another alternate additional.

enbodi[0eé8], det enatidrngudhéi g&mb&ﬁaielmltl 8daih Magelatingt th@h%ﬁtlf’f&ﬂ@edsmﬁr Eiegh
the forward i magi ng transformati on matches the input inages to within at
| east bbwaeprapden@mnalired gradieats amcludes gradifyirignittei mit;al%ltlnnfded)yorforabmimgast a

portion of the high resolution imge, further includes apply % a blur
f unct itba ”alaabieﬁtérln@te af ehdeastia partioneak theabighgresatutiosaispage w@tht olsask thene
hi gh ?sol Jan i mage

blarred and hormatized gradients.

[0069]  Another further additional embodiment, further includes generating an intra-
channel prior gradient, and updating the estimate using an intra-channel prior gradient.
In addition, the intra-channel prior gradient term is determined so that updating the
estimate using the intra-channel prior gradient enforces localized image constraints.
[0070] In still yet another further embodiment, the imager array is configured to
capture images in multiple color channels, the method further includes generating an
inter-channel prior gradient, and updating the estimate using the inter-channel prior
gradient. In addition, the inter-channel prior gradient is determined so that updating
the estimate using the inter-channel prior gradient enforces cross-channel image
constraints.

[0071] In still another further embodiment again, determining a high resolution
iImage that when mapped through the forward imaging transformation matches the
input iImages to within at least one predetermined criterion using the initial estimate of
at least a portion of the high resolution image includes generating an estimate of at

least a portion of the high resolution image, and applying an intra-channel prior filter to
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[0057] In a further alternate additional, enbodi ment again, the blur
function includes a lens blur function, and a sensor blur function.

[ 0058] | n woabiras2ait er nat e addi ti onal, enbodi ment agai npCirdsatitfogiony pi xel s
inthe initial, estinate of at |east a portion of the high resolution inmge
corresponding to pixels in at |east one input inmage using at |east one
forward i maging transformation includes selecting a pixel. position in the
initial, estimate of at |east a portion of the high resolution inage, and
using geonetric transformations to identify pixels in at |least a portion of

at | eﬁ‘ﬁ% egﬂﬁwatQB Gt léH@,g% So%rggé%}ltﬁe Right rlésol fr@ég#eh%heq‘kttﬁé H-S- C%EBRQE ment

again he geone rnic ormations -are se romthe group of

scene FJrfU#QﬁP@Pd@@Bnﬂgiﬂ%ﬁttB' @e&é@@%ﬂ?éﬂ%hl@%mo@ﬁ?‘@o|Q§pendent paral | ax
transformati ons, and conbi nati ons fher eof 0060] In still yet another

al ter riaﬂ'éz]enbbchtrt’eamotagalfmrthetsadtgtugleairmhbbdnnterrarmeohn‘atﬂmmet oribdétter fgy
pixels in at |east a portion of at |east one input image includes
i dent icopfiggresk to eramea@ﬁéhp|s¢@lrseme155t bk theysoefficrige ofpedranddroy whea the
geonetric transforn%} for. at the selectg?ﬁgﬁxel fromthe initia
est i MR RIS PRRIGC @ SrGtSF'H??%P WOF%%'?JP the ghﬁaz;%ut'mwaae
geonet tra sf rnat ists far th in theinitial, es el e of
SRR Lo SR T L SO R Faipe L b B S LRS!
one p'c%ﬁ#%’lée@ %regﬁa§¥nq0@? th@pc'r'énéfaﬁﬂecé)@ﬁgl@n%bo%@cér}&‘?néﬁg@ rb@etermined

transformations of pixels in the neighborhood of the selected pixel. from
the | rirté@bn. estimate of at | east a portion of the high resolution inage,
when a geonetric transformati on does not exist for the pixel. in the

initi d0074dst i mayet afotlaer fuststr addooondlemibdditteat hihghpnedstdrotined critegen is WO
2012/ 082904PCT/ US2011/ 064921 éOOGl]In a still yet further alternate

addi t is6Hgted eﬁﬁ@dlthﬁngro%rﬁia § nép cr Péé‘ﬂ)o%?ﬂy)lﬁi%el 0ff fbresheddigsgt e ni ng
di f f erences bet ixels in the initial. estimate of at |east a portion
of thé&Cf ﬁﬁﬂa?%ﬂf Sf? n i mge and the identified corresponding pixels in at

| east [Q@'??]' NP o h SRRQE- fupﬁgf%drdgh%%a'sllémygélrr?é?]?tatb% ,aﬂhteefr@ﬁgf%rﬁ'p% tbRealy

enbodi ne determnin
from the group made up of sparsifying transforms, wavelets, directional transforms,

and combinations thereof.

[0076] In still yet another further embodiment again, the imager array captures
iImages in multiple color channels, and the initial estimate of at least a portion of a high
resolution image is an initial estimate of at least a portion of a high resolution image in
a first color channel.

[0077]  Still yet another further additional embodiment also includes placing a
plurality of pixels from input images in a second color channel on a high resolution grid,
and determining at least a portion of a high resolution image in the second color
channel using at least the pixels in the second color channel placed on the high
resolution grid and at least a portion of a high resolution image in another color
channel.

[0078] In still another further additional embodiment again, determining at least a
portion of a high resolution image in the second color channel using at least the pixels

in the second color channel placed on the high resolution grid and at least a portion of a
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between pixels in the initial. estimate of at |east a portion of the high
resolution inmage and the identified corresponding pixels in at |east a
porti on oVoapbidmsa®t one i nput inage includes determ ni ngCrhms2ditfoboeence in
val ue between a pixel. in the initial. estimate of at |east a portion of
the high resolution inmage and each of the identified correspondi ng pixels
in the input imges, assigning weights to the determ ned differences in

val ues, and accumul ating a wei ghted di fference using the determ ned
differences in value and the assigned weights. [0063]1n a still yet further

oi xcl 0BRGP Fape ALRMEF 2oL f ot USR] fRBRa BT

resol W;d9RedJTBGEn gAE HaBed iu@eRtihéir e rcRsti @S RARGhE G HRILX @ thd &t (Bhst @F%Ftio':h
portion of at |eaSt one input inmage further includes determ ning the

di f f eroértbe High vakolatibatiwesye @ thiexetheri colbhehamhdli add tlestcbrmistiof batwdeast a
portion of the high resolution i mage and pixels within the nei ghborhood of
each dhixalsien theemohfreselubon iespendthwotper eborichannel. i nput i mages. [0064] I n

still anot her al ternate additi.onal. odi nent .agai n, assigning. a

wei g_ht[m?]t h_efndxé%te?nﬁt %a?lent%reﬁ%ﬁﬁieen?‘neviga@ee%f%@n'rae@Oi?etmgg ﬂhe Pivels

I niti %ln'thgﬁ;[il Hparggolotiorq':grlldet?asstedalf o%rtthle?rn?o(?’]:’ l}qﬂ%n%i htH eéi?('(afzjstiln Be'aﬁgaest%nd a
corresponding  prxer: o T A putP I hege U TREPNiIHET UdeR*Eanput Fiig "a et ght

basedrgl‘él?{?éh B ARE! heﬁésﬁﬁjt%b%g‘%&qln Ghe RIthEF LB EQAHHEL Nhd BRe QBP‘r“e‘latidr{‘dt he

initi estimate of at |least a portion of the high resolution inmage an

t he nejeghber hordsah fHexbigh sesdlauadiiRthdent eiog reRR@OREI Ry iRl . cdripitifes
i nput inmage. [0065] Anot her further enbodi ment al so includes accunul ati ng
t he wenighpslatisg@nted vabesmilpated Lo dedionsioghithechidh Fésrleher gridwd® which no pixel
2012/ 082904PCT/ US2011/ 064921 [0066] I n still another further enbodi nent,
r ef i nifFRJNEMENBYE iMageeisdecatpd hi gh
[0080] In still yet another further additional embodiment again, the high resolution
Image that is determined using the initial estimate of at a least a portion of the high
resolution image in a first color channel that when mapped through the forward
Imaging transformation matches the input images to within at least one predetermined
criterion is a high resolution image in the first color channel.
[0081] In another further alternate embodiment, the high resolution image that is
determined using the initial estimate of at a least a portion of the high resolution image
in a first color channel that when mapped through the forward imaging transformation
matches the input images to within at least one predetermined criterion is a high
resolution image in multiple color channels.
[0082] In still another further alternate embodiment, determining a high resolution
iImage that when mapped through the forward imaging transformation matches the
input iImages to within at least one predetermined criterion using the initial estimate of
at least a portion of the high resolution image, includes transforming pixels from an

estimate of at least a portion of the high resolution image using at least one forward

Imaging transformation, comparing the transformed pixels to at least a portion of at
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resol ution i mage based upon the conparison includes normalizing the
accunul ated wei ghted gradi ents using the accunul ated wei ghts, applying a
bl ur funcwoanizes240he normal i zed gradi ents, and updati ngPChaSestLios2e usi ng
the blurred and nornalized gradients. [0067]1n yet another further

enbodi nent, the blur function includes the transpose of a | ens blur
function, and the transpose of a sensor blur function. [0068]1n anot her
further enbodi ment again, updating the estinate using the blurred and
normal i zed gradients includes nodifying the initial, estinmate by conbining

e Tl SHRATR 0 B 1y BOLHIAE ok Mo BBeaR er

addi t iypaalthe @ORAAIFEBAL . further includes generating an intra- channel,
prior gradient, and updating the estimate using an intra-channel prior
gradi 40083]l n dgétt amsthet Herthet radtechateneinbpdinoentgtheipendls tfesmm ihe eetireatd ned
so that updating the estinmate using the intra-channel prior gradient

enf or dbst hordrdnséermadgsindiise faiwars. inhagng] transformiatigetargneelhetedt basdter

enbodi nent, the |ngqﬁé arr ¥ IS c nfigured to capture inmages in nultiple
col or YPRAETLIMats b Repletien H% UPiRCI"I8kes generating an inter-channel,

pri Oréﬁ@@ﬂ' ent %n(%qﬂerj?urqh glttrhn%tg%trrlwbodltrr(rawen ggrnt he |xefrfr%pna NebayiRLtOr

usi
gr adi In ad I'on e fnter-chann prl grad en erm ned so

E:‘ggsqgﬁgﬁhﬂﬁrér{%ﬁ%ﬁﬁéd MRSy Ysd Merkdlel |rﬂ£§%hgcﬂf‘éﬁ‘£¥%rma%hOére%élgtt"e'&t bSEHPr Ces
ge constraints. [0071]Tn still another further enbodi nment
agai n,updetr satimha@dahigh gbsdlesenh ﬂiclu@nnap
[0085] In another further alternate additional embodiment, the pixels from the
estimate that are transformed using the forward imaging transformation are selected
based upon a predetermined threshold with respect to SNR.
[0086] In still yet another further alternate embodiment, at least one portion of the
initial estimate that is transformed using the forward imaging transformation is
selected based upon a comparison of a previous estimate and a portion of at least one
input image.
[0087]  Still another further alternate embodiment again also includes generating a
depth map for the high resolution image.
[0088] In still another further alternate additional embodiment, generating the depth
map further includes determining depth information for pixels in the high resolution
Image based upon the input images, parallax information, and the characteristics of the
Imager array, and interpolating the depth information to obtain depth information for
every pixel in the high resolution image.
[0089] In yet another further alternate embodiment again, the depth map is used to
determine a focus map.
[0090] In yet another further alternate additional embodiment, the focus map
identifies pixels having depths in the depth map that are within a specified depth of a

defined focal plane.
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I mmge that when mapped through the forward i magi ng transformati on matches
the input inages to within at |east one predetermned criterion using the
initial, wetnreeseooef at | east a portion of the high reseCuttsomntiosmge

i ncl udes generating an estimte of at |east a portion of the high
resolution image, and applying an intra-channel prior filter to WO

2012/ 082904PCT/ US2011/ 064921 the estinmate of at |east a portion of the high
resol ution i mage, where the intra-channel prior filler is configured to
preserve edges while renoving noise. [0072]In still another further

reserve edges i g noi n still another fu
cr od0 e ARAREET Bitng g el F ARG E fbadblerRc bl e Hiclods

transfrapdedisg #RPhigRGebOLULR iRk MRy B Btud ARL a portion of the high
resol ution image. [0073] 1 n yet "anot her further enbodi nent again, increasing

t he spa@%&nessStifl yet heotheodprihsealtt hias kohishdigeot atybm dlsansdlades eoeddrirgg ent s
according to a predetermned criterion. [0074] I n yet another further
addi t itbadligh eegddiiommmage é fplageeeitionieying atdaptonvithen sespedifeed ranga ohe
?Lglrjgd (_accii%filﬁlgd ?(];carfaprlgnet, r?:)rll?rsrpnogl ’%ienrge’masi%mg E)ir)]«ralessiﬂotLgihrilgﬁ rgsno uﬁng%QSé,i aonn
rendering the blurred pixels.
[0093]  Still yet another further alternate additional embodiment also includes
rendering the high resolution image at full resolution having a depth within a specified
range of the defined focal plane, blurring the pixels in the input images, and rendering
the remainder of the high resolution image using the blurred pixel information from the
input images.
[0094] In still yet another further alternate additional embodiment again, the depth
map Is used to perform depth metering.
[0095] In a specific embodiment, the high resolution image that when mapped
through the forward imaging transformation matches the input images to within at least
one predetermined criterion is determined with respect to a first field of view, the
method further includes determining a second high resolution image with respect to a
second field of view. In addition, the first and second high resolution images form a
stereo pair.
[0096] In another specific embodiment, determining the second high resolution
iImage with respect to a second field of view further includes determining an initial
estimate of at least a portion of the second high resolution image using a plurality of
pixels from the input images, and determining a high resolution image that when
mapped through the forward imaging transformation matches the input images to

within at least one predetermined criterion using the initial estimate of at least a

portion of the second high resolution image.
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[0075] I n another further additional. enbodi ment again, the transformis

sel ected fromthe group made up of sparsifying transforns, wavelets,

di recti omaD.20tvee®fior ns, and conbi nati ons thereof. [007@Lrssaiitlobsoget

anot her further enbodi nent again, the imger array captures inmages in

mul tiple color channels, and the initial, estimate of at |east a portion of
a high resolution image is an initial, estimate of at |least a portion of a
high resolution image in a first color channel. [0077]Still yet another
further additional enbodi nent al so incl udes placing a plurality of pixels

fromirg gﬁggﬁll aﬂof’hesre q‘lccglln% dﬁ‘ﬂ@ﬂpﬁ)llxel i dndl |r%htr|ﬁ$ elété]r%nflgé%é% and

det erm n| ng east a on of a eso uti on 1 nage e se

col or splaanBelag ﬁla'&' B&blé‘&ré %ﬂedt&emﬁ)és% valuBs Whe nsREenHinGRd Qan}hﬁe&%ﬁhtion
pl aced on the high resolution grid and at |east a portion of a high

resol utiage thatgehdm neappiedethroogiorthe fanwerd impOhg8irans®irirdtioansiatetesf the her
addi tional. enbodi nent again, determning at |east a portion of a high
r esol mmﬁ)ldnmamgéowwthlh@t @aﬁimemedrste@’hanﬁfélcrltemmgaag theasitiat pstipikebs in

h | or. ch I he hi gh resol I
;Oft?gf?nitéﬂxgaogO?qye%gheeggﬁgmgqnggg igh resolution grid and at |east a

[0098] In yet another specific embodiment, the flagged pixels are also treated as
missing values when determining an initial estimate of at least a portion of a high
resolution image using a plurality of pixels from the input images.

[0099] In another specific embodiment again, the imager array includes a plurality of
imagers with fields of view that capture different magnifications of the scene.

[00100] In another specific additional embodiment, obtaining input images using the
plurality of imagers comprises only obtaining images from imagers having fields of view
of the same magnification.

[00101] In still yet another specific embodiment, the forward imaging transformation
includes filtering pixels based upon their magnification.

[00102] Still another specific embodiment again includes populating a high resolution
grid corresponding to the pixel locations of the at least a portion of a fused high
resolution image with pixels from the Input images using geometric correction
information, assigning a depth value for each pixel on the high resolution grid, and
interpolating the high resolution grid to obtain filtered pixel values for each pixel in the
initial estimate of the high resolution image, where the depth values are used to direct
the interpolation of the high resolution grid.

[00103] In still another specific additional embodiment, the geometric correction
information is selected from the group made up of scene independent geometric
corrections, and scene dependent parallax corrections, and combinations thereof.
[00104] In yet another specific embodiment again, using the depth values to direct the

interpolation of the high resolution grid includes assigning relative weights to the pixels
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WO 2012/ 082904PCT/ US2011/ 064921 hi gh resolution inmage in another col or
channel . includes interpolating the pixels on the high resolution grid
based upowmotzheves2marrel ation with the pixels in the at peaaiS2@1perei on of
the high resolution inmage in the other color channel. and the correlation
bet ween pixels in the high resolution inmage in the other col or channel ..
[0079] I n yet another further additional. enbodi nent again, interpolating
the pixels on the high resolution grid based upon their correlation with
t he pixels in the at least a portion of the high resolution inmage in the

ot her tﬁg e il %ted%eﬁ %Of e'?l1 QE ﬁnvgﬁgvﬁﬁ@ |&e¥ﬁél§tlhgéb€§| )EaE[llgrl]JQnFﬁ el |

resol utron |na I'n the oth anne conprises In
vaIueqh@¢a@g@ﬁgdvh9§m@|ons on the hlgh resolution grid on which no pixel.
froman input image is located. [0080]In still yet another further

addi t i[00H05] eVikoshatent spgaeifin,additgoridl gimbedialentj bnrtheragelddeat détersh@tiegrd ned
using the initial. estimate of at a | east a portion of the high resolution
i mage high aesDancotdeI@naml lnhadditthen usmgp e tdepdugialuere to odiviegtdthe
i magin n mat ches the in | east, one

nsfor ges to wthj
pr edet ﬁeﬁpﬂéaom eﬂh r%SOéutmrga”F*égg d??gﬁentﬁ&gaa H'XffLw't%m &p oghiyston

channe| nother furt ter. odi ment, the
resol P P%H% t:He (%CI‘? YsioL man, éc#erp:%ﬁ l?sraer{gﬁtg rgolgﬁlo p|>1els und tthqu tlfled

| east 0 t t hat
r@@q Ehd E?gggﬁr{lﬁm}ﬂér&;&lét?&pué{hg%w e dikeld WHdsitd r%)% QL é}:ﬁ&nﬁ#an

when pped t rd 1 magi ng transformation che t he i nput

I mages theeyWdléi n at | east one predetermined criterion is a high resolution
image in nultiple color channels. [0082]In still another further alternate
enbodilB@h@4] diet @nathai sgeaifihiaglditrarsdlem b ahmiemhggatrhahe weeghboappetiof hixelggh
the forward |na%@ng transformati on matches the input inages to within at

| east vahlesm edeaspd wean che perbeh Ouﬁlxﬁbs porulptadierdp the btdhwaselwfonAdrid Bast a
port i ncludes transformng pixels froman

|, ut
estthB%”SE QPF“%%QW”§38$¥FF§£*%¥ he high resol ution i mge using at |east
one f%ﬁ‘%ﬂ ' I'Fiagojti”lgaie'i ansHREFBL Qi CATBAGHhtt BGaln aned YolRthP el hido at

| east "a portion
resolution grid to obtain filtered pixel values for each pixel in the initial estimate of the

high resolution image, where the depth values are used to direct the interpolation of the
high resolution grid includes interpolating pixel values at pixel locations on the high
resolution grid on which no pixel from an input image is located.

[00108] Still yet another specific additional embodiment includes obtaining a plurality
of images from the imager array, synthesizing a first high resolution image of the scene
with respect to a first field of view using pixels from at least two of the plurality of
Images, and synthesizing a second high resolution image of the scene with respect to a
second field of view using pixels from at least two of the plurality of images. In addition,
the first and second synthesized images form a stereo pair, and the first and second
high resolution images have higher resolution than the resolution of each of the images
obtained from the imager array.

[00109] In still another specific additional embodiment again, synthesizing an image
of a scene with respect to a specific field of view using the pixels from at least two of the

plurality of images includes determining an initial estimate of at least a portion of a high
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WO 2012/ 082904PCT/ US2011/ 064921 | east one input inmage, and refining the
estimate of the high resolution i mage based upon the conpari son. [0083]In
yet anot hwo 2bvaskeer al t er nat e enbodi ment, the pi xel s fr ecriuseoledsdoent e t hat
are transforned using the forward i magi ng transformation are sel ected based
upon an estimted high resolution occlusion map. [0084] 1 n another further

al ternate enbodi nent again, the pixels fromthe estinate that are
transfornmed using the forward i magi ng transformati on are sel ected based
upon an estimted high resolution focus map. [0085]1n another further

?lr ;ﬁ;?g%ﬁg ﬁslllﬂngllaa\hrthE}Jgg rg%lnﬁfnéagflﬁg @r\éﬁsf%grlbrgrg En(?gg téf &8 t1}m‘@ased

upon anpitaaeiREMAGdetdrhaahel 8 hWH Jﬁbsbﬁﬁnﬁptmég?e with reEQQ&%Itnesteua lof Vit

anot her further alternate enmbodinent, at |east one portion of the
that when mapped through the forward imaging transformation matches the input
Images to within at least one predetermined criterion using the initial estimate of at
least a portion of the high resolution image. In addition, each forward imaging
transformation corresponds to the manner in which each imager in the imaging array
generate the input images, and the high resolution image has a resolution that is
greater than any of the input images.
[00110] In yet another specific additional embodiment again, synthesizing an image of
a scene with respect to a specific field of view using the pixels from at least two of the
plurality of images includes populating a grid corresponding to the pixel locations of at
least a portion of the synthesized image with pixels from the input images using
geometric correction information with respect to the field of view, and interpolating the
high resolution grid to obtain filtered pixel values.
[00111] Another further specific embodiment includes an imager array including a
plurality of imagers, memory containing parameters defining a forward imaging model
for the imager array, and a processor configured to obtain a plurality of input images
using the imager array and store the input images in memory. In addition, the
processor is configured to determine an initial estimate of at least a portion of a high
resolution image using a plurality of pixels from the input images, and the processor is
configured to determine a high resolution image that when mapped through the forward
Imaging transformation matches the input images to within at least one predetermined
criterion using the initial estimate of at least a portion of the high resolution image.
[00112] Still another further specific embodiment includes an imager array including
a plurality of imagers, memory containing parameters defining a forward imaging
model for the imager array, and a processor configured to obtain a plurality of input

Images using the imager array and store the input images in memory. In addition, the
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initial, estimate that is transformed using the forward i nmagi ng
transformation is sel ected based upon a conparison of a previous estimte

and a porwpani2af82@t | east one input image. [0087] Still aootuses1toosorher
al ternate enbodi mrent again al so includes generating a depth map for the
hi gh resolution image. [0088]1n still another further alternate additional.

enbodi nent, generating the depth map further includes determ ning depth
i nformation for pixels in the high resolution i mage based upon the input
i mages, parallax information, and the characteristics of the inmager array,

R L T S e
al t er npé &R bMRHPut 38RIgES, Wh@r@@@&ﬁ‘irﬁage ii§ tHS @tk (S8t & ByrtBedizE@GHEN Map.
[0090] I n yet another further alternate additional, enbodi nent, the focus
map i degpedti osa pliffeteht fatd g dept isng pitdie fdept &t st tthat ofathe plurblity af
specified depth of a defined focal. plane.
Images, and is higher resolution than each of the plurality of input images.
BRIEF DESCRIPTION OF THE DRAWINGS
[00113] FIG. 1 is a block diagram of an array camera in accordance with an
embodiment of the invention.
[00114] FIGS. 2A - 2D illustrate imager configurations of imager arrays in
accordance with embodiments of the invention.
[00115] FIG. 3 illustrates an image processing pipeline in accordance with an
embodiment of the invention.
[00116] FIG. 4 illustrates a SR module in accordance with an embodiment of the
Invention.
[00117] FIG. 5 is a flow chart illustrating a pilot fusion process in accordance with an
embodiment of the invention.
[00118] FIG. 6 conceptually illustrates placement of LR image samples on a fusion
grid in accordance with an embodiment of the invention.
[00119] FIG. 7 is a flow chart illustrating an SR process that obtains optimal SR image
estimates from LR images in a manner that accounts for uncertainty in the upstream
processing of the LR images in accordance with an embodiment of the invention.
[00120] FIG. 8 is a flow chart illustrating a process for obtaining an optimal SR image
estimate using a gradient descent optimization technique in accordance with an
embodiment of the invention.
[00121] FIG. 9is a flow chart illustrating a process for refining an HR image estimate

by computing a gradient including likelihood, intra-channel, and/or inter-channel

gradient terms in accordance with an embodiment of the invention.
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WO 2012/ 082904PCT/ US2011/ 064921 [ 0091] Anot her further alternate additional.
enbodi nent again al so includes rendering the high resolution inmage using

t he focuswoap12/(s@®92] Still yet another further alternat@Cendsodiloesl agai n
al so includes rendering the high resolution image at full resolution having
a depth within a specified range of the defined focal. plane, blurring the
remai ni ng pi xels in the high resolution imge, and rendering the blurred

pi xels. [0093]Still yet another further alternate additional. enbodi nent

al so includes rendering the high resolution image at full resolution having

a dept[ﬁpﬂi%]hi Pl 19PAGLIL e S}Egges%ff tr*b%t%‘?ﬁh@?fafl%ﬁ oo@b?&@ﬁnph&r@ fg the

: 1
pi xel s he input 1 nages, renderin emai nder e hig

resol yia@P cisARaRe ishBGDrHBRcOWMRIRteRbiGimerititf OhdBiveRflohr om the input
i mages. [0094]In still yet another further alternate additional. enbodi nment

agai n,[00hz3]depth TMegoricepusAly illaspatdothn teptand vedreingngf p[x@0@btitiona «fpaci fic
enbodi nent, the high resolution i mage that when mapped
HR image estimate into the frame of coordinates of a target LR imager in accordance
with an embodiment of the invention.
[00124] FIG. 12 conceptually illustrates the forward warping of pixel positions of an
HR image estimate, where the pixels at the positions did not originate from a target LR
iImager, into the frame of coordinates of the target LR imager in accordance with an
embodiment of the invention.
[00125] FIG. 13 is a flow chart showing a process for placing warped pixels on a
decimation grid in accordance with an embodiment of the invention
[00126] FIG. 14A is a flow chart showing a process for formulating a likelihood
gradient term in accordance with an alternative embodiment of the invention.
[00127] FIG. 14B illustrates the process of forming gradients between a current HR
Image estimate and input LR images in an SR process in accordance with embodiments
of the invention.
[00128] FIGS. 15A and 15B illustrates imager arrays including different categories of
luma imagers, where each category of luma imager shares a different field of view, in
accordance with embodiments of the invention.
[00129] FIG. 16 is a flow chart showing a process for synthesizing a stereo pair of high

resolution images using an array camera in accordance with an embodiment of the

invention.

DETAILED DESCRIPTION

[00130] Turning now to the drawings, systems and methods in accordance with
embodiments of the invention are disclosed that use super-resolution (SR) processes to
use information from a plurality of low resolution (LR} images captured by an array

camera to produce a synthesized higher resolution image. In a number of
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through the forward i maging transformati on matches the input imges to
within at | east one predetermned criterion is determned with respect to a
first fiewo2o0f2/08e®w, the nmethod further includes deternPoirng2@aisedeond hi gh
resolution imge with respect to a second field of view In addition, the
first and second high resolution inmages forma stereo pair. [0096]In

anot her specific enbodi nent, determ ning the second high resolution inmage
with respect to a second field of view further includes determ ning an
initial. estimate of at |east a portion of the second high resolution inmge

i mie of at on of the sec sol ut 'on i ma
asob 6T RS OB B e ERIL IR A B IR S0eiaR M R EG e Y 89 et O

t r ansfarirRitt 98- BRIGHGTzZAth priiebs tAROSS k@it Bl imal SRaAdge imates.  In
predetermned criterion using the initial. estimte of at least a portion

of t haese@bnembbdimesoltbti optimnivagen phe2612¢B2904BPEE UB2&taNdB4R21he
[0097]1n still another specific enbodi ment, pixels in the input inmges are
f | aggewstieam heodekaiggaupglines| s mary embatwdernts, eswithgizatibu@sosgsennvolves
determ nin z hi resal ution i mge that Wﬂﬁn nappﬁd_throu h t he forma{d

i magi H§'RY EnsFANAIEL iMeRd Rt CRRYOERAUPRPIG SYRrageget bR wimades At thedsamsng
predeterﬁhﬁggscr'terio%fq%%ngREgggh?itLal estinmpte of at | east atﬁgrtion

of théoﬁlg 8s8 u%ggn I mage. T%HQeF“%ﬁ%F%@fBEB%EifNE embodltent! the

{1 aggethpdiflehtaniRe i POIE AR inagedthRS LAARYAL P HINGR P RO U th e

initial, estimate o east a portion of a high resolution iage using a
pl ur aldotnpaefsopi Xeks fo amprbee ianpugh i regasior QPRY] inagenaishieiatepasi Eéveral

enbodi ment again, the inmager array includes a plurality of
embodiments, the array camera incorporates imagers having different fields of view.
SR processing can be performed on the LR images captured by imagers having the

same field of view. Array cameras that incorporate SR processes in accordance with

embodiments of the invention are discussed further below.

ARRAY CAMERA ARCHITECTURE

[00131] An array camera architecture that can be used in a variety of array camera
configurations in accordance with embodiments of the invention is illustrated in FIG. 1.
The array camera 100 includes an imager array 110, which is connected to an image
processing pipeline module 120 and to a controller 130.

[00132] The imager array includes two or more imagers, each of which receives light
through a separate lens system. The imager array can also include other circuitry to
control imaging parameters and sensors to sense physical parameters. The control
circuitry can control imaging parameters such as exposure times, gain, and black level
offset. In one embodiment, the circuitry for controlling imaging parameters may trigger
each imager independently or in a synchronized manner. The sensor can include a
variety of other sensors, including but not limited to, dark pixels to estimate dark
current at the operating temperature. Imager arrays that can be utilized in array

cameras In accordance with embodiments of the invention are disclosed in PCT
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imagers with fields of view that capture different nmagnifications of the
scene. [00100] In another specific additional, enbodi nent, obtaining input
i mages uswogotdm2phural ity of imagers conprises only obrairniSaglioseges from
i magers having fields of view of the sane magnification. [00101] In stil
yet anot her specific enbodi nent, the forward i magi ng transformation
includes filtering pixels based upon their magnification. [00102] Still
anot her specific enbodi nent agai n includes populating a high resol ution
grid corresponding to the pixel. locations of the at |least a portion of a
fused F*Ub@'aaﬁ&ﬁo&v'éf '2@69/1539@3 Yol 'Q/eﬂkgt%!rgm]:aho@t t%gp lﬂeo"btl dl S o\ds\’vﬁgh IS

geometric correction Irnformation, assigning a or eacn pl xel .

on th@n&Ur?Bré’t@&‘h'eHéthW @fdrdncanits Bhardipl ating the high resol ution grid to
obtain filtered pixel. values for each pixel. in the initial, estimte of

t he hi[gD133soltu irmagé proesssiieppetine regdle 124 |l9€|$3rdt’/\eml,$f®dn\tv9rejls’oét®\taréhe
interpol ation of the high resolution grid. [00103] In still another
speci far@ aeribtriasieal for garbortismegthe trmeadefeoessivadciroor thactragen afrey nddi othe s

selected fromthe _nade u scene i nde e anetric corrections,
and sd%@eﬁﬁé?%%$ ige| pRd g rf&?f%se%\ﬁ%g@b‘ﬂﬂ tﬁgﬁdﬁ?gteﬁeﬁaégfre [*@0104]
I n yet, anot her S eC|ng) Hb i ment .a ?%JH?N@% qethe dep th val ues tq direct

the i nperﬁmearfal on o A e 8I”l11 I‘on gr i nc?lllfd'é)rs1 ast eg'rrfl Er]lcgcorre? %5 ve

vei ghtgd ot Rentidi@lent éﬁqf?eozl-r‘?\/eq)]@l%ﬁodfﬁmé URZARdL Qa492bolitALNR! &he ima e

i nterpolated based upon their depth value, and interpolating t he pixels

usi ng prbeddsimp pipgtied el @t 30 pkHAdESTheYint ardidiimsgreddthivia addutpuenab.

enbodi ment, further includes determining a high resolution occlusion nap.

I'n add0O14, e agntrbkedddd s haldweset softivares firtivearieno e s gobatinatmomtherkef hi gh
resol ution grld includes identifying a pixel. wthin an occlusion zone

usi ng femeopiEelling %ﬁfl%poperaéﬁmﬁayamtwn@f Brepenagsscersny gilSel reacontiallemhe

i dentif ol ation usin

| xe a er ormn er
whose 'IRGERENES st A2 PHm Rdt e B b S o0e OBy P Mo PRt SR Aion
addi tig s ¢ E‘Pr%’b MERRY rr%%@k@rr g/hlelor‘%%%?}rtrfb‘i’@q 1@E cBh’%‘E%}ésé/r?d rfGrrhBtich
based e nu er o I xel ul ated onto reso ution grid in
t he thQthéOQﬁ'o@ssH@epmé‘ﬁﬂbl ifﬁo%@lep'W@'to assist processing of the LR images
captured by the imager array 110.
[00135] Although a specific array camera architecture is illustrated in FIG. 1,
alternative architectures that enable the capturing of LR images and application of SR
processes to produce a synthesized high resolution image can also be utilized in
accordance with embodiments of the invention. Operation of array cameras, imager

array configurations, and processing of LR images to produce a synthesized HR image

in accordance with embodiments of the invention are discussed further below.

IMAGER ARRAY CONFIGURATIONS

[00136] As is disclosed in PCT Publication WO 2009/151903, an imager array can
include any N x M array of imagers such as the imager array (200) illustrated in FIG. 2A.
In several embodiments, the array is square. In other embodiments, the array is
rectangular. In a number of embodiments, the array can also be irregular. Each of the
imagers typically includes its own filter and/or optical elements and can image different

wavelengths of light. In a number of embodiments, the imager array includes imagers
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[00107] In still yet another specific enbodi nent again, interpolating the
hi gh resolution grid to obtain filtered pixel. values for each pixel. in

t he i nitiwbD,20e98290at e of the high resolution i mage, wheP€eTtuseoldmptonl val ues
are used to direct the interpolation of the high resolution grid includes
interpolating pixel. values at pixel. locations on the high resolution grid
on which no pixel. froman input inage is |ocated. [00108] Still yet

anot her specific additional. enbodi nment includes obtaining a plurality of

i mages fromthe imager array, synthesizing a first high resolution i mage of
the s | ; ' I £y [ i r east
two of TR aPLra T (o hiedele bl <thel St MG S d e Pk bl o
i mage |Rht(BE TReMfumbh RyEasiB6te tOnAtiDCEORFdA Byt Shary k& \Wed TnAObIREXEHE, from
at least two of the plurality of inages. I'n addition, the first and second
synt hebéezdord, aagesreboe N thestesioadigpadfra syanbedibed inmagd cambe aebiendd bsgly an

resol ution i mages have higher resolution than the resolution of each of the
i mageroht thiahet lfidesnmohe Imaaefesrthat sayse §oendglhtithasimpgersribaheenspess ¢1i ¢
addi tional.. enbodi ment again, synthesizing an inage of a scene with respect
to a §Heelighl field of view using the pixels fromat |east two of the

| I} foj -includ m_nif 1nitial t i mat f . at t
or 11 aRO P AR PSS oudeb Bt ol 37, ek eSSt bfeeidl (61Eh °
respeghyt gnkhe-d H’F'a!tdsé#sevlle%”"liﬁﬁﬂ 09, ankl 163! iklagePE _tﬁ!ﬁ?‘@éﬁsé R B8t i(BPL

i mges, and determning a high resolution i mge w respect to'the field

of Vi elMudthatedRENGNERPAD K IBrigiigfe rtaieayf (@R 0RINALU IR Bgmaganstrat gahs©gréeat ches
the input images to within at |east one predeterm ned criterion using the

i ni tialght &Sk sneEtregefs Hiatlsease red pght iRinand sixnenagieghthad sehae bbre ligid8) id n
addi tion, each forward inaginP transformati on corresponds to the manner in
whi ch begthatefdgdrGi 2C+ heseyaigh agbadinagnige e Whagarm ranplse InAlages Imadars he
hi gh resol ution i e has a,resolytion, that is .greater, than any of e
out et ooy g Binsa it F L b o A Pl PoRRRBER oAt Bgai n
synt hesj zj ' - - ' iflc fi i ew
oY D) BB WTBAR A QrBRRIE, 1A 1 § RRREE ol BB fear el dhedhe
popul afidtgatrddhi FIGC QDI EFROMHAGEr 5@_:3% P8oRhX@Hes lsBCRhagS tBht 8bndLAsd Light
portion of the synthesized inage with pixels fromthe input inmages uSing
geonet(R], Gix onagatithat seviser akilamt (B}, minespagdrsttbat bendd gtedndightiaew, eighd
interpolating the high resolution grid to obtain filtered pixel. val ues.

[ 00111nagach that stnse hear-Hpelhe¢ imagensodiigetnd Wit landesarabe etagetmagerayhat

including a plurality.of inmagers, nenor ontai ning paraneters defining a
for mﬁ&ﬂ?ﬁﬁ@?ﬁ@?lﬁ%ﬁe? Impgere § tiSﬁaa%P_ea?-ﬂ éway&iﬁméﬁ%r 2 852 < BBRABEIEG ¢ o
obt ai g, a a‘?lc,t‘#.rb%'ti'otrmyorof.m'a&?r‘!c,t fialosenze 3t dth iigﬁt alaomadirs andsLofe, Lfe

i nput "I'RgEes 1 h nenory.7Tn auai 156, 9thed prPocessor i conﬁ|gure to

det er R IEHYthiid idtherriFlN®] hf dRkrbERST 14 shRrheRRa0l Atk Legldd on
image using a plurality of pixels fromthe input iInmages, and the processor

i s conrbhfjguedidnofoéhagstthad skhg btiesbghit (B)andiageet Hahatvdieremagprtht {R)y ough
the forward i magi ng transformati on matches the input inmages to within at
| east 1onéugireiddt éhedenadagerist ean br switcpd hethi nédpeat to esichnether ofdaitionelst a
portion of the high resolution imge. . . S .
Imager array configurations are disclosed in U.S. Provisional Patent Application Serial
No. 61/281,662 to Venkataraman et al., the disclosure of which is incorporated by
reference herein in its entirety.
[00138] Each imager in the imager array captures a LR image. Image information
captured by imagers, whose sensitivity is tuned by some means (e.g., color filters] to the
same portion of the wavelength spectrum, can be considered as constituting a channel

of imaging information. When different imagers are tuned to different portions of the
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[00112] Still another further specific enbodi nent includes an inmager array
i ncluding a plurality of imagers, nenory containing paraneters defining a
forward iwagoregseawdel . for the inager array, and a processars2@anéiogured to
obtain a plurality of input inmages using the imager array and store the

I nput images in nenory. In addition, the WD 2012/082904PCT/US2011/ 064921
processor is configured to synthesizing a stereo pair of high resolution

i mages using the plurality of input inages, where each image in the stereo
pair is synthesized with respect to a different field of view using pixels

from I | | |.gh |yt t han
cach o eRash aBrfhot dfeRHufiel e tndhn BT AR Re R e AR ERAIRIGs To

0 1 13hnMb&Gpravitisd asblnpeks db %Sﬂ”}iﬂfce@,ﬂ Al @Y% r&aHER dithNe AbeaIHameeoMHd an
enbodi ment of the invention. [00114]FIGS. 2A - 2D illustrate inager

conf i guveaitioans |fselared embodiayshts Ntrec tobdanaeray téptendodi siigtes chbnidleof
invention. [00115] FIG 3 illustrates an |na§ Froce53|ng pi peline in
accor dafieceaiionh(B{W)enbcdichemelsfoft indorimatean i(8GB).[ do1mepy Rrabodimdntastheat es

a SR nodul e in accordance odi ment of the nt i
Imagder array captures t éNhtG% ahann els and a %ourth near- lIFE‘| ﬁanne that can also

be used during SR processing to produce a synthesized higher resolution image.

[00139] Although specific imager array configurations are disclosed above, any of a
variety of regular or irregular layouts of imagers including imagers that sense visible
light, portions of the visible light spectrum, near-IR light, other portions of the spectrum
and/or combinations of different portions of the spectrum can be utilized to capture LR
Images that provide one or more channels of information for use in SR processes in
accordance with embodiments of the invention. The processing of captured LR images

is discussed further below.

IMAGE PROCESSING PIPELINES

[00140] The processing of LR images to obtain an SR image in accordance with
embodiments of the invention typically occurs in an array camera’s image processing
pipeline. In many embodiments, the image processing pipeline performs processes
that register the LR images prior to performing SR processes on the LR images. In
several embodiments, the image processing pipeline also performs processes that
eliminate problem pixels and compensate for parallax.

[00141] An image processing pipeline incorporating a SR module for fusing
information from LR images to obtain a synthesized HR image in accordance with an
embodiment of the invention is illustrated in FIG. 3. In the illustrated image processing
pipeline 120, pixel information is read out from imagers 110 and is provided to a
photometric conversion module 304 for photometric normalization. The photometric
conversion module can perform any of a variety of photometric image processing

processes including but not limited to one or more of photometric normalization, Black
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[00117] FIG 5 is a flowchart illustrating a pilot fusion process in
accordance with an enbodi nent of the invention. [00118] FIG 6 conceptually
i Il ustratwe 2pi2zaseqeent of LR i nage sanples on a fusion gPca/tsacianedetance

wi th an enbodi nent of the invention. [00119] FIG 7 is a flow chart
illustrating an SR process that obtains optimal. SR inmage estinmates fromLR
i mages in a manner that accounts for uncertainty in the upstream processing
of the LR images in accordance with an enbodi nent of the invention. [00120]
FIG 8 is a flowchart illustrating a process for obtaining an optimal. SR

i mage . ain . _ Criat i i i _
| T0¢ JSRLL ERLSHER SRS ERls IFRRTTHG 9BHNGAL LR BEFONLAVE dfrectipp,
chart k1 Isdgé At ichghHiRePELSIhEOlpHoSMBtMY adndRsioRBgR 088l NS herfrut i ng
a gradient including |ikelihood, intra-channel, and/or inter-channel.

gr adi eatnpeesdtuse i noaaebratamce Wt theanllestratidresthbodintdrg, i theentpuws. oWOthe
2012/ 082904PCT/ US2011/ 064921 [00122] FIG 10 illustrated a process for

det er rahetergetid hkenphod ngrediueners photamedRid pelgduabisnidade @ndntheceantdeatce
wth enbodi m[ent R%IS’ the inveption. [00123] FI (ﬁy 11 con eoﬂt ual | .

i 11 ustiat™@89ehe | ho MRt AMRHIGICAEPGH 08I JRia. I9641talynsaRIH et FURNIAGCEES mat e
into the frane of coorgdi nates. of. a rget LR i mager. i n_aecgqorgance Wi the an
enbodiAUR BT pRseERvante QB b 1B pRERENE cIRERiphdn e AR L%t he

f or wargh W& Bi it Lt anﬁlm%@izedm@ir%%@é Phe N phRtohiBBCa 8P hbFREEzeIIREGed B

pi xel s at the poSitions did not Ooriginate froma target LR imager; into the

frame ppbvidedtslh patfsaxodetebior Aldditile BBB hAAGELE suPePreESSIAEOR EnodUlb 3An.
enbodi ment of the invention. [00125] FIG 13 is a flow chart showing a

proced80742] pPeaoi g peafeedingi Skl mooesangetierahaga pypcebsimg aoudimdadet@ctd t h
an enbodi ment of the invention [00126] FIG 14A is a flow chart show ng a
procePeralbax thatgcamasgmere iaRepredcts gbiaaiseint theevapniencapdesiddarn e Whegeran
al ter %?F;yvaeppef’gggﬁitﬁglnéagér grhrgy.i Ve ilﬁg’trated embodiment, parallax (or disparity])
detection is performed using the parallax detection module 308. In several
embodiments, the parallax detection module 308 generates an occlusion map for the
occlusion zones around foreground objects. In many embodiments, the occlusion maps
are binary maps created for pairs of LR imagers. In many embodiments, occlusion
maps are generated to illustrate whether a point in the scene is visible in the field of
view of a reference LR imager and whether points in the scene visible within the field of
view of the reference imager are visible in the field of view of other imagers. In order to
determine parallax, the parallax detection module 308 performs scene independent
geometric corrections to the photometrically normalized LR images using geometric
calibration data 306 obtained via an address conversion module 302. The parallax
detection module can then compare the geometrically and photometrically corrected
LR images to detect the presence of scene dependent geometric displacements
between LR images. Information concerning these scene dependent geometric
displacements can be referred to as parallax information and can be provided to the

super-resolution module 314 in the form of scene dependent parallax corrections and

occlusion maps. Geometric calibration (or scene-independent geometric correction]
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[00127] FIG 14B illustrates the process of form ng gradients between a
current HR image estimate and input LR images in an SR process in
accor danceowntdnsesebodi nents of the invention. [00128] FPGBUSEAOe4¥d1 15B
illustrates imager arrays including different categories of |unna imgers,
where each category of lunna inmager shares a different field of view, in
accordance with enbodi nents of the invention. [00129] FIG 16 is a flow
chart showi ng a process for synthesizing a stereo pair of high resolution
i mages using an array camera in accordance with an enbodi nent of the
i nventj.on. Tl - i the_ d |

datd 3@%&%9%@%’55 u [591 Q)ffl%pmk a-gcr}ftnjaﬂgn n@r}'gc%%é ohl a% eggént

systens an s”I'n accordancte w th enbodi nents I nventi on are

di scl egeslisraabn Y8 csstPemrhe ex@hbtih@Bpdneldhnt RIoPEREDAS N Mo, e aliiothd rom
a plurality of l'owresolution (LR) inages captured by an array canera to

pr oduceeae sieptheashizgsb nhietgltado rr @t @nuhicrmatrag@ard lhexd and aetusafn mMéPs, form
2012/ 082904PCT/ US2011/ 064921 enbodi ments, the SR processes include an
i ni ti dhe gppimetri¢ asirentiematforeatres fasthan R mhaged.. estimate for an

optim j.an process th determ nes optimal. SR i mage estimates. In.
sever Aﬁ&*%ﬂboﬁnﬁ%ﬁ*ﬂ%zpafﬂizéxowﬁ?rmtm brE bﬁsee&%ﬁe&t@émﬂwa@@% PniPETRAIRY i n
the URS #AM.BLOREIRLON R Pr%'a'ufz‘gd.ﬂré‘i%%gé’ SR IRRl S eGP T ARI A
process 1 nvol ves usi ng Pormar I magl n %ran ormati on to yntheS|zerLR

| mages,paykhgr4 rf@F%s%; i QAL ALAKES s Obt BRENoPTmERE HiR ih@%@rm&” fnen &y ay

canera. In a nunber of enbodinments, the sinulated LR es are conpared to
the i rpwtiodiMeinfBgRs saper-+Eso|aOom &iddita 305 @drfoPmisnieead éndegeindbnt &sdbtéricon
(HR) inmage estimate. In several. enbodinents, the array canera incorporates
i magerdephadémg geofifedrientofrieetidss offi.evi gaum&R cproocessiong) cmmdethpempiaoalled on
the LR i nages captured by ima_ger_s havi ng the sane field of view Array
caner akfof mationnyt Pep s’ IsRabPerieys d3tg F0adpiagr caa ine RddrBeTiCREYRISIUT t he
i nvention are, discussed further bel ow. ARRAY CAMERA ARCHI.TECTURE [00131] An
't 2y RO R02; (i BEEGrettrical edfmaled aRd e R Tare Y S R bR EaAE
confi LONS i M e [ ent i ' I

conT L AHE LRSI AL AP JRL SRR ERROMIATED! SO Lyle-i DY 18004 316 may,
whi ch thén 6RITREab &dd§\on&fed rBGRoPHRESINGIBH BRI 3428 WiREh kL 8n H2AnHNEmata

control |l er 130.

using any standard color processing module configured to perform color correction
and/or chroma level adjustment. In several embodiments, the color processing module
performs operations including but not limited to one or more of white balance, color
correction, gamma correction, and RGB to YUV correction.

[00144] In a number of embodiments, image processing pipelines in accordance with
embodiments of the invention include a dynamic refocus module. The dynamic refocus
module enables the user to specify a focal plane within a scene for use when
synthesizing an HR image. In several embodiments, the dynamic refocus module builds
an estimated HR depth map for the scene. The dynamic refocus module can use the HR
depth map to blur the synthesized image to make portions of the scene that do not lie
on the focal plane to appear out of focus. In many embodiments, the SR processing is

limited to pixels lying on the focal plane and within a specified Z-range around the focal

plane.
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[00132] The inmager array includes two or nore imgers, each of which
receives |ight through a separate | ens system The imger array can al so

i ncl ude ovben120ise®ui try to control. imagi ng paraneters &ad/GSen3oss2t o sense
physi cal . paraneters. The control. circuitry can control. imaging
paranmeters such as exposure tinmes, gain, and black |evel offset. In one
enbodi nent, the circuitry for controlling inmagi ng paranmeters may trigger
each i mager independently or in a synchroni zed nmanner. The sensor can
include a variety of other sensors, including but not limted to, dark

pi xel st r aty.th 3L ng te UL e L rays
Phat SOPHE" LT Regeff®] bttt ey REE oL e Pl B ST B e
I nventdneBdéd %smfgrbf%?g Varife b VR 2Rkds 0R289 PGhopR )/ He48mly Fkkbsad i on
WO 2009/ 151903 to Venkatarannan et al., the disclosure of which is

i ncor paclatied hermotiirited ¢b @heodi@githeiitriagenthi dcebydarfc@043R thd D@ EGNstgadard
processing pipeline nodule 120 is hardware, firmvare, software, or a

conbi evelonet dy theodmrs PhotadnephindgeeriseGeiuped The emcoded imagercaarthap bel10.
The i mage processin ipelin dul e 120 pr.ocesses the nultjpl|le LR imges
capt urs&¥f edy'nt ReCTARRF i ayf‘Ie l&%fﬁ}%megaageym Hessiepeqd 'HEg‘i‘FéI“”'r“é@o'Fiﬁ on

i mage .i ccor danc it epbodi t,..of the inventi.on n,a n I of
erboai HABE HiE e S e B o R i hafed ey Bg | s YHRY Fik

synt hegiezech S (GFM) B r AR e EUCR YA ela%ﬁeirhggé% fofRfargenprol ler 130 is

har dwar e, software, firmvare, or a c%nblnatl n thereof for controlling

vari ouso pgsdr andlﬁzs@i?h;ga;ﬁﬁ@teEﬁ& efmildtetd MRgPFodsssay BipRlind hetuswatedoinl PIG. 1330
receives inputs 132 froma user or other external, conponents and sends
oper atthaincan gbsed betwilzedtinadn attey ¢amager inmpceyrdadde wWithe eodrvdimokhisr ofLBG can
al so send information to the inmage processigﬁﬁgtfeline nodul e 120 to assi st

pr oc edRyaigiopfarertescRbeAdy ¥ IcBgbligattpnp O H0 48, fre dipclopgre phorg) is
Al t hough a specific array canmera,architecture is. illustrated in.FIG 1,

2l t or AdE v dpd by Lefbiplee Ahave cAlBPUOR e SeRRLS: IMRPDP R TR EiPeliie 19
appl i GRL| f P S p i | i | 9nyjdmege
con i os e optt R ARESSE R AP bAREER I NELIRRhEE it Db FRal 8w
Oper atih@htidh @MY uSARItAR ahyTBOE Va3 i¢ROEIHFYER RN BipeBRbs PRAGegRkag of
LR i mages to produce a synthesized HRimage in accordance with enbodi ments
of thehehRentdages mier tdisspeassedolfutiohhpencdsdimyin ddaGER ARRAN G i EHdRAST bIONS
[00136% As is disclosed in PCT Publication WD 2009/ 151903, an inmager array
can i B¢ udentay. Nupenraselayionmodiigersd super-aesallhbon peeeassas fragcqopdance
iIIustrﬁ%ed %a.FIG.cﬁAh [ n several,_enbod'HF ts, Hhe array is square. In
ot her VEHbBAPRERPEN SN VEPTIPE aF e dissHaRA%I e BelMinber of enbodi ments,
the array can also be irregular. Each of the imagers typically includes its
own fi r r ical. elenents and can image di fferent wavel engt hs of
Iightgqéﬁgjgﬁ#gkgﬂgpfenbodinents, the imager array includes imagers WO
2012/ QBEPPAPTRUSZRELL 0649 dallyh Ase SERSRpLEdridg@Bt forRling | SFROGF Smbhatinpgnse
green light (G, and inmagers that sense blue I'ight (B). The human eye is
nor e pBRsirbl veardrnelgtegrenkirgbta higher rosdlatoamnthalgk wertdspohdinighter sfroe er dh
increase in the resolution of a synthesized i mage can be achi eved using an
ar r ay thaanputreplegties chanrels nbye kB Itages seaveedbyem Innagar arhanin aegpedaneenat

sense red or blue light, [00137]. A5 x 5.inmges array (210) including 17

i mageMdth 38t e2éR @n@r%eehﬂp% dmeentien, aﬁeomp'qa@g@{f%ctﬁﬁgw gepREtrie fistoghN R) |
and four i er,s that sepnse blue light (B) is illlustrated.in.FIG 2B. A5 X
oM nihersPREE e b JET TRyt b ol Reer diceu O AL B8 4P iBrter Bt L

I mager,S; I ( | X d 1S Wt i ght (B)
| SoP T E 3o 3RRCERE dehbAMn Shd ARHIS WTRARES W] aRFEeOUlFlId §

i ncl udeeréfRgesR prbedsseens acagadankcR wisly eheitafimentsbi €t aantien dsrdisklas

i nprove the performance of the array canmera in low |light conditions. A5 x
5 i mageputar mfoyrmatcdrudbngt mebal EResenstEpendsni Igeastetat edriecteinG. o2he The

i mger array 230 includes six inmagers that sense red |ight (R), six imgers
that d@wgesnnfabeyor(etingdingesceraytarsndnat e¥RsHiGisktiongitragirasi bpht

i magers that .seps ear-1 R e imagers indicated with an X can be et her

| mgere It L dhac BraEReh ofhe o RagapRoTdst skl ApreR ARy Adndihe.

I n many enbodi ments, the distribution of imgers that sense green |ight and
i magers that sense near-I1R mavelength§ is determned so that distribution
is symmetrical. Although a specific ¢ %figuration for imagers that sense
blue light (B) and imgers that sense red light (R) is illustrated, these

i mgers can be switched with respect to each other. Additional. imger
array configurations are disclosed in U S. Provisional. Patent Application
Serial. No. 61/281,662 to Venkatarannan et al., the disclosure of which is
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[00138] Each imager in the imager array captures a LR i nage. |nmage
informati on captured by inagers, whose sensitivity is tuned by sone neans
(e.g., covonofzisk®ns) to the sane portion of the wavel ergTlusspaent4oam can
be considered as constituting a channel. of inmaging information. \Wen
different imagers are tuned to different portions of the WD

2012/ 082904PCT/ US2011/ 064921 wavel ength spectrum then nultiple channels of
i mge informati on are produced that can be provided as inputs to a SR
process in accordance with enbodi nents of the invention. In several,

s ; . . .
Corvy e ephRen Behe fIc A EARMI BB PP 3 EVERAR tchhe WY SEqTREAT o
array aRicHbAs féMeed KM g8 oF ARficdy bPYsdtih RegistialRof RRRREA cheshalh Kean

al so be used during SR processing to produce a synthesi zed hi gher

r esol ufsiednoidetgeninet0a38forAldtivalgio us plee st éce-imbgpendant ayoroetrid garratii@ns are

di scl osed above, any of a variety of regular or irregular |ayouts of

i magerfer the lLikdirnggeranged dypikally skinseortiosi dil thel $pgtital rpoistiadies of thehenagdesi bl e

| i ght sBectrug] near-1lR IiL ht, other é)ortions of the spectrur;n and/ or

conbi FRPFBHsObithei 359kt %ofmﬁaﬁfs 'Bf It dpIMte P HRBUL O | Wekdknoyvn

capture LR i-magﬁgrthat tBrOVi de_ one or rrgre%se?{uannel-s qu- information for use
Ien

. eometric C ations cnnigues,. iChC n orm ne . .
in SRgprocesses n accor an8e W|V¥ enbo S O tohe I Avention. The

pr oceggp gp1of M%ﬁ?t e dy lRe Lamgesdupndi sGYS sRduFHET RRbAREHEW o MEN  (or
PROCESSI NG 'PI PELT NES [00140] The processing of LR ilmages to obtain an SR

i mage regisactionfant® whadeLphioditdBR predfeskhng. | BRepitdceBsdy i Gaddrdapes with i n
an array camera's inmge processing pipeline. In many enbodi nments, the inage
pr ocessiimylipiepéd phikepevérdramsagsuoressestaihgt inrtbgigeperettiheotiRctimagdshplifor to
perform ng SR processes on the LR images. In several. enbodi nents, the

i mage IMEGEEIEPHEERidselNPHES 49 dbe peF P6PFrRSSEP ks sekimakatheMestnidtady sueBrem

pi xel s and %0 ensat e fﬁ‘réf paral lax. .[00141], An %m?%ﬁgrocc{sssi ng Bi pel i ne

i ncor PEPAYEAd TR ISRINGAUIE £BFEHLH N TRAY TRy oS ERGHHEes " %I n a
synt hesj : ' Ln | [ : I NV ' i's
oY Db L oA AP B8 48058kl A0, GH TIRE 1O rb0Ged TNETHL D

pi xel .prigef @ B IR prscd<ary. oUh 4 rambeRaeemBddinings | thePrist dadly Suder-

phot onetric conversion nodul e 304 for photonetric normalization.” The

phot onetslved conyels deternckd asiogra Beydstinmappnoach ia whach ehybgdctiphdtioctedr i ¢

i mage processing processes including but not limted to one or nore of

phot on@peses aenstadiniatdlated tBlthe klegwed @harpgeneuEaTl thszyn i asezg2 mageasd

cal cul at i.on d adjustnepts, vignettjng correction, _.and.lateral col or
correé@ieliw Of?%es%b%we IPBeE H %PL%ﬁéegﬁ&Bﬂ%@% Corfy BFRFTeREANIRE al so

per f or i LaMerat ypp NorEBLLERL Lon, | BoLhe,d LY YRLT ghe subdl et fhe,

H an{a 1 .
I nput s epho ormetric normall Zat ron m)duearep tric call al | on

dat a z{ﬂgcés@%gﬁﬁmd{h@%h@oﬁ%%&- a[[@ﬁwaqngto%'ﬁ%iﬁéﬁor%a&ﬂrp5@bjatqgrrq@3@n Wwhich

typically captured during an offline calibration process. The output of the
phot onkforiratieanirensited IAMayed0d Used tsetyrohegibotadmeiR iigabkywnhar d&diteed LR
i mges. These photonetrically normalized images are provided to a parall ax
det ectcheraatedslies. 308sevedat emdkodupentsr BsobRtpronesmouingiadiz4d by performing a
pilot fusion process that joins (or places) and processes data from multiple input LR
Images onto a higher resolution output grid to produce a first fused image. The pilot
fusion process can involve filling missing samples on the output grid and filtering
potentially misplaced samples. The SR process then uses the pilot fused image along
with the original LR images to perform an optimal image fusion and restoration

according to a predetermined objective function. The objective function can be designed

to enforce the fidelity of the synthesized HR image to the observed data. In several
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[00142] Prior to perform ng SR processing, the inmage processing pipeline
detects parallax that becones nore apparent as objects in the scene

capt ur ed W9 20te#8p90mger array approach the i mager array. PCm/ush@tiob49ast r at ed
enbodi ment, parallax (or disparity) detection is perfornmed using the
paral | ax detection nodule 308.1n several. enbodi nents, the parall ax
detecti on nodul e 308 generates an occlusion map for the occlusion zones
around foreground objects. In many enbodi nents, the occlusion nmaps are

bi nary maps created for pairs of LR imagers. In many enbodi nents, occl usion
maps ar r il e ar poj L: hS Vvisihle in
the_f?%ﬁ%%ﬁ?&@?%&ﬂ%%ﬁé'%e eéé%@eb%@ﬁ%gﬁaeﬁwhgﬂﬂ&ﬁg?%%pﬂ%iﬁﬁgg yﬁ?%hgiﬁtene
Vi si bljgagktdtighadditorf HRIdEL 9hd CaRVY 18 ifvRe/e iBh SIsPis BrédBEahirRIdecoHstidMie di the
field of 'view of other imagers. In order to determ ne parallax, the

par al lthx icheigest inetudingl biue d8imeed oo nBtraedz@nehdependents ged meterichannel
corrections to the photonetrically nornmalized LR i mages using geonetric

cal i branbisterdat eorgdGiotst aiMid@ughathen SRdprassssesorverdsssnbad daloye 3@ betige
paral l.ax detection nodule can then conpare the geonetricglly and .

phot oﬁ%lﬁlraﬁé%f ﬁy T BIPle bR Eﬁ)?er?égég“etro'”g@ﬁeec%t”?%ésp‘} efbsn'?é fradscesiimate
dependent. ge tric displacenents hetween, LR.images. | nfgrmation..concerni ng
t nose L THEme e C oy ReRETIF O SpeinbcamLrruouRATE per Rty PiFaRE
paral Igx JBESLTah i QEABINGANYRG BBKlRSEh Oof NeSHRBATEESOINt h@iBRIWRe 314
in the formof scene dependent parallax corrections and occl usi on naps.
GeometprbEegzatd BaRtbeospdlfd BCEme or NEeREe paiaiinsgsorRt HRCinge 86d itlee poWiidns
2012/ 082904PCT/ US2011/ 064921 data 306 can be generated using an off line
cal i brcamipnegr ocess or a subsequent recalibration process. The

scene-i ndependent correction information, along wi th the scene-dependent
geonet PO E4Hor reranynembpermaitson {Q5wiead |'EXAPIRthArassie Rt Mghectivodhame

geonetric cqrrecti.on information for the LR i es. [00143] Once th

o o I20e ABHAdEL O FRRseesn GBRbDEtae oo PR iask TPaOOkd G a1 he
phot o rhcal [ ' e I Vi : - al.utjon
odul & 5 g A0 abIEle hE SR HrotRas TR ol bl A e gt aiied 0
enboditgRAbGelell R HEBSIrcHERRIHidtRIM SBSIHI tBe DHAicRTAE R nscraBa dcadepandent and
scene dependent geonetric corrections (i.e. geonetric corrections) using

t he pahallRaxndgelon mal ichanasld age omfetmiation abn beraingthedaR an3dgérsoibthidmegbui a

t he address conversi on nodul e 302. The photonetrically normalized and
geonetnot dahitgd rtegsharaeiedizer infrrgeaticir ée.ghdatauebpitz edisenchdractsyistisekiandf an
HR i mage. The s nthgﬁized HR i nage 316 EEX then be fed to aégomnstrea

col or PPBTES SEMP MBRTMEANELOT SRIVN-LAIE KEOTAPN UheCa P SUSErRY 3%y 98t d

col or .processin | onfigured to, pe rm col or correctiaon and/ or
chr onAS PEFEE G UR e Pinde, Eah@ols s finfhiste Al B 83 18l
modul %er‘?EﬁrQSFEBpr%Bgééﬂ}ﬁ%Wﬁcéd?@!aH&’é R b O drit 8o &%k e RfI6h GFe AREEs&d
whi t e "bal ance, col or correction, ganma correction, and REGB to YW
correghidetnil hled44] I n a nunber of enbodi nents, inage processing pipelines
in accordance wi th enbodi nents of the invention include a dynam c refocus

nodul e. The %é?anic ref ocus nodul e enabl es the user to specify a focal.
pl ane SMRER-MEDQIEHENBROGEESIEen synt hesi zing an HR i mage. In several

enbodi , the_dynanm ¢ refocus nodul e puilds an estimated HR depth map
for tﬂgﬁgé@ne.k”Tﬁg mﬂrﬂéﬁ?cmré%%ﬁa@nﬁ%dwﬂ gane MO8 dtMRNtHRT d¥)st INVRRNIOP0 Sl ur
the synthesi zgd i e.to mak ortio of .t he scene at _do not_lie on the
focar Copranesf UTRRG ST ofidols The’ by b6 Anhr Lo Ve 3 pflci ng
s i e h _ RO P
AT e R R R e A D S S A A
sever aind efdedidapehdentt eosyhtihasreadidn affor@SabHt [pRfallaRIBfoIAfation) efipded
using any of a variety of standards based or proprietary encodi ng processes
i ncl udicage bodeprotdent ny¢@detrec eocoatitiog irfferinatige |geoardocdaakleranionh deted. JPEG
standard devel oped by the Joint Photographi c Experts G oup. The encoded
i mge Thapugmarseleeseppkaprsmtiapeoihgarit 8agule ggneiates pdraRer ek @tade o
t he encodi ng techni que used i ncl udi byt not limted to the JPEG
|t er CRARSEOREGLE SOt 51 A6 MepeuREpecta Qi I EBr R TRSAIBS Mtsothg pe
Exchangeabl e imge file format (Exit).
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[ 00146] Processing pipelines simlar to the processing pipeline illustrated
in FIG 3 that can also be utilized in an array canmera in accordance with
enbodi nerwe 20f2/a8k®4i nventi on are described in PCT Publi eariusaoiys4921

2009/ 151903, the disclosure of which is incorporated by reference above.

Al t hough a specific inage processing pipeline is described above,
super-resol ution processes in accordance with enbodi nents of the invention
can be used within any of a variety of inmage processing pipelines that
register the LR inmages prior to super-resolution processing in accordance
W th I t f .t i n. | nef-r i.qQn

super %ﬁ;gg‘)%go% g’rFS{’:'gg%e@’MﬁnHé@@mejgﬁggy wﬁ%?ﬁ%%%gdkﬁﬂﬂésg? az{?ﬁie plarrl%ltlaan)% i on
are dijsformzeidnf unh hawepsll emibodlRERsREFOLSR | QLR 14 HrovBe8r BeR8E R rically
typically use LR input imges form ng one or nore input spectral. channels
t o gemeraiadizad hargheeonesaolkally aoriatage (FOrireseendindgpaaleamnformalion.t hin

i nput spectral. channels. The LR i mages acquired by an inmager array in
accor dagterces trhwareheeibrli panatlagforttenenndendrslenaddtergpreaprs safall, itge &R by
geonetri; di sto tions_inhereq%%to the optics, ,and manufacturin rocesses
used tBOFUBr Nesft Mo natilizeagaraliy Myormatien aidonsceag e ea%rp%ige goOMaHef
paraII%ﬁbdistortio s, . which, are scers d%%ggg%ﬂE Tﬁﬁrefore SR gQgp

- ., - s in
ration data. [0 'many thstancés, an r 1zes ormatiof from a ;
accordance Wt enbodi maynt S Oq: tshe | nv%ntl on Can use as | nput S Into 1 oONn

about thgi {d Abt i7AG0ED | RIFREQHARESIIENRRinfadkO! IFRFt 0MPRl AR hdmRORS,
and about correcting the scene-dependent geonetric dlS?OFtIOﬂ I nt roduced
by parcabhpxl indy e deld Bynth@eSR midtkilS €€ §enérade pRIHEe Te sgeBBBtinages id\edldrons
and the WD 2012/ 082904PCT/ US2011/ 064921 scene-dependent geonetric

cor r e¢he Sksmpdule. mapaoabligl adrgherfesptdtdnt meas|R deargedméhe SR modokctarons
for the LR images. Any of a variety of spatial. registration approaches can
be usé¥se dedefdeniiie depéh i meBs mitTieh @hole tHEZetdAE-3 ndsisdnhddnPutRasset ri ¢
correctgons.for th lLRfj nmagers,. anq tgﬁical y,Lhis portio .of t he. spati al .
regi stPRTEACBf 14 HE'IheGE it TP HAYalbUTR 398 MU MGEREr at'ed

usi ng - : ' | i At i t echnj ' can
be. perParradid e 8 HIEHer BRHE AR, orea?h a0 bAE MALRS mAlible)
geonetchbAnERI4rachrioQiledab theBR M ful®Ndachf cHdRneMREES Mitiver rdseluBBnPli. @Cafsi ng.
SR processes in accordance with enbodi nrents of the invention assune

uncer trasoluyion nn tvileichyebaetraiging orfoeattion fefmingethleR:harmge svaar oapitdest) asThenput s
to the SR processes and estinmate the nost |ikely super-resol ved i nage given
t he urgeemedriatopriastipodoiosmaipntiievidad dethel &8 madatedsisviigeept vowgsitagall,
operations, such as the g tric correction of the LR i es, perforned
prior ¥¢ ﬁ%tSSRP H?eo%%t%ferfggﬁﬁﬂ‘a&eﬁdﬂﬁeﬁo%’F‘OQrﬁdéEﬁrﬂé’ﬁt%?“{'Tﬁ%eﬁ@é‘@ Aty
super -t esolved IR dis dENiRLINGAUSLOg 8 (BavEPLAN ARRIAACH J sl 2n

obj ect’i ve functir’on 1 nposes constraints related to the desy Ped

char a%&(édﬁHé@% Pémiihe 1Y i!?ﬁéﬁ‘esé@t‘?ﬁ a %%%eﬁ”ﬂlté#r%%i‘vbiyYa@fLRt ih%u?ﬁﬂ&é&séazrﬁd
imge to the observed LR i mages. The SR processes can be applied on an

ent i r @eHipdtintlgeaegistoredpadrobombe Ofultipie MBut BPgEtral clRanrids efty KRoVPR spatial
processing). In other enbodi nments, alternative optim zations can be

per f orrectiationteclnigné camiei usedffoothe herdoReiatwgesding negedraterepfarinestiare an
HR i mage with desired characteristics. |n several, enbodinments, the SR
process NBUL i BN YR PERCAsSy IPerICOFdRHG WItRiaBbodimanss opthe dxventinatinFlidig (or
pl aces) an rocesses, data fromnultiple input, LR imges onto a hi.gher

Peoor VB SEH SR Taose S ibanb oyt phirCee HRELte ThaRaterndtser B hikiis,
proce HNy.0 (I 1 SHI t 1 d

Pt or e PRI, 3 e Py bEen AP SROR I S B v Ve B npute | oy
fused deABgEsAtOMGoMhEtlot BECIPEE hddhalokBai TBOBS ikfagRes {196 MABaDFé BBER of MBYE
fusion and restoration according to a predeterm ned objective function. The
obj ectthe el R unetgesn(roansHoevrdedn grtedr teon kodioreres t Hee SRdehddute ofitilized in SR
synt hesi zed HR i mage to the observed data. In several. WO

2012/ PEQOTAPTT coS201IZL GBWOX 12 ¢aDEH Alettpsits Brsediated WEhaehspestptey dadSH ng

t he synt hesi.zed HR i mage through an inmage degradation nodel,. and can_al so

| nvol VEOGYIRREOTHRBHE VEHHFE DephPhins GRepien Inibyetated, i il g not
limted to intra-channel constraints and inter-channel. consistency
constraints. Although the SR processes are descri bed above as being
initialized by a pilot fusion process,,other initial. estimtes of the HR

i mge estimte appropriate to the reqﬁ?renents of specific applications can
be utilized to initialize an SR process in accordance wth enbodi nents of
the invention. In addition, SR processing can be applied to one or nore
portions of the HR image and the portions conbined. [00149] In many

enbodi nents, a forward i maging transformation (reflective of an inmage

I o o N . - -

eSS
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[ 00150] An SR nodul e in accordance with an enbodi nent of the invention is
conceptually illustrated in FIG 4. The SR nodul e 314 receives as inputs
phot onet rvoabizyosemnmal i zed | mage data, in possibly nultipprasspentsoal . or

col or channel s, and scene-dependent geonetric correction information

(paral lax information) and scene-i ndependent geonetric correction
information (geonetric calibration data). Through a sequence of operations,
the SR nodul e generates a hi gher resolution image corresponding to some or
all of the input spectral. channels. In many enbodi ments, the WO

2012/ / . : u ' Vi i: t ri gl |
nornagggggﬁﬁglﬁﬁgégé&@%g%%gﬁngggRﬁn¢§FH§%?g%.él gﬁ%%?ﬁﬁpgéﬁggangg%§¥ t he
SR moqudgriusn Y PYLEeRbrPBAa&TREEbIRALhYMIF TR irée6uldNeha)e@ireS 10r634 IQhannel
corrected LR inages, and parallax information. In instances in which either
par al IRrscessisg emedulad@pentiemdr shdtbereencalty asenstizdd | Rtiheg8R amdgéemated not
utiIize_EaraIIax i nformation and/ or scene independent geonetric calibration
dat a. ceHbraitpp datst enelkeiomairisRlpproseslszagand geamenfeliraepsteredd® anegemnel .

near - IR GHEAHBIOe Ry Bt dadnRy (i RO GURSLE T2 gBraP A gher PRERRPu i on
i mages, . however .t he. S dul e n out put , a_hi gh resol ution near-I1R
channdiioPPARERS IR RIRE Rioh odBl 2020 Reboath, s et e s

uti|i zeehiR&téh M?erria@lt%r%fermﬁﬁﬁ@g iLok ﬂjs%r]?gfféccé'%s? ThaltbAW li8fon YA Gsed

ref ocusi ng of HR i nages, and mat i on r generating LR or HR stereo
pair itoegRs thaf pksesk hy3bhiabphiagatdaeasames & omiintulpbe &h h&viadg €ower
provided to the SR nodul e, each channel. has a native resolution (i.e. the
resol uesontion arki piocesed andjipbacddnéppnoatiately fomtoriangendrelly hagimeal resp@igion
captured). The geonmetric correction information provided to the SR nodul e
i s sufdfiki dattheolllusliased emarediment.sthes gilat fegion Hosass Ured (PR RlaggfsaNth a

comon syst em of coordi nates .and n. use a yeference system of r.di nat es,
whi ch PEATE I FRlE TBPam i RiEL PRFT KB bPegin pbSerta ST sPlked YHegD T 8RT he
LR i 0, el t atj vel g t.l

spat1 3Py cren Ry BuE JLE This e FIRALLYT et Bt GTINPRK shiBEES 8 bl
known sppaéprdtelyr @BtStthat bafput egrhan Qdth £ aRe bgedttedtid Qoridt@ioRyr POS€ 8ene
providing registration information as 1 nput " to an SR process in accordance
wi t h endepdinadent geahetriecalivrativh data acd vdémgdsyeyrsedit bhedllaxgnforemtidndsand
outlined above with respect to the image processing pipeline illustrated in
FI G 3uchnthahmppsdmhsdpiehesgrid ehar Heial @eandssingceimelssaget filked.sasérsor
state nformgtion sych as the analogﬁgain f the imagers used to capture

each dHerig PRatertlY mirplacsioranyple kbtéiﬁéﬁ 0%ABGYi ments, the SR nodul e

utili } processing can utjli any of a variety of i.pput ssoci at ed
w th SR BL T RRER R Noe e B8 Baf i RE BhtambolilREY BO6%e

I nvent-Lof utisn] PHHSIFH@FL%%H rifi], @he 4R TH& VR %%%/%/aga?r%gﬂ]?aq:w H54R4 R4+ SR
nodul e 314 inclfudes a Pilot Fusion nodule 402, a Dynam c Focus dul e 404,
a Maxithatmhareessebeé efriptpdpiel pd3etsen oo @i d| pddRti & hém'd?ﬂnml'ﬁiﬁﬁa sanglex. Jhass
Channel . Processing nodul e 408. Either photonetrically normalized LR i mages
and gdosrenrgrod palyitavatthesadst precegiophettbewtretis@inl of thergemmeted andections,
geonetrically registered LR i mages can_be provided as inputs . to the Pil ot
Fusi o' foldlgher andowey eiisiuere thashthal Rreckaeapf the germetiiR sUnectis, Py which

Fusi on_nodul e, 402.is hardware, software, fi re,..or .a conbination thereof
for perrerenRsia ol SPIURER GREceaarinll B Fhufnd. SR e (e s of or
to a by whi i a - ; [t i i | ower
resolﬁéggﬁﬁ]r@ S%%ggggé% aﬁ%&%ﬁalggqg%gﬁé%%ggke }k%ﬁ¥§“%y§gﬁifgﬁgéfﬁyéher
resol WeaPdstHdighbdrprokeditd Wt vatued p%@@er@éumettrn@uplrb?ﬁstér@al LR s DFREES S
joins (or places) and processes data fromnultiple inpuft LR images of a
channelnto oimd dusaoif tgypl caddsy )n kinglase r deofusidrode sarthmult ingthisl disEhissire saddre
such that the LR image sanples are placed appropriately onto the out put
grid (ussHng Imuﬁép@}@wgterirén@f@rlreéicwéﬁmplesi osto Heelvsionm@ehe Higuevegdnmeany c
calibratiop data. and ?cene.de endﬁgt P@%allax.infornation , .and such t hat
posi t iSIAROUMeNtR NG TRPIFHRLY I8 ahekeediial hrEnth gridgs|tians 1t tp &Rferngigtey
filtering of potentially m splaced sanples (outliers) occurs. [00151] Wen
initially placing the LR i mage sanples onto a different (higher resolution)
grid (the fusion grid), the LR sanple? may fall irregularly on the grid
such that there may be enpty grid pos éions, or grid positions having

mul tiple sanples. The fusion grid may have the sane precision as the

preci sion of the geonetric corrections, or a higher or |ower precision than
t he precision of the geonetric corrections, in which case the transferred
sanpled onto the grid will fall arbitrarily onto the grid (i.e., including

o o —— r o



areas may not occur). Sone padding of the in-focus and out-of-focus areas
may be used to ensure the proper processing (e.g., blurring) at the
boundar i esOlzetvseqe4i n- f ocus and out - of -focus areas. ThePhirgis201es6i9at i on
depth map (or a representation of it) can be determ ned using the parall ax
information of the LR sanples transferred onto a fusion grid, along with

i nformati on about the geonetry of the imager (e.g., inter-LR imge
baselines). In several, enbodinents, a high resolution depth map is
generated by fusing onto the high-resolution fusion grid the parall ax

i nfor | rr.e I - - I f.r |l & he

| mmger i rasi CRRRthSRebER S e Hih 2 ot e P el Eol the
det er HpRPoddie itHR tHERAK OF tHRNLiRAYLYIBh b cdRPloesaitratd SAr&f fided ianadgle, onto
interpolating the depth at fusion grid positions where no LR sanples are

presenhe fugioa (punhel goid. eMioghentet SR prddgsaint cis Foatierned winepordiopsovf ted
separately fromthe SR nodul e. The SR nodul e can generate a high resol ution
i mage Iavadeathangthe bedl fusedmmaapton Imagesaridainied oy totFosLe atsdableineth be
used to_rende[ ixels within a sPecitied deBth_raqge froma defined Eﬁgal
pl ane Ui AIXElS HOBN NEH, MORE ROGUIPRRHRCOBIESPPRY NI WERtIONhbRAER P6ANS
pixelﬁn% Egide of the specified depth range. In several. enbodinents, the
blurred prxel. information is obtained by blurring the high resolution

i mage. n i i id r i i [ by
bl urr o0 e REDP R £t B 4 SR i PO T TP B8P

sof t warein dquivaladiterepPesentaBewbNAL iUdng ey ERbctBIonUSEps Provide dBMhR input
posteriori (MAP) estimate to obtain good estimtes for pixels of a

synt hedithe SRHRdarageglespalt ghdhe ageohredist coheecbibsenioechdtRni, eaddid oandisidm
many instances, other observed information and/or prior constraint

i nf or Fa@R dnay 13sa krifséernpmedndtarrativedy. thee hegh pieseBEwne deptiateap.afr KR

i mge for a single,channel, such as the G een channel. based, upon at | east
t e F EBEEEREBTLG s T e PRUHAG: BP0 BURe A G TR R PTighq8 Ht o
(raw, I or.mal . o] L cally n i

goome P Ry L hbN BILTR et AR KRR e e e B orm

i ncl UgHrpGe AR s AL tHEItBNhEBRYNaAE fédudifp el fige dpgihadatd MR ndgk. SWlarly, an
2012/ 082904PCT/ US2011/ 064921 (di scussed bel ow) that can include an 1 maging
pri or HRvoeclesmnamiaphdae) alsdde ssati Bt siech tastbssqueelt GR, ptdressiRgiinelgeing
estimate for the first channel. (e.g. the Green channel.) can then be used

in crddwt dhvgmesnd phe dédS erodwe eperatae IR Dyvaies Ferus medotthuses mh® s

and to, synthesize a full cplor SR inmage. |In other enbodi ts, the S
pr oces§Py Mapnip; deleRanRe the sttt P PIle .%ﬂhl%t%ﬁew%gggocﬁarmd %R ni ng
the SR inmages r.each channel .. In nunber.. of. enbodi nents, the SR.process
it gt POR e bR R AR e D B e R FRATLT S Fese NS g
then ppageedsedd eratHealy itrﬁad'eefés@i‘?nétgﬁ est i mahe(ShbBgiféhtshehE NRiYdules
information and an adaption to the evolution of"the iteration process. In
sever alubseqiaditoant Dynahhipreecas $8sdild cpecstedailgat Whé bositioadiomethtesHRfgride
invention attenpt to synthesize the SR inmage(s) nost likely to yield the
capt urttbat &R idemgdiedwhetheaDyoamear Botusmgiatyle hassfl omtttd datersiapplHRedepth t he
synt hesi zed HR i mage(s), where the forward i naging transformation is based
upon VAR angl WHMEPrEbeRIer MG REIREt Gt vetsresifisptipRe of Higydesdrechpixpls tarkeay

) 00154) T .MAP SR dul 406 tili i nf ti wh
avai | _iw%?usc'&nih&Hﬁdaﬁgﬁee%ﬁ?%c? bF et BE s PRAE TGS T04Rd fpgman in
enbomtﬂ?%ﬁceésm’? WF%EHR%”p?iOFPQ% BECEFTarhR EH&d H{o\ﬁ%gég dnrgg%:yz% 'furltl’rller

transfor tlon_s ecitfication'for each | ger and a noi . (
sever YlurregbRdidrentife the- B BPHY th AcE efsRPaRd HRRDhAG: Ritif{ate WRSE

el ements are used to define the forward i maging transformati on. The inmaging
pri or seaerdbecerdbddinmeshtastherbgrémic docorasoddd isnplacedtbedoreaboutibhd-uspin cs
of the caneras used to capture the LR images in any channel., and

i nf or raedWa. kbthat cehe theesref-forhe drag ennde bR dasbinay theeoh tager remly by
consiiﬁ of bEEh characterizgd inforqg%Lon such as data bogt.noise

char adlWiing FBdmagerabppeadBrtiEPERSPYh EbihaseATeagtke-df et dusiandp those
operation information (or sensor-state information) such as the anal og gain
used to capture certain LR images. In a nunber of enbodi nments, the inmaging
prior includes a blur function, H , ﬁgich can be obtai ned by nodeling or
measuring the lens characteristics for“each LR canera. The blur function is
di scussed further below, where p indexes the LR canera, and c indexes the
col or channel. for a WD 2012/ 082904PCT/ US2011/ 064921 canera. The noi se
statistics can also be determ ned using any of a nunmber of well-known
nodel s of inmaging noise. Thus, the read noi se can be nodeled as an additive

o o o " g, o o



[ 00156] I n a nunmber of enbodinents, pilot fusion and SR processes can be
applied to an entire HR i mage, selectively applied to portions of an HR

i mage, amsibani2aspdosed to bl ocks of an HR i mage that arePcomscnaede49then t he
SR processes are applied to subsets of pixel. positions in the HR i mage,

t he subsets of pixel. positions can be determ ned based on the conputation
of per-pixel. or per-region SNR val ues, occlusion maps, HR depth maps (or
equi val ent quantities such relative depth maps), and resulting gradient

val ues fromthe output of an SR iteration. Pilot fusion, SR processes, and

the applicaldoo0h: ) PIaGaosenald SHIRETS el aPhut BRFALICIRINa) #R

i mage i n acc ance with e e invention are discusse

bel ow. W@ 13044 F829Q456HebTr8Edi0R¢ 92 Y. GHOMERR St G- IbBRAJAGRS Aveen in-

REG STRATI ON [ 00157] Types of scene i ndependent geonetric distortion

degr adatusarsd b babf-fedushereascadtintteghfresolutioh ke pdahidpr (@t iaarppéaseaiiccbbide but

are not limted to, so called "barrel." distortions (for exanple the

absol wee hyedeterminedigngthé parataxantamato rctidben-fisamptes whesientss errer a)

and inter-car h@ ﬂeonetriF distortions relatin e reference caneraﬁﬁgd
heP O ct

: t
each dFSIPREI" g aeh 4aformatina %Q%yt.he@%%?ﬁvé) e BR3STol§- T aN R D
capt ured LRLIRGES Of M Al DLELAIYC SCCRR IS AGIARENG. indsRendsnt. GRonpl i o
cor r et P8R SCRF O Frat i OR° | stk °d W&y >t Ad9t he rena|nN%g 0ot T ¢ war pi ng
among fhaﬁgc&msq%qq hReb FRGH RIE|dFR ﬁbwhsambmirqt)rh!aﬁoﬂaaoﬂé%namgf to The
conbi nat1on of the %eonetrlc calibration data for a pixel. position
(sceneachdapenapié avoildlgetirem alnkios MR ineagerandeddiell@ar o tigan il fusing the
i nformation (scene-dependent correction information) for a pixel. position
can albssebre ngfbemebdntto desetrhmet iteaHR ddnth torexpenuisaead rbpraseatgdionedf itat
that pixel. position. In reality, the corrected imges wll also include
sone [FhdiintesralatingdiheedepiBdifasian akid RosiHpRreshsiremo R senRjepaE: Present.

ti i pf ti . T t f. dj t f tri
cor r edb POt BE? B Fhedimrgen ThERToF Farta sl i bnassehuteft Fitkea
| mage §Rf Hmdhhee R Sgﬁ'ﬁgd él%tca'nr%eehe?QtaenQﬁg;hgl‘%lsBﬁ{tm%tilrﬁ/ eyandai\ Ihi ds3Rton

i mages can be spati regi stered usin eonetric carrectio across the
nul ti Rleth MRAH, SHEAhE ADynaPhRNP&E MAulan@hhBe RRIStdirbhdsr pikelP within a
geonetrically correct the inages spatially with respect to a canera

posi t ispacifietli dépthsrarafe friont e deéhedffocalpplanedat malgewsbiuten, andvia traader
canmera" position). Indeed, any coordi nate system appropriate to a specific
appl i datired pxel iéorumatiary éer prreksc euistdmob the tsiveariednderdh mange of Int peveral

i nvention. .[00158 pendi ng an_the severity of t maxi mu rall ax.

al | owsd st né&,é}sﬁﬁwﬁeaﬁmg@l BT Biadiogcle bt '@sérbdgﬁwg%ﬁ%%r cesoldian on
(i.e., ral |l ax_ correction), is required to renove parallax di stortions

i or TEBRET 40 BT R8s HRRle: B GRS RB T B By B e e o
procesghidmdgedeed, an SR process in accordance wi th enbodi ments of the

i nvention cag mtigate parallax to sone degree without specifically WO
2012/ 982 8BIPCTH&ISPAR BROAHAZ e 406 hapdware, lsoftwaas afitrawabisi dt0a @ofribimatidn
uncertainty processing in accordance with enbodi nents of the invention.
Wher e thereaf dhataxsaded evaximnnmedqsterier pMAPEestimatpie abtanx gdet estimatepfocess
can be perfornmed to detect the remajning warping anong the LR caneras.in
the amig}s ohfr dmnthederrhtifngnads basrd ypenat ileﬁféﬁgﬁd)@ﬁﬁrvgéoln%ﬂmiaee%@memi on
(using_calibration informatio ?fto f@ciligzte the SR Frof§§Singf InI

sever A1 NG 56 TRen LY et Se AINTAY M aBP R ANAGT RRYuFE ISP F88 REPLm Pidre
the inf I e,1Se ' ' - are
R M R R L R
Cor r espERURNGR: BFBEY chBRnARAJERDABoM Gt Eh& ms@lasmﬁa,v@ioeﬁl@uw iHe Phet
scene being i maged for the purpose of parallax detection. The gﬁ processi ng
al so Wusidrzesothe siheihedeRendegt aath stene- depwnaenicaypr hoonalindd t dre
geonetric correction information. Pilot fusion processes and SR processes

i n acdbotemewiaalyh nenmetizednard ogeamnetricallgnrewatesee HRscdmages, f ggametric

bel ow. PILOT FUSI ON PROCE?S S [0015%1.A pil ot fusion process én.accord nce
wi th &RTE&HI8A; HEATMRHoR RElYHDE AN AFLILon MIR AN A0 rY @eIEadafiod merdekss
500 includes placing (502) the LR i mage sanples fromeach i nput LR i nage on
a fusion grid in accordance with geonetric correction information (i.e.
scene i ndependent geonetric calibratigg data and scene dependent parall ax
information formng the total, pixel."“shift) associated with the input LR
images. Qutlier imge sanples are then identified (504) and renoved.
Processes for identifying outliers in accordance with enbodi nents of the
invention are discussed bel ow and typically involve identifying pixels that
possess very low |l evels of correspondence with nei ghboring pixels. Once



i ncorporating various techniques for placing LR i mage sanples on a fusion
grid, identifying and discarding outliers, and interpolating the remaining
LR i mage wearrpizs2ame di scussed bel ow. [00160] I n nany erbodiScwenios492t he
pil ot fusion process is perfornmed using input LR inmage data for a channel .,
the related geonetric correction information, and inmaging prior information
(where available). The imaging prior information typically includes data
concerning the estimted sensor noise statistics of the imgers that
captured the LR i mages. However, any of a variety of inmaging prior

i nf or ngt.i il 1_7e i ng: i i A dLff I tion
grid ??%E?%%ﬁﬁ%ﬂﬁﬁ$ﬁ§?‘?ﬁ%@ﬁg#%aﬂ?”?gﬁﬁgﬁﬁgﬁlo %{ﬁgv?ﬁgﬂ%ILE%?%%Eéggggyused
i n theyphbPbelositRB HR RRESS estithiabd fdraRe st ehiH@de YOtIRS GEE EM RN &Hr d.

As is discussed further below, the input LR inmages used in the pilot fusion
can behémbgeaisddtia coosgematinet@proécanvea tsiesfgheate Simedges! fior vaa ytlearbddinmed s,
however, the pilot fusion for one channel. can utilize inmage data from both
t he cladniel synthewré a tutldcelnotIermadannelothehambpdovedtss teg tafapredessnata on

t hat can be use? in.fusion. For exanple, the gilot fgi% of image data

from dndpeenannel\ateli i@l QramRon PERGSS dpr Caie eI N33R 4T B#bot h
the speehfle vhsibhG ghannel and liomia, nog- yisbbl & chADnel e (8 dmage -
infrare ? or froma channel 7 that combi nes™ the Wavel engt hs™ of "the speCific

vi si blgyphaprelitygd v@vg&seaﬂtegﬁrﬁarte%n@mﬂ%ﬁ ﬁJrQ&@edgonéﬂaqmégﬁtfo FHifhe the

wavel ength spectrum [00161] Pl acenent of i mage sanpl es a fusion grid
in aC(‘e@[idﬂﬁ@[&]%Hg R igpoGIfeTeRdticaf ahdi@niaaplibh @d the elolutishlodtee iteratdrs 6.
In the illustrated enbodi ment, the pilot fusion fuses three LR i mages 604

i nt rapcheersel |(isegeral esnimgdittemts, el @rdatssesnh yackoohanchevithusetbatvaentd of and
the first step in the pilot fusion §rocessﬁ£o pl ace the LR i mage sanpl es
606 orih® INveatiPOSAtEMRL toFyatTesizs e $hemgaelstmast dkelydenieldithesapivrad it i on

provided at its input. The LR i e sanples 606 from each of the.fir
Secondedid WHFR of 1R WAkGERaaNg THOF BA0GE B '3 REPIAS] G 10 FanE 125 TIR
circl . i I . I I i )

b amy pop ) 000 B3ne 0 SR Rind FIRERIHRIoR s FAEALED iRt R 2080,
LR i magesharRtérmans! @rheenagtes ihhfe avsdydangsiad WO _ _

2012/ 082904PCT/ US2011/ 064921 602. The result of the placenent is typically
an irfeglidr phadexRBR robdtleesieaeusbnpirdsrroatidieviiarei availgbled c60& rniige

pl acenent outcone is tyﬁically a function of the difference between the

preci $herchefagthesennbithe dmagerectln anamneorieginentsariie tMaPre gnedulenhast t he

f usi on grid. In nan%dfnbodinents, the. two rePqutions re different, .and
sanpl é§CheR/ BbefPRNaRL Wnagipg Aransjerarr i HeshiGiog el earhémadsna"d A N9&t8een

grid nodesrs)! MpSener-al em%%EPn‘%“err{t%”gﬁe MAPSEE 835du1g! HRQLPLACESS ) S gd Lo
pl ace sanp[gs oOnto e “FUSIoN grid positions. #ﬁe pIFO% dsion Pat%8s in
an unifiRd dRARGEs Wi rﬂJSE@Q@%ﬁ‘inEQhEhgﬁﬁa&)ﬁﬁ?@in REQHIEh B§orTRITAE 3 A ﬂg% of

| i sts of neighbors of a particular grid node poSition, which are usgd o]
faci | iprafrecdrh@epdéfaied Usi arbdal &f &% SmelbuRAC Mfgirhatiposibouonherndtite dfugieon
grid 602 there exist the extrene possibilities of having no sanples there
(i .e. cameraptysegr fad cppiune )theorR ofmadgasiingamukhapied, sadphés naaticn gbowt pu nt .
Al t hough three LR i mages are shown in FIG 6, pilot fusion processes in
accor dAREers f he elbhranaiedn kot Hie iimagRtS onar arensestpef f brtheghafadheeadect

0, LY RS, TROER, SIS L SR 08, UCLLSER AN e .
furt h%rndbwd‘%%ii[ge?ﬁgz]op\épgﬁ?ﬁ rﬂﬂol‘rﬁa‘tigﬁq& %@m?(%r??’%aqgﬁnﬁ)rrﬁwawoﬁ?%GCRrgsotHehe

fusion gri e prlot fusion perfornms a ering process to renove
out | i &hatRMBLRS udBd tonéptoRd akPaUpILRESmahe £amha Okl bPP Y tdrABodinie it N¥he
enbodi nent’s,” the filtering process is inplenented using a locally adaptive
i nt er polagtrigpripr aoelsises o btwmbwectivoyut 7§ ewvdiich wlanche cdtaibed daf medtliag omage
sanpl es that do not belong at their transferred positions for various

r easongeddifinidineglehbasaraitbtisnesd fatand; LR ichhdrh. Ths slutdfusaiidh @S disalssed
interpolate a sanple at a grid position using the neighboring avail abl e
sanpl derth&héefmvw,ovhénespomderey thetldt petretre, ahd condexesutigetolof candel for a
positions. For exanple, the pilot fusion may interpolate only at m ssing
fusion grid positions (i.e., where no sanples exist). [00163] Qutlier
removal , is typically the first operag%on in each | ocal neighborhood on the
fusion grid 602, since it is undesirable to use outlier values in the
processi ng of other sanples in the |ocal neighborhood. In a nunber of
enbodi ments, outlier renoval. W 2012/ 082904PCT/ US2011/ 064921 i s perforned
using a filtering operation that determ nes whether an LR image sanple is
an outlier using all neighboring LR i mage sanples within a predeterm ned

o, o .



[00164] In a nunber of enbodi ments, outliers are identified by constructing
a neasure based upon bilateral filler weights calculated using the tested
LR i mage wanpi2s2ged its |ist of neighbors on the HR gri @CTRiSc@ti@s@R1filters
are typically used to perform edge-preserving snoothing by filtering inmages
based upon both range and donmain (i.e., spatial. distance and photonetric
difference). Atypical. bilateral filler extends the concept of Gaussian
snoot hing by also weighting the filler coefficients based upon the
corresponding relative pixel. intensities. Pixels that are very different

phOt O'E'éllrlérﬁalrw rloﬁé’é“sn%lﬁt%‘é’l? n2hiso Pl gb ermlﬁeWs% §H¥ of = lﬁ%’%rtJ?QH&h they

be I n close proxi he centra pi xel fe ST ustrated
errbodlkrﬁ%wn m%d@%aﬁﬂlrﬁa@h tBs €SS tBAGRa@fnoidt i IHEBGR JSRIAPASE aWl ddHitives
nei ghbors i s obtai ned utrlrzrng the bilateral filler weights that are
conputsgghdbameepament tnbesd, Rhilade seotpliesanan ibesmiode gabas b ggresldpesident t he
HR grid. The weights are sutmmed and the sum normalized by the nunber of
nei ghbesenghose vansecesarpoesl ed (bU%ﬁ@(ﬂ’@d:ScSOa draﬂrtbeltlpnchseamwenel‘ ot measured

simlarity betmee the L oint.and its ner

det er rﬁsnat fupRtipy q h%ﬁnﬂlaﬁe/ lm g'ae tﬁ Lw'?%vgélaeaﬁﬁﬁeta §n ﬁ%r%r—t efi thee
l aCkl nlg c%ns[ %B%re]c aryanntg com nents [VI\_/ﬁelt Sefl'eCr rrr(tadonse% S X d b\ﬂt er
grid) ? e normalt Ze sum%(tet Werg 0bellowat res cF erethe

| magi %rs%lér%faésﬂﬁ%dot%fl?atv%%e%nltro?nﬁéﬂs%téﬂ l?)‘? rQ&lbé&tlylmde' ) th_e bi | at er al
filter weights described above utilize a range kefnel. that is a function

(e. g. [01538]al kdthalilugtratbdt drabsdianshar ehél@roas iCHandkl treceding resdulevsds at
the position and the spatial. kernel. is typically a predeterm ned Gaussi an
t hat dstayaeniHfhindagasatocahe IBlue hed Reskeoader ohamrmlemrsmtg e fIRdineehechiamagi ng
prior, Eredeternlned val ues can be utilized t

2012/ Gsdomipcrnes2ieti1ppdhe MAHPRrmoddle ARS. bllbﬁ eptput off the Cresgisthannel

Al t hoygh hes f dent i f t| ba | at ed
b1 | at SiaioT FiadS (EPORIRRAT et dR iRl mbbOthd hlor FaRe R LB s pleee ©
usi ng R MAkls ew &Relee?#tgdo%%%té hﬁtte bRt Lian el ngsrﬁ&%ln?@neg%unﬁ)\{g a

| ow degree of correspondence w't h nei ghbori ng I mage” sa

accor ¢apRRe MHRNneseedd im0t 5yqﬁetm,@PlsrR/errttdtrl@ |BQQ&I§y5]ErT%@mEh@; QHé Ickess are
identified, the next step in the pilot fusion process involves |locally, and
adaptKMehyermmesmngLMMeeaaddebhECmﬁmmhesfmhnmmﬁuneu@ﬂbdmhdndrmﬁhaa&m grid
position to determ ne the value of an inmage sanple at that position. For

t hi s peccesy-IRackanmelt thad@reetiiged to eohpnee theegeneratian deoRigvdI¢s by drsy
exanpl e the process d rib Trevor J. Hastie, et al.. The elenents of
statistﬂﬁ%“age%?hr ﬂ&t @ﬂhr g, inference, and prediction, (2nd ed.
2003)) obtar s a.val,ue.at si.tion the fusi on r|d by
2008 Yo UL bR A R Bl B2 o R STa S i OER LS L bR, e
grid I%Sértﬂ.r%nlrRer%gtehe@rerc%.véamlrge.@a t‘bhﬁ‘orftr'ohg%ql SRR R atlagordeetrradtog“ d
position. In a nunber of enbodinents the fitted surface i's obtained by

usi ng btoskel ghtadHRe@sdges etar &% tembireaue Wiger ithe SRy ipvedeseederresadlaeeto
parameterization to the avai l abl e i mage sanples in the | ocal w ndow (i.e

| i st olubaeisghbeitedopbdiene isahpl BB) inége hthegsilbseiosoft powe!l [Dertiang tém e
process, the degree of interpolation (or snoothing). can be controlled by

t he e@@t%weadéqagﬁaron thg qwrsléatram @& PEETI¥AA 108 P eAt MeSEI Mo NBsYal i ogalusHa

hi aher ket 5 T0F TGRBtE i G per S i sneb TaliavE P bbbz
| nCer RELALRP LRO% HATRL S CAC RIMLBASA! EAB: LG oY g&%tgrmalet ne

initi y 1rregula placed i mage sanples into |nterpol regul ar

sanpl eppltatidd of GRIPBcEEId BORILEERNS: piRbl PeXiIGEh S PESH Hr@.mggeerrpat@truaﬁhe
processes are described above, alternatrve i nterpol ati on processes can be
utili zath embadooemtarnd éhavrtvientobade desatissaf furtteribelent i on. Al ternati vel y,
the interpolation process is only utilized to determ ne pixel. values in
enpty grid positions and is not used to interpolate pixel. values at grid
positions in which pixels have already been placed. WO

2012/ 082904PCT/ US2011/ 064921 [00166] In the process of filtering local LR
i mage sanples for interpolating a value at each fusion grid position, LR

i mage sanples are placed on the grid based upon a determnation that some
information carried by these LR i nage §anples is useful. However, nmany of
the LR i nage sanples nmay be very closg to the "outlier" threshol d.
Accordingly, many SR processes in accordance with enbodi nents of the

i nvention weigh the contribution of LR inage sanples placed on the grid in
any local interpolation that uses them The weighting function, which
assrgns a scalar merght val ue to each LR sanple transferred onto the fusion

M ~ e~ o o 2 1.



a reference imager, other inmagers in the array, or virtual. points of view
not coi nci dent WO 2012/ 082904PCT/ US2011/ 064921 with any of the imagers in
an i magerwanoeyos2®im | arly, by using | owresol uti on pai PCRUSR0ICAMIZA
occlusion maps (e.g., generated by a parallax detection nodule), a high
resol uti on occlusion map can be generated fromthe point of view of the
canera chosen as reference or any other canera in the array. Uses of the
obt ai ned HR depth map can include but are not limted to depth netering in
the scene, creating an SR image with particular characteristics in terns of

what !GW-ETQWéﬂhéQ%ﬁprMBﬂ?é]ggwéEﬁNi s outof-focus, and/or enabling a

dynam c re-focusing o e rendere I mage, even after the imge data has

been ¢pgtsriedThest bestdmIfidepERBesiehabmet®d didieRfrPUe§eRkiBHs ARRE eaRNrs are
gi ven bel ow. [00169] An HR depth map can be determ ned using the point of

vi ew (@ecdMntet] far rrefrer eslderationgdseindludenbat bee npolintitedofo, ¢b ewllet nbardér to
determne a HR depth map of the scene observed fromthe POV of the

r ef er ehterttentelfar exampbs the hbhselete geemietic idistpeidrophedantere ¢heseears dfe
fusing Fctual. pi xel . %gLues, the parallax information corre pondgn to al

t he aval9rabte ‘ﬁ@%ﬁa% RGN CARE T FOEtF IS g distTdiess ofelabng r then splisegnce ar e
fused c%nt 3 tahe 8Omrgpthl_c|aRoﬂ1e rt har%(lajtsaisolrr% 'éi aglr'raAI e i\% lc%ﬁllz)r%t%tn gaanCho r%gf- tion
on the ﬁﬁaaeﬁyk usron gri ere a pixel. Aould g ana Fars the“dh er -I'mager
basel icaphurkh! 8R! Mihalbe SO CarbRrirgBaeEnd | using BEerteR ihiBSATdchhahesARir ed

t he pix | ocated at the pixel. sition), and the reference LR 1 mager.

p
Wt h tddrsectiohan fgkriztion iar@chammzahém&]er@rﬁéihn@@émbmm@midg@wﬂo@wme
parallax to determ ne an HR depth map of the scene visible fromthe POV of
t he r ebereshed LRameages fhimartnrobs stionk the paid Exutteftt efims chynbusatrogp ohehe
f or mul a: baselinegn]% focal Length[n] depth[m - disparity[m [00170] The
di spargeeynatrict kallaKsied effat ifen fs PatalePrattionel [Feeng-erdepgndentascarapaianax,
and the, focal Length is the fcal. length for. the | ens of a ,the originating
IR i migereron " eR ReweruoRaF oshbanetrasany, asays eperdent CarrEkldH
information) for a pixel position can also be referred to as the total shift experienced by
the pixel at that pixel position. In reality, the corrected images will also include some
positional noise associated with imprecision in the geometric correction information.
The reference system of coordinates for geometric correction operations can be that of
an arbitrarily or purposefully-picked image from the LR image set in a channel.
Alternatively, all LR input images can be spatially registered using geometric
corrections across the multiple input spectral channels. Yet another possibility is to
geometrically correct the images spatially with respect to a camera position, which is
not in the set of captured images (i.e. a “virtual camera” position). Indeed, any
coordinate system appropriate to a specific application can be utilized in accordance
with an embodiment of the invention.
[00158] Depending on the severity of the maximum parallax allowed for a specific
imager before scene-dependent geometric correction [i.e., parallax correction) is
required to remove parallax distortions, inter-camera parallax detection may or may

not be necessary prior to the SR processing. Indeed, an SR process in accordance with

embodiments of the invention can mitigate parallax to some degree without specifically
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i mager from which the pixel. originated), and the baseline is the

i nter-imager baseline. Further, since the parallax is referred to in this
di scl osurwe 20re/a8ed0ts of HR pi xels, the further definiti @TafS2ethecdesparity
(or parallax) in pixel. units is given by: disparity[n] disparity[pixels]=
[00171] As discussed above, there are positions on the HR depth map grid
that will remain enpty follow ng the fusion (fewer in this case since, as
conpared to the pilot fusion process in one channel. described above, we
are fusing together onto the HR depth fusion grid the parallax information

of al lcomﬁ%%lsgtihég?} @'faFalH?z ARG P orh?S gjf?\gsﬁﬁmqu gfﬁg&gﬁﬁ in 1b&, dspLh gl ues

at all or a su grird positions positions) may be
I nt er REhRSRFhersd BOtHeNRVEHRRD WRe HERHBrdTBR- d e XiHPRI0dafe isfret ot atpaPillax

t echni ques can be used, as known in the art. Additionally, when conputing

t he Hidetsqiiom pregzessicapl ee peniirraidnts dettt ke inepasecigswatpihdgaim e tidR Ldept h
map i s validated agai nst the geonetrical, characteristics of the imager

(e. g. camdrpbtieitlel adept afteuaecamtingriont se¢nayinsiependentherdrdeintst careselian in a
conflict. mﬁtr other_Fiers Whe? geonetrig transfornafions or corrections
are appFingdatiBrating ipfarangtion) se fadtaim e Rmsopetiag sy varal emeafinRtas ed

to gengs ta(?’a ab%eggcqltorﬁ rmo%u\[\(@%rtﬁi.zggeatorbl}naitirr}weedtﬁgliH%?’m%rt%nagl%ouu%l t'l“edg (—;L-nhe
val ues, nore” econom cal™.”"but™ sTnt l7ar’ process can be used to only

det er mh fig) & defl gEbﬁh%tﬂTchg%fchoH@@hét”arteht% §&§@?ﬁor%‘dcﬂn6ﬁg tRE LYSRHad &Y to
dynam ¢ flocus pdrposes. For this purpose, only the paralfax and th

basel i"dgsarnithiymebtadlishss Bpgdcorsesdonidante bhedrg that LRSIn{dekl feetthy @affe
relative depth) can be used to determne the relative HR depth map of

poi nt Lbisarveldeolyeane theeswedeheinhenegéd fentte parmmsa.of[[G0all3} detestiabsolhe e or
relative HR depth nmap determ ned as descri bed above, can be used for
dynanmi<® PRegssipardbes BYlizas Werrsepeiintenendent apd sceve-dependratnastiess chie For

le, t f. th t [ ' th t :
mboddeamals  G657212) OBKITABET) USEOTL) BIRSS FHBERE0 BB T GRORFSER Fhcus
only BRI ERLAh ARBLRLATE: (AL IS eRliofLPYEIPUSR 1R 1 oL her

words, a's ower dept field 1s require he processi ng descri bed
above, this can be easily done by either automatic selection, or by acting

to SRArotessIoNPrREeDESsESNI Y the depth range selected. I n many

enbodi nents, the user is presented with an image of the scene (at possibly
| ower [0@%5R]ut Aqnlot ihgipe prhed¢sssiel @ctoir dan aawitbeamachdodimenthofsthsayyemtnon is
interactive selection of a plane of focus and a range of focus when

gener atusigated ISRIG fagEhe arrases 58P fnslkees PlasingaldP2kifsddR reage sarmipleslram HR
depth map is st&nated and cgn.be saved to st rage b theHProcessin in
conj ufeEN oAt HR¢ 1RGSR g dUS8PT ARE T Bh 2cCAWREEi a8 OSATTSIAS yEHEF 4Vt us

sel ect | - d - LOR, ' I fd t ' S
nave. (UERmEEp F e pin indARheR: bEBRendt calflafth WEls onf <rRhe 1 PehBRe e
and t ha rslitsPaiiétrhaort FreRiRBtheNoaMpie shift)usRdciafed MAthSReNhPGEERIiRthges.
descri bed bel ow) can be equi val ent quantities as shown by the above
equat iQaner anslgd Barsipleanyreoppenad étitie ddEOE) &b dembvede Pasrmisas ¢@anidentifying
equi valently be performed in the equival ent domain. Thus, the constrained
HR depuhligngpindesearidbece abvemdzdimests bé tbetiaverdrasra dguseedidielos arte SR
processan desc[ibed bFlOM/( ere forward warpi ng operations are _
descr itb%‘aﬁ ly involve identifying pixels that possess very low [evels of correspondence with
neighboring pixels. Once outliers are removed from the fusion grid, the remaining
image samples can be interpolated (506) to determine values at all fusion grid positions.
In many embodiments, the pilot fusion generates a regularly sampled, initial estimate
of the higher resolution image sought for by the SR processing, onto the fusion grid.
This estimate represents the input to the next SR Processing module 406, which

performs the super-resolution restoration processing. Specific pilot fusion processes
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[00175] Simlarly, the use of the absolute or relative HR depth map can be
extended to benefit the efficient conputation of the HR image. Thus, if
only a | iwDtet/depth of focus is required, the SR proce®srng2@ancd21
concentrate only on the estimation of the pixels that are representative of
points in the scene that fall within the desired depth of focus, since they
are the ones that will have to be rendered in focus and with maxi mal .
resolution. The rest of the pixels in the HR inage may be left in the state
attained at the point before the Dynam ¢ Focus nodul e, or can even be

bl urr - hej ut-of - f oeus..»  ap C 76] .The HR
DLt SHec oA 96 BLL SBLALBELE ARU0l ORUSnaadRbiapancs, 1 GRLER olle
Thus, idé‘rﬁtf?iﬂg SMd BREsRNRY BAtlidre, AHd |int_@h£c51_fatiiﬁ?’%é"ﬂ_e@]%irQF?@CUR PREgEBONR IS a
first step, the HR depth infornmation is first estimted by the procedure
descr idpedistneved b¥BW2012/ 082904PCT/ US2011/ 064921 Then, this HR depth
information is input to the Pilot Fusion nodule. The HR depth information

i s usdB0k&h trhenanywirebodipenas.ithg niled fusioerpokess rgp&dermeed usegyinput A&

structured kernel. filter) in | ocal nej ghborhood, .s | es now al so.carry
with t”ﬁ‘é‘ﬁ?e‘gt? £ @gchaRnglpte feﬁf‘tﬂdna%qraﬁtrgq ﬁogﬁet'@m@%ﬁpnt AN Imaging
information.is used for generating:the interpolated pixel. wvalue.a he
cur r ent 19 aBfar Tty (ke EAaB el e fmol S B f i RrBatifa gl B e ity Ik

val uesicd chherRintelite LB 85Rbr WoldoNaRe LhethaAimd (< Rh kel apiRidhe |

interpolated, their confidence values, and their distance fromthe current
posi t iLAinked ety HdWweIepod@t &ch vdrdsty @X anpgieg privrasllrbsiton cernesuteistddrtrad f or
the point of view of the reference imager (where the current HR estimte is
soughtthe psatfissen.ak diffarent sgmntsteon gnd (typpiatiyl highemod andietiqoi)X¥edrs thet ohtfieng t o
the for egtr ound object (which caused the occlusion) and the backgr ound

obj ectipRYt LiRdmagies iedsed inhibeckitatelsisiondpingesacehidircaie perrerepee dn asethesed
to elim.nate. pi xel s bel ongi to the foreground.object from.the. :

ot or CORARISI. APEnBRy R Sen e Wi bCHRR AT REEE st 3T i Bietfusinon
zone heh - - backglpu j ki ani cs
of th(é\ggcﬁlﬂﬁs?%é(n?%@@nggkﬁ?%r%%%Hgllel ty |ﬁgepg8f%ty?egrhb§%n ég'ggor or E’ed.
The sape pRbEARMH B rcdHt farel eadedilibe iPhhedasL /oAt both fhercHamdeiRsélgsdrn
process. SR PROCESSI NG [ 00177] The MAP SR nodul e 406 uses a statistical.
est I mahiotheraphpdad htHatd glelelesi egra hafsupsion dsatl vad bemaged hofust@ch bart put

spectral. channel.. An SR process in accordance with an enbodi ment of the

i nventexample, thel pdet ftseen iof iFlage dataTiempeosrsssfiz oGkt channel 108) Gscan s
inputs the pilot fused i e, the photonetrically nornmgljzed LR i mage data
f or ea%ﬂU‘ﬁﬁﬂma%péeﬁ gwqrggﬁ%ihnme. s S%‘&iﬁe‘f'?ibée <SAPBEL POA (TAMbEATRENOAS Dl an
i magi n rior. (f. available. The pilat, fused i na is. . selected. (70 s an
o1 2Pt s R Foms Sufind et E e ERaRe iR BRI SR L NerY

opt | ”@ﬁsibl’é"%HaHﬁQ?wﬁﬁWa%l&@tl% Mo h@ﬁ—xﬁié?l@l‘étpdfﬁph%gﬁ% \ﬁé&glé’ﬁ@(ﬂ ctridgn.

i mager array and a forward’imaging transformation (built based on an inmage
degr adaoi & nbrekment!df BRNmERS saimptedemi Befiston ghid PRape@tiasse Ulith igtes a
proprietary formof a maxinum a posteriori WO 2012/ 082904PCT/ US2011/ 064921
( MAP) eohl astitriend ot thie Bweohor oF Hulsiitated jn WHi.dh linsthehBnswptddnérmbddwiert, thespect
to the SRimge to be estimated for at |east one output spectral. channel..
I n mafjlob e an feaes thiasel Bumages aD4cintiase hamnaldr-Aulusin b theiimepe lgta only

specific forward,i i transformation (reflective of an inmage degr tion
rodol o iae ed PREaeP abt R R eSS R B e S 2o s PR e 10 tmger
durin i of i cqk era odi ol tterion
used ?Wtagﬁgg%%ﬁ)?gn% Q%Jtéi é)r??t?n%:hllguég%gﬁvxghﬂa!%ﬁyt g?‘hﬁ; ﬁg?qgétdﬁﬁtrggll i ?O?r‘rgm&?aotsnur e
of thenRsiaf@h&rodiaddadt itdtdptchanealr Pﬁhbgé shBf ks \WOb GRoANBRFEST the first,

i ntrachannel . constraints on the estimated SR i mage solution. In many
enbodiseeond,, artchehiebt Rmeddges pracdeatedon thalfusieohpnhéel? aesirichet, itoangleecess
and a third inter-channel._prior termis used in the optimzation

cri t erindrequanee fesilestivelyc dhetfirat hRsimage he. riotaame drishitpkemaadhe nefesmsamge

solutions for the. i pl e out put annels. The thjrd termis obviously not
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al so not required where dealing with nultiple channels as other processes
can be used pre- or post-SR processing to constrain and/or register the SR
i mage solutions with respect to each gﬁher. In several. enbodi ments, terns
associated wth any of a nunber of criteria appropriate to the application
can be used in fornulation of an appropriate objective function for use in
the estimation of optimal. SR inmages.



DEGRADATI ON MODELS [00178] In a nunber of enbodinents, one of the captured
LR images in the color channel. that is the subject of the SR processing is
t aken as wbeorxeqence i mage, and all geonetrical. trangComusatiton®2of the
other LR images are taken with respect to this reference inmage (i.e., any
geonetric correction information provided at the input of the SR
processi ng, which may include scene-independent geonetric correction and
paral l ax information). In which case, an estimted high resolution i mage xc
generated by an SR process in accordance with an enbodi ment of the
nvenidoon FRENEIARLSr e VA0 B83A0ARETAMIAALHNCHRR A RO TER I ON

i mage that e reference’l nager wou see, were It a high resol ution tamnera
(at thansAER ohapel fubiofNy s sbhe HES ilREnERtBtBshel 8 IPhibA PR LR &ior &f BRI NY
sought in a particular channel. c¢). In other enbodi nents, the estimate xc

i s froifféfeacpebspeehi thee pireasioinr bighe geommeic Asrieatied @bavestidrhanitthe
process used to estimate xc invol ves applying forward inmagi ng _

t r ansfresetatioord the fusienegtd. nit @@nHRmmcgmetn@s.dstetm repatiimsisare differerdges

that can be conpared to the observed LR i es. The forward i magin .
tr answgnﬁme% f_(naésg%% Bl%ﬁegp%%'tr%lw g‘_a%ﬁﬁ%ﬁnc%%r mrluding i'%d)eﬁ\?fe?ﬁeg“é
estimla.xC can, L nelude, |r%ten?g,% ROkt F%‘Eotrg)rsé:ees%‘%sdes% ’1%3’15%@%0%%1&' ¢
di spl acenent's Fl.e. parall ax),’ scene’In ébend Nt geonmetric distorti ons,

| ens apd, $REFALiOR id RRARRS. degE lajti RG0n2Bk 38 TREh0MNifAARNLAAL! QRtHf

forward 1maging tr ormations to a high resolution i1 nmage estimte xc are
di scuseegediab aMesd E4:bE9thrBnghthé Meetat@nt Wi Gdtdoyf ndigigdrsibfianparhiaorelgridc can

be denoted as y pc . In many enbodi ments, the forward inmagi ng
t r ans frodegtosdroni, mhothvase agpl i flagilisatii thstpilobfudion ppereand Aepciparial dosxtidaro
xc. Wparal | ax represents a geonetric transformation describing pc , -th the

par al loaxthgi fei opf 9t th €03 therggexishitteopdrems Rasadiliiessolubing No wonplapdietsn t he

(i.e. an empty grid point), or of having multiple samples at a grid point. Although three
LR images are shown in FIG. 6, pilot fusion processes in accordance with embodiments
of the invention can be performed with respect to two or more LR images. Techniques
for removing outliers and interpolating the image samples placed on a fusion grid are
discussed further below.

[00162] When the LR image samples 606 are placed onto the fusion grid 602, the pilot
fusion performs a filtering process to remove outlier samples and interpolate values at
each grid position. In many embodiments, the filtering process is implemented using a
locally adaptive interpolation process to: remove “outliers”, which can be defined as
Image samples that do not belong at their transferred positions for various reasons
including those outlined above; fill-in missing samples; and interpolate a sample at a
grid position using the neighboring available samples. The pilot fusion may interpolate
all or a subset of grid positions. For example, the pilot fusion may interpolate only at
missing fusion grid positions [i.e., where no samples exist).

[00163] Outlier removal is typically the first operation in each local neighborhood on
the fusion grid 602, since 1t is undesirable to use outlier values in the processing of

other samples in the local neighborhood. In a number of embodiments, outlier removal
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estimated high resolution inmage xc of the scene as viewed by the reference
I mger. In several. enbodinents, a second nmatrix operand Wpc,dis is also
appl i ed, wbi2etr/de®ari bes t he scene i ndependent geonetri eCrarspoifios49ench LR
imager (if the LR inmagers have not been corrected for scene independent

di fferences, see discussion above). Furthernore, a |l ens blur operator

Hpc,/", can al so be applied, which produces the optical. imge for LR
i mager p. The inmage degradation can be further nodel ed using the operator H
pc ,""or that describes the extent to which the sensor blurs the inage

o e BRRSRRRAT Bl PR ReEIRE L BBLRBSIFLRi e Bl
[0018Qf WifliRpUlsih@%sl AbigaBBARE! iR YmadRdsdrRplesi WRhinChtpre@btedRfifEd Riih@6w, Many
including stacks of samples, if contained in that window. In several embodiments, lists
of neighboring samples are created within a certain Euclidean radius distance from the
LR sample being tested for outlier status to accommodate the fact that the filtering

operation takes place on the irregularly transferred LR samples.

[00164] In a number of embodiments, outliers are identified by constructing a
measure based upon bilateral filter weights calculated using the tested LR image
sample and its list of neighbors on the HR grid. Bilateral filters are typically used to
perform edge-preserving smoothing by filtering images based upon both range and
domain [i.e., spatial distance and photometric difference). A typical bilateral filter
extends the concept of Gaussian smoothing by also weighting the filter coefficients
based upon the corresponding relative pixel intensities. Pixels that are very different
photometrically from the central pixel are weighted less even though they may be in
close proximity to the central pixel. In the illustrated embodiment, a measure of the
consistency of an LR image sample with its neighbors is obtained utilizing the bilateral
filter weights that are computed based upon the LR image sample and its neighboring
samples on the HR grid. The weights are summed and the sum normalized by the
number of neighboring LR image samples to produce a value indicative of the similarity
between the LR image sample point and its neighbors. A determination is then made
that the LR image sample is an outlier (i.e. lacking consistency with the local LR
transferred samples on the fusion grid) if the normalized sum of the weights is below a
threshold. Where the imaging prior incorporates a pre-determined noise model, the
bilateral filter weights described above utilize a range kernel that is a function [e.g., a
scaled value] of the standard deviation of the noise estimate at the position and the
spatial kernel is typically a predetermined Gaussian that decays with distance. In the

absence of information from the imaging prior, predetermined values can be utilized to
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enbodi nents of the invention incorporate a forward i maging transformation
I n which WO 2012/ 082904PCT/ US2011/ 064921 t he deci mati on operator Di's

assunmed twohkei1zdsevogane for all inmagers in a channel. c, pamaStérg/obdonr
operators Hpea"s and Hp' ,""" are assuned to be invariant across the inmages
of a given channel.. A nunber of enbodi nents, however, utilize a

spatially-variant lens blur H tens to reflect the manner in which the
i mager optics behave in reality. [00181] The joint spatially invariant
| ens-sensor blur (also referred to as total. blur) operator (1-1c) can be

R v N e i e G i e

IS thus resul egradi ng opera

hi gh- resied rdtH 2R di UpRGE: aX€ulatiidt Bildtbes | 3Rt Qghef arRd SR riBeR-abEWe LR LIb AL ¢
variable, it can be assuned that the noise statistics are drawn fromthe
sane diesidenbfied aBirfgoa vatiety ofagedniquesl that demtgy $ R ibhsgy séinglewotse have a
statistics (i.e., variance) can be nodel ed or neasured as part of the

f or matlpwrdegiee loé cprregbandgrdeowith neighboring LR image samples in accordance with

embodiments of the invention.

[00165] Once the outliers are identified, the next step in the pilot fusion process
involves locally, and adaptively filtering the available samples in the neighborhood of
each grid position to determine the value of an image sample at that position. For this
process, a structured kernel local filtering can be used (see for example the process
described in Trevor J. Hastie, et al. 7he elements of statistical learning, data mining,
inference, and prediction, (2" ed. 2003)), which obtains a value at each position on the
fusion grid 602 by fitting a surface to the available image samples in the neighborhood
of the grid position, and then re-sampling the fitted surface at the desired grid position.
In a number of embodiments the fitted surface is obtained by using a weighted least
squares technique to fit a given-order surface parameterization to the available image
samples in the local window (i.e. list of neighborhood image samples] of the grid
position. During this process, the degree of interpolation (or smoothing] can be
controlled by the estimated signal to noise value estimated at each position on the
fusion grid. Specifically, for low signal to noise at a given position, a higher degree of
smoothing is performed. The above process produces an interpolated image sample at
each grid position, thereby transforming the initially irregularly-placed image samples
into Interpolated, regular samples at all fusion grid positions. Although specific
Interpolation processes are described above, alternative interpolation processes can be
utilized In accordance with embodiments of the invention. Alternatively, the
interpolation process is only utilized to determine pixel values in empty grid positions
and is not used to interpolate pixel values at grid positions in which pixels have already

been placed.
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[ 00183] Al though a specific forward imaging transformation is di scussed
above, alternative forward i magi ng transformati ons can be utilized in
accor danceowntdnsesebodi nents of the invention and the forPcultstéloness21t he SR
objective criterion nodified accordingly. ESTI MATING AN SR | MAGE [ 00184] A
MAP process in accordance with many enbodi nents of the invention can

I nvolve iteratively refining an estinmate of an HR i nage using an objective
function. In several. enbodinents, the iterations utilize a gradient
descent technique as follows, where the current HR image estimate is

cxBr oS804, HEGHSEe2 R o e S O MEAARS S Buse
P,y 08 BOSRAOIR Al S a0 g kb

determination that some information carried by these LR image samples is useful.
However, many of the LR image samples may be very close to the “outlier” threshold.
Accordingly, many SR processes in accordance with embodiments of the invention
weigh the contribution of LR image samples placed on the grid in any local interpolation
that uses them. The weighting function, which assigns a scalar weight value to each LR
sample transferred onto the fusion grid, can be provided to the SR processing by
previous modules that influence the quality of the geometric correction information
including but not limited to the parallax detection module. In a number of
embodiments, the size of the local window used for the pilot fusion, centered at the
current grid position being processed, can be made variable, based on a measure of
local density of available samples. For example, for a grid position whose neighborhood
contains a higher density of available image samples, the local window can be made
smaller to allow for better detail preservation. However, for pilot fusion grid positions,
which have a sparse-sample neighborhood, the local window size can be extended to
process sufficient samples for a reliable interpolation. The order of the model used in
the structured kernel filtering can vary depending on the size of the local window and
the number of samples in the window.

[00167] In a preferred embodiment, the pilot fusion generates a regularly sampled,
initial estimate of the higher resolution image sought for by the SR processing, onto the

fusion grid 602. This estimate represents an input to the next SR processing stage,

which performs the super-resolution restoration processing.

DYNAMIC FOCUS PROCESSING
[00168] As illustrated in FIG. 4, a dynamic focus module can be used to generate high
resolution estimates of the depth of points in the imaged scene from the point of view of

a reference imager, other imagers in the array, or virtual points of view not coincident
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[ 00185] For sinplicity, the vector xc(n) can be denoted as xc during a
specific iteration. The gradi ent descent described above is a process that
can be pewbanrad299y t he SR processi ng nodul e of an arr apCrArsee1a/064921
accordance with enbodi nents of the invention to obtain an optimal. SR inage
estimate(s). In various enbodi nents, other optimzation techniques can al so
be used to obtain SR inage estimate(s). A process for using gradient
descent to obtain optimal. SR inmage estinmates in accordance with an

enbodi mrent of the invention is illustrated in FIG 8. The process 800

oi 1ot 7 0o¢ kS LPSEARLE BOR uhdBer 473h, NS B nf P =g MRled 0.

and a BakrasbidBsBNORIAsNedg( 8B9heratlie b 9CESTLERNdSIkNIBR MoBURTE aURIdH - @
predetermned optimality criterion is satisfied (808) or for a finite
nunbermresblutivroatiusith MaPQbddie yresratdiefrprotessoint ofuséwalf elde camkel&Sch8sars
applied with respect to the objective function referred to in Eq. (1), the
gr adi estretephcaas aniether gameram thexarcay: Vrgxotthe giitamedriaR deptmirap san XC

A2 (2) ere ",".. ¢ - sjignifi a _channel . different than : :
( )InCl\l,J\,ge but are not (Elmltescl 90 Ide;lz)t Smeterlng in the slcene, creating an Sﬁ%’ Image with

particular characteristics in terms of what image content is in-focus and which is out-
of-focus, and/or enabling a dynamic re-focusing of the rendered SR image, even after
the image data has been captured by the imager. The details of these processing
approaches are given below.

[00169] An HR depth map can be determined using the point of view (POV] of a
reference imager or from other points of view. In order to determine a HR depth map of
the scene observed from the POV of the reference camera, a cross-channel fusion is
performed, but instead of fusing actual pixel values, the parallax information
corresponding to all the available pixels from all LR imagers regardless of color
channel, are fused onto the common HR depth fusion grid. Also available at each
position on the HR depth fusion grid where a pixel would land, are the inter-imager
baselines relating the source LR imager (i.e. the LR imager that captured the pixel
located at the pixel position], and the reference LR imager. With this information, one
can use the relationship between depth and parallax to determine an HR depth map of
the scene visible from the POV of the reference camera. This can be done in absolute

terms by using the formula:

baseline[m]* focalLength[m]

depth[m] = disparity[m)

[00170] The disparity in the above equation is alternatively referred to as parallax, and

the focalLength is the focal length for the lens of a the originating LR imager [i.e. the LR
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- signifies that sone of the SR channels will have constraints inposed

using already finalized SR estimates of other channel s,

[ 00187] TWwe 2grzdemat vector in Eg. (2) (having a val ue eomrusg@aiéeiony to
each pixel. in the current HR estinate) may arise fromthe use of different
normtypes (e.g., A 12-, WD 2012/ 082904PCT/ US2011/ 064921 Lorentz), in the

obj ective function. The choice of norns does not |imt the generality of

t he approach. [00188] The matrices/vectors in Eq. (1) have appropriat

sizes once the size of the vector xe is given. Also,

c,
| ndex aGer B SIich AP AL bRBInatOANIRY 1nDBL00RL RCBRS Atk - ARLLANDINGh

channel . 7 respec

c' -

e current

channgdyrtidd, Ehrefthamuraflag @O Feliehddet Bf tHiHQid@ERIRBGHE FRMIBEFAHR pixels, the

as menti oned above.

FO

is a gradient vector of a normof the difference between the current HR

est i nduethandefhition @f tisaibsetatyolor phaheldxhpupixeRunitegesvert bat was used in the
formul ati on of the objective function (i.e., the nlikelihood-term

gradi ent).

geonetric pixelSize[m]

[00171] As discussed above, there are positions on the HR depth map grid that will
remain empty following the fusion (fewer in this case since, as compared to the pilot
fusion process in one channel described above, we are fusing together onto the HR
depth fusion grid the parallax information of all pixels from all LR cameras regardless
of channel]. The depth values at all or a subset of grid positions (e.g., missing depth
positions) may be interpolated using the fused HR depth map. A number of interpolation
techniques can be used, as known in the art. Additionally, when computing the HR depth
map, simple constraints can be imposed such that the HR depth map is validated
against the geometrical characteristics of the imager (e.qg., a filtered depth such as for a
missing pixel, should not result in a conflict with other pixels when geometric
transformations or corrections are applied to the pixel].

[00172] While the processing above can be used to generate a HR depth map where
the obtained values are actual depth values, a more economical but similar process can
be used to only determine a relative HR depth map in the scene, which can be used for
dynamic focus purposes. For this purpose, only the parallax and the baselines
information is needed, such that their ratios (reflective of relative depth) can be used to
determine the relative HR depth map of points in the scene viewed by the reference
camera.

[00173] The absolute or relative HR depth map determined as described above, can
be used for dynamic focus purposes at some point in the rest of the SR processing. For

example, the user of the system in which the current processing is embedded, may
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reference franme of the reference canera (its use will be detailed further
below) Vint ra ( )is a gradient vector of an intra-prior termfornul ation
in the Awobkpeaseae function using a particular norm (IlPozaiskedpe®eght ed by
di agonal . matrix Al, which can be the identity matrix. This referred to as
the intra-prior termgradient. OA n2ter 1:\ u gradient

vector of an inter-prior termformulation in the objective function using a
particular norm (locally-)weighted by diagonal. matrix A2, which can be
the identify matrix. This is referred to as the inter-prior term gradi ent.

Coul Oﬁ% Sh%ﬂﬁﬂae'nde chﬁs%‘lﬂ?ﬂ&u{dﬁr {i}%ﬁtﬁt l%é"gilﬁ% arljeﬁ ré@] It

dent’i matri x--1 trie

\)ABIS %EE'?( rr%]?& ?vc%f@@nab&]a@l%WrrﬂélﬂH srsfidlel |someguitidadyl I plracessfng( Bex&ibed
above, this can be easily done by either automatic selection, or by acting to SR-process
and render only the depth range selected. In many embodiments, the user is presented
with an image of the scene (at possibly lower resolution) where that selection can be
made. In this way, an interactive selection of a plane of focus and a range of focus when
generating an SR image can be performed. In many embodiments, since an HR depth
map is estimated and can be saved to storage by the processing in conjunction with the
HR image estimation, the desired (and varying) focus selection can be done at capture
time, or just as well, after the images have been captured (i.e., post-capture focusing].
[00174] The HR depth map and the HR parallax information (which is used in the SR
processing described below) can be equivalent quantities as shown by the above
equations, and thus, any operations described in one domain can equivalently be
performed in the equivalent domain. Thus, the constrained HR depth map described
above can also be obtained as a byproduct of the SR processing described below (where
forward warping operations are described).

[00175] Similarly, the use of the absolute or relative HR depth map can be extended to
benefit the efficient computation of the HR image. Thus, if only a limited depth of focus
Is required, the SR processing can concentrate only on the estimation of the pixels that
are representative of points in the scene that fall within the desired depth of focus,
since they are the ones that will have to be rendered in focus and with maximal
resolution. The rest of the pixels in the HR image may be left in the state attained at the
point before the Dynamic Focus module, or can even be blurred to further effect their
“out-of-focus™ appearance.

[00176] The HR depth information can also be used for an enhanced method of pilot
fusion. Thus, instead of performing the full pilot fusion as described above as a first

step, the HR depth information is first estimated by the procedure described above.
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f/us a function of a per-pixel. local certainty function 40, and nmay al so
be dependent on the estimated SNR, at each /kJ/position. WO

2012/ 082990RCR/088®@11/ 064921 [00189] Function fi.! is smech/ush@t/ob4e1 | ower

| ocal SNRs estimated at position /k,/J, or for lower |ocal confidence

val ues (received as input by the SR processing) the weight v at that
position /kJ/ is lower such that the first termin Eq. (2) is de-enphasized
with respect to the second term (intra-prior gradient) in the overal

gradi ent conmputation. This neans that in |ow SNR areas nore snoothing is

encourggRd yfat I—rl‘ﬁrdetplfﬂﬁﬂggﬂﬁta;g&fnoiﬁscﬂﬁﬂ‘tto CEE% qi?ﬁ)‘%rli’l?s‘i"#?ﬁé‘dlfliadejrﬁ% IR @%%90]

The last two terns neasure a havi or o e estim I mage

W th 1eepe&tiohOisd uBEH 0fudPdRAt, Whed JJRIrHIIAY - theMRBrpol&end idrflet 61 | the&EQ.
(2), which enforces cross-channel. constraints anong the estimated SR

channetrudtomglekernetdidsed imm kdge neatdbiriecodrkhnoplesniat iatso coanyiwitkentbymanong
t he out put-channel. SR inmages that are estimated. This termcan use, but is
not | iestimeded oiRsdenjh afomoziserchdnnene e@bagmsnt dhidiforinbtiphos used for

formul ation, or a co-directionaljity cgonstraint. I.n ma enhodi nents, the
cr oss-YCREFAENY ther 'ana%rm@atséml vahv%avﬁ@naé@?%a?%man §3ryt@e gﬁ?a s 9pdp Uk e
on a H stimte rea bt,ai ned,,f or. channe/ .e,0., the Red,and ue
channd 8L PR ER Yo PV BRE PEMI< BT P Rical i By sl o i

or i entatd i t&$ a8 HefehritichBe vSHRET 5 f &8 M HIPih &S-biRthe Qfrrd & dSREN

channel ).” Qbviously, there are no cross-channel. constraints where the

caner dedid AteGRNitetes-ar aRRGSIB! MTBcdliBign ARds teeintdibd doit EapoiRt Bflviel2df can
be ignored. In many enbodi nents that involve multiple color channels, the
t hi r d thermefdrenge.im@ger ilghates the gnomreet HR estivate 0§ sanghtlt eamples processh f or
enforcing cross-channel. constraints between the channels. Wen the third

ter m isRAEERr 3 typacallynpebule pinelsi helpRgingdodde ivaegronngrateddehich rausask
first t N i.e., the likeli djent t d the intra-ptj

or ot Aht QB Eion ardne bk ospuBP RERtsR” B caht. T SHCraas el (ahER! o
chor adtalP offttCorPbe ik MR AR AS bet B R YR it Bl SRE! f8the oPo°
i teratihieepyatieh] Whed iAferpstdtimt &1e0¥alal o3R iphRgan Uk N BuLbRFoRB L (WHEGE aNt
approach 1s illustrated in Fl 9. The process 900 is initialized (902)

usi ng kaown\b 201424 08 FMRED G20 bhje@64924 the mechanics of the occlusion). Thus,

a higher-quality interpolation can be performed. The same procedure can be extended

to other scenarios for the HR fusion process.

SR PROCESSING

[00177] The MAP SR module 406 uses a statistical estimation approach to determine
the super-resolved images for each output spectral channel. An SR process in
accordance with an embodiment of the invention is illustrated in FIG. 7. The process
700 obtains (702) as its inputs the pilot fused image, the photometrically normalized LR
Image data for each input spectral channel, geometric correction information, and an
imaging prior if available. The pilot fused image is selected (704) as an initial estimate
in an optimization process that seeks to obtain (706) optimal HR image estimates given
the input LR images captured by the imager array and a forward imaging
transformation (built based on an image degradation modell. In a number of

embodiments, the SR process utilizes a proprietary form of a maximum a posteriori
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HR estimate generated using a pilot fusion process. The process can al so
utilize (904) input information such as a degradation nodel. and/or an

i magi ng pwoan12/08k®4pr ocess then comences iterating (906LT/USROI@A6HY21
iteration, the likelihood gradient termis conputed (908), the intra
channel . prior gradient termis conputed (910), and the inter-channel.

prior gradient termis conputed (912), and then a new estinmate for the HR
image is generated (914) using the gradient terns. The estimate of the HR

i mge can be updated by adding the weighted gradient terns to the previous
HR estyj -The p i S | ter | Idy ned
nurber Mo iRl ReRE, BAMARMES difich JE T opHiRed Wil roelt B FESR

est i MafrRgk Yo HRtdbtMEStedAbE BOLGRE bRE oRERRER ctrial UBAARILEdN iRarfy &nb8dingéisnat es
after a predeterm ned nunber of iterations, alternative termnation

condi tthernbhjeaivebaitatiohi foechuldtiac aotidenaespdcific érbadd metdgsn @ ftranaéorinmstent i on.
The conputation of the gradient terns in accordance wi th enbodi nents of the
i nventlreftective dif ruissagre flagradatiobegnode!) CoMPUAIANG esHIBeLINKELY HEND datkamit FAIT
TERM [ 00192] In order to cal cul ate the Iikelihogd gragient terg1in
accor ®&ALE WHMNNEg§ach 2ymageicupingelthe atansBsngi 8h 3k JHRi FNad&ur rente'siel mage
esti matg, | o 1.&9! Sflof Oneliblelddyiawfien, fiornands s miat s ot hrouah. o f oruey d
i magi ng ranst ormati one o piXel . pos?flons mn nuF%ip et |npd% i mages,
usi Ng RN Readlie B Rl estiPOStel HRASN iKirh, @ el gH@F €errns! RhieH ip?jbotsgg intra-
geonetric correction information, including the scene-independent

corr echbfnel 88mytrahisOon (Bé sGtikefted ISR irhagasodgret i endtgl édaballingeits, end t he
scene-dependent correction information (also referred to as parallax). It

i s posstiblaionhptogess ievae myulpi-genned esitimaimroprodessHRId @i thitdhsnter-channel
scene-i ndependent (calibration) data since there nay not have been any

pi xel Priorofaranh s RUsathderthgl apladizaiepe ciiteritie WhkhoRlacereconstial iy obetifeor
exanpl e, the | 2-, or rentz norm, Forward-sinujation ans here that .a

ur r ore Aenshipr rmpho 168 SRuEuats TRt fighe Brr bRV B AT Shpaneto i T

whi ch i cal by i,ono : ' -t he .aper a dj t he
R R e e S R R L R

War ps .enkthdHi fhenddlds AR6H MRt Auire MQAINRPL 24 QBRYOARGTHUBAPLLLARANAL JHUIRS] A
process for generating a |ikelihood gradient termfor a given col or
channglrocamsssienganhee tiosdvare 6mpgstAGR tpracsfsmgred comstiran naswido desgstenithd Sdn
enbodi mrent of the invention is illustrated in FIG 10. The process 1000

uti | i ze@geiselwtinnsentth HRsRent iteeeeh fodhen: hle ssvarmieambediown)s deomstasspaiptad
information utilized jn the generation of the HR estimate %%gQﬁg ang t hen

i t er at¥¥) ARYr Ok HYBPera Subdler GPPEHREIAtApER PR IRRIGENOP 169B)0¢ risrdeth

i nput (LR | e considered, . the HR estimate is _geonetrically forward ped
(1008 oAU RRER LSt RBRa1s OrER SRk Mhdel, e 2GRN Ehigetia “Febfbi
corregtisgasi nformation) relating the target LR inmager and the reference LR
i mger, and the warped HR estimate is blurred (1010) by the total. blur.
The gradi ents between the warped and blurred HR i mage estimate at the

deci ndlIEGRAPASION MODEE t he corresponding i nput LR i nages are then
conputed and accunul ated (1012). Wight-related information for each of the
gr adi é88%78ls woaputreble 0bEmbodimentmtdrenof shpepporaed R i0agys an thhecolor
conmput ed gradi ent positions and _upsannpling of the resulting gradient data
(1018)C%?§”%le 5%@&.%@0&%%8@86@%@9 é%nkaﬁaa@é the refespn& tive e a@%@éb) by
the transpose of the total. bluyr nd e blurred gradi ent data | .
backwd BRI e enhEs st e eB LRVRNEn PG BB Rl Sl Yo i ence
frame i i ; i - ; :

(ozay el e TR L e e R B e S b R B LR o
the n®R prioee&dihgn WHiOR Einalyelid i d@ dscehReindepeedenti YebmictSc ags@sstict lardr a
subset) of the input LR inmages (1028) and outputs (1030) a final. gradi ent
vect orpard Q&L rmideon) npuivHich oas@tanogstithateidzdgh irasdlogos anayk at i genabtal

| i kel i hood gradient termin accordance with an enbodi ment of the invention
t ypi cdiylan Sicpratess iimfascordancn witle lanasmyedimeenti ef der meeniion repifesents thon

(i ncluding parallax informati on and scene independent geonetric correction

i nformation), occlusion information, and imaging prior information (such as
per-pixel. SNR estimates in the HR frane). Not all of the input information
is necessary for calculating the Iikehghood gradient term If the parallax
information is not available and/or t parallax is small, uncertainty WO
2012/ 082904PCT/ US2011/ 064921 processi ng can conpensate for a | ack of
parallax information. This is also true with respect to small

scene-i ndependent geonetric corrections, which nay not need to be perforned
prior to the SR processing. Incorporation of uncertainty processing into SR
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WARPI NG AND BLURRI NG [ 00195] The geonetric warping and blurring of an HR

i mage estimate in accordance with enbodi nents of the invention can be

per f or redwOnror/asegober of different ways, including war piPag@/tsed lob4seri ng t he
entire HR inmage estimate into the frame of coordinates of all, or a subset,
of LR imagers, followed by per-pixel. gradient conputations with respect to
each input LR image bei ng considered. The warping and blurring of the HR
imge estimate with respect to the frane of coordi nates of an LR i nager

i nvol ves forward-warping the HR i mage estimate using the avail able

geomet,f i I ' ' S er ' i j on)
Por T MT RFAILEE iRRgbahat B8 MR Rnadt"HEBE Lok SRy B I on

and SGaRfrhIERRNEINE raRIBRSM bE thkalbbirad BRYLUtPhOFERLIIH tﬂams%éihg_sought
geonetrical, frame of coordinates of the LR inager. In many enbodi nents,

t he wah pi NEhrpeQ@esshainep! ). | nMobtkes eémsdpainhélts, 3hé féstimatet nensd dkdraniheof a
pi xel . Once the HR i mage esti mate has been warped onto the decimation grid
of a tpargedctiv® of mageual tdreerar pechoHRl hbage ties MARpeoeaB Usedhb wistiathtbyx @
total. blur including both | ens blur and sensor blur. The decimation grid
of a tiavajeds applyimgderwars ianagigh treastdrmatemsdpitte eatithaded Hatage waebteen

D e T theated LT irBabes (& apaioamp i 4, obapgyed LR images. The Totward'
2012/ 082904PCT/ 2011/ 064921 .[,00196].. | th nbodi f s h di t
20eCt R sl et ePe 18500 Shatlist Pl FAbRaER Bt i e TnaR ° o

the cugqs - i t] ; { r i all

surti of entyrub S FE AT e NG A BN LAY o FRFE FANEMAR= s e
used sRrhlaY, RendahBEpehdl BLHEINY PRBHAALNRNEaBNd Wisbp bR ORGREY: and
the current pixel. being processed in the HR image has a fully-popul at ed,

| ar ge-deqoaditions patidkcimakoghBpplicaibn ¢fORLRZTd Wasghggrafsfsheatidrid teea HRyH mage
estimate with respect to the frane of coordinates of an LR inmager is

descr irbsdutinndmige lestibelteow® AMRPSMGSANDENW.RE HR | MAGE ESTI MATE [ 00198]
Wien a pixel. in an HR image estimate originated froma specific pixel. in
an LR[Q&EZ;%], ArdM 1oppgicaatured by Wnegerapiiorfheanebe @sshridane@dws byt hin

pi xel . position on the HR grid. The value of the pixel. at that grid

posi t inanneiyberanest hedaghars wezgsy hpnshatmatian ovolyeaarplymd afiostmasiron at
that position remains and is available for use in SR processing. The

ori gi PRETAH iKf ornmtticon calljdentrePiesents BrgrametRG trageformatiophdessrieed i s
from(i.e. the source LR image) and the coordinates /4//of the pixel

wi t hi ihe heareBax ceew Rofi thage” Wegepbrioire 43 dehoragds dipear fedoonased He the
decimation grid of a specific LR image, then all of the pixel. positions
with @stigiaiad hegh regobytiet iroade roraftthatscere ipfarwedby the refegrnar IMagssated
intervals (i.e. the super-resol ution factor/decimation interval.) on the
hi gh AR e e BFFOg 'PALRPPRIRG dat rrindS (gﬁéol?p&}be& Vitieh geseibishe
position at which the grid starts). Typically, only a subset of pixel.

posi t itBRSCNe HidePgRdem 9erpatrisyaimie Wet%ﬂmggﬂaﬁf Hie LRAGR9RES Bﬁve not
Ther ef ore, not qﬁL of the(gixehs #n.ghe HR inage estinah? %agzb directly
war ped®SEARTTSHE K 1RF AHEPENIE N PFECT oo 585 HISGHPREN 2RAKTr i“ﬁ&eﬂm&ﬁ'
adaptiVie uai i A% BIACEES AN S, HE SHoHORWIREE L IR MRRBINGBARELIRIT R

condi t1ons "i ncl'udi ng wh&ther a specltic 'pixel.” has origi atron ormati on.
channdeo8E o EP% ATALE (B8 TRttt bR OReT Anr el M phBidlg” i are « e
DI Xe {04 SMLG LB mger 7 om 2 di 1 enty ool or ehannel, ko Lhe, <) o

the lens, and a decimation operator J. Finally, imaging noise »; can be added to obtain

the p” simulated LR image .

[00180] Without loss of generality, and for simplicity of description, many

embodiments of the invention incorporate a forward imaging transformation in which
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WO 2012/ 082904PCT/ US2011/ 064921 Many adaptive warpi ng processes in
accordance with enbodi nents of the invention treat pixels that originated
froma diwbereniis2eel or channel. as a separate cl ass of pCYalS20iposisei ons and
utilize only the spatial. registration (geonetric correction) information
of the pixels originating fromLR imagers fromall col or channels during
the warping of the current HR i mage estimate. Although, in nmany enbodi nents
only the geonetric correction information of the pixels in the LR inmages in
the sane color channel. as the reference LR canera are used for the purpose
of warpj - -form g i i i rr.en tilmte,
the winsrag S sscalraaep RS o PR ERhEnd &) hiSo B e P

regi sthabl@odrhrgayt Ongf@ryt he gurdLlim&lotie FENAR acrbbs tHBELSyeLSapt i ve
war pi ng processes and”t'he trédf'ifent of different classes of pixel-

POSI L ighy QR RSATIREE D! aitoo AR VE MARR! DS PRECESSR 902001 nér

di scu above,” adaptive warpling processes ap nt war pi ng

procesges Ed)réﬂiarcit%n@n@%ﬁ%mfchmhé@hagﬁﬁét)fi&Qﬂéhé/\ﬁéﬂﬂ realifgi ng an HR i mage
estimat@ fromthe frame of coordinates of the reference imger into the

frame [Qﬁwﬂofﬁlilm_%%iﬁﬁaﬁétiﬂl hPﬁ%FiBhPléfB—EéW&?rblumél%B r%@&r@@ tBeafsetrorthbltu?] as

the ''"target’ I mager . e termpixel. position refers to a coordinate on
the HRp@ratdr{ o°)dFhe 6B6otRE J¥0bRoREXEl s from LR i mages map. The pixels can
be fromthe sanme col or channel. as the HR inmage estinmate or froma
different color channel.. In instances Wiefe the only pixels that map to a
pi xel . position are froma different color channel., then the geonetric
correction information can be utilized in estimation of the pixel. value at
t he pi posgi ti at gd: t her . e le. 4.0] . I t he
456182& Phd Oﬁ’ger@td_ F_Iﬁsln?]%fe deelf us e 8Lkl %8{? r?’bgcthl%o%gg&g

differen ol or “chann owever, geonetr

i nformati on be. used .t o adaptively warp such positions for the purpose
of | Qeteert A Aqne e TR d o el Elge Bt Sea RLEPRET S DeL gl e
nunber of enbodi nents, the adaptive rpi.ng process applies_different

var pi natipr Yeidakles It At Re FssH M H@téﬁgs@%%e é?atbﬁtseé@.rep@sam big thgygame
2012/ 082904PCT/.US2011/ 064921 e pi xel Qsi tiQns .are.positions, on the
'R gr (R RAL OB PSR R AT EGoF 1Sl R Pl e B Rt B T Ty BuBrrbefre, &

col or haBAlled Ffmigirka=88fark & thaBgRhAtion HY BR: i?n%ﬁ?hgopps' tions are
positions on the HR grid that originated froman L ger other than the

t ar get{00RB3ImagRho(dH respecificv ortfart heng&gihgr trahafdnelatibn AN difRussagetboather
than the target LR imager, fromwhich a Type 2 pixel. position originated,
can bealteehaiveedotwaraks isnagsaurtcatisfoRnatragercan rbesamteizall . irerdsodi deerves witfype 2
pi xel . positions can_orn%inate froma source LR inager_mjthin_any col or
channé@mbgqdimentsrohiieanyentin apb e fosryilatien pbthenelz ebkestive gritenign Bwdified he
col or chan.eu. which is sane as that of the HR inmage estimte). Type 3

pi xel 3p8H'?9'¥ns are synthetic pixel. positions (i.e. positions within the
HR grid to which none of the pixels in the LR images can map) that have

neighQQﬁ?MQTEM9%hﬂSRWﬂ%%E Type 2 pixels. Such pixels are typically the
result of a tusion process used to generate the original. HR i mage

esti ng0@184]TYREMAPRIrseEss RPStédraBRc@MBthPARINY @fBodifddntd@fnpé ihaldtionnéah any
of the above categories. Such pixel. positions are synthetic pixel.

posi t ilntdve Hatatdelynodfirhay @naestimategdfbar iHRY INMyge ugingramppgecBveifurdtion. In
positions. Type 4 pixel. positions are not warped with respect to the
t ar getsevetal raspeedimants,sthe kerafiongaytilige pediadiendraesspnt keghnmuge apefollpwe. t o

be warped ipto so her target, LR i mager (than the current one) in turn.
Ay oty e Bs P Tahe i Bias S BA TR PRESRAGS DBt A war ped i nto. the
frame of coordi nates of _{ he.target i guﬁgue to Type 4 pixel. positions
can be locally interpoWa@bHD:Tﬁ%gXﬁéﬁsﬁx ékm nts, the ne“éhborhood for
Type 4 pixel. positions is increased such that there are no Type 4 pixel.
posi tions (i.%héréhey becone Type 3 pixel. positions).

n - indexes the iteration number
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[00201] Type 1 and Type 2 pixel. positions are pixels in an HR i mage
estimate that have geonetric correction (or total. shift, or warp)

i nf or mat iw0,202882de they originate froman LR i mager. P¢pas3oiandiozype 4
pi xel . positions do not have associ ated geonetric correction (or total.
shift, or warp) information, because they are synthesized pixel. WO
2012/ 082904PCT/ US2011/ 064921 positions. The warping of Types 1, 2, and 3
pi xel . positions in accordance with enbodi nents of the invention is

di scussed bel ow. WARPI NG TYPE 1 PI XEL POSI TI ONS [ 00202] The war pi ng of Type
1 pixel. positj.ons,y v, ' t ping the pixels fromthe HR inmage
estimate to the f%iéHﬁggtg %%%Sg{%%t'g%ragﬁkt he LR i mager using the total.
geonetric transformation information fromthe HR i mage estimte to the

frame of coor d?ix(l‘u:_?t,%tm gtdieritdp@edtokR i mager. The warping process is
illustrated in G 11. As noted above, a separate warping is perforned

wi th respect tJ@cbﬁbg TR TRGe ﬁﬁé&t{i\%ﬁ%n@ﬁ&w FQPJ?T]EH%H tyRhk THOEstigen the HR

i mge estimate Is ‘being warped wth respect to the frame of coordi nates of
a specific target LR image, the HR inage estimate grid 1100 includes a
nunber of pixel. positions 1102 with origination information that indicates
t he pilR@185lweFer siinglioi&y,| thef veator he® (karget beRIémege 49 . . dUyipg 4 specdis) .
For these pixel. positions the forward warping is direct, in that the

t ot al .itemangn.i Mhemradieohdésrent WestabgdvboR isrmgercesarihbecars bd peoforales bhyhe

pi xel . values in the Type 1 pixel. positions fromthe current HR inage

est i mibe ShBrgsesei@dtmedialeprian aripy|qaeenan ntarsopianserwish sinbesdigenipaf ghf a
decimation grid 1106 for the rget LR imager,. RPI.NG TYPE 2 Pl XEL

posl I U008 ihah ShHTE PRegeraestr HARE s Boiide For g mEPGed gt h
respect.;: ; £ [ , f [ {<IPOSHEd t he
R R e e B R o et b RES (8 2

pi xel .uspRfigkd MBSt Bascdd® tWasHREmM b?iﬁnfae IR afBgOfestinpdtds nRtRSoRfaricRewitRrget LR
i mager by mapping the geonetric transformation information (total. shift)

for tlenlpdielent pafsihe angertthmoughlltbieateef ar drife AR Thagancedhe00oiradludeshi f t
information is available with respect to the LR imager fromwhich the Type
2 pi xenitiapaispt i898) ¢he dirahtesimathi off . aditihdhedowpoy of ctine pidotr &een afocessas
the "source" LR i.nager,_and the reference LR imager. The total, shift
i nf or HEEFERSY Pray' a4y diNcadiad it/ %ﬁf@'@teht B gar eRimaisBPaRe ¢ ne
rzgg_g; 8@@@0;:5&%'?%%%%%}%%4%@@@ ﬂ%Ht%nugtfil Ehgrse%et%ined optimality criterion is
satisfied (808) or for a finite number of iterations.
[00186] When the process illustrated in FIG. 8 is applied with respect to the objective

function referred to in Eq. (1], the gradient VXCJ(xC) has the form:

V)=V )y (o) 0 5 ) 2

where
“c’"- signifies a channel different than c,
" - signifies that some of the SR channels will have constraints imposed
using already finalized SR estimates of other channels, as mentioned above.

[00187] The gradient vector in Eq. (2] (having a value corresponding to each pixel in

the current HR estimate] may arise from the use of different norm types (e.g., l1-, 12-,
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two sets of warping informati on can be used to generate total. warping
information to warp the Type 2 pixel. positions between the various LR

i mger s fwormmisede4t hey originated (i.e., source LR i nageraSoianeioehe frane
of coordinates of the target LR imager. [00204] Various approaches can be
taken to determne the warping to apply to a Type 2 pixel. position. The
paral l ax i nformati on can be nmapped through the reference inager to
determ ne the parallax shift to apply to the Type 2 pixel. position. The
total. shift to apply to the Type 2 pixel. position to shift it into the

frame L%frjeﬁtggriHitﬂﬁoﬁfécﬂ(/%tfmcﬁow. Iffe H%ik%gﬁgrrﬁg%(?teg%{ l?ﬁni?*?ﬁ@hgﬁ&al?&’ B‘f'di ng

the parall aX shi o0 the geonetric calrbration data (scene-i ndependen
geometihk @ppFfepf or mation i nformation) between the reference LR i mager and

t he targeP LR i mager. Processes for warping a Type 2 pixel. position into

t he f{a0E88lf Tloomdiatnatsseoforthe Eqr(dehalRappeageiatbysizet ence nhagizeasatieax
shift information in accordance with enbodi nents of the invention are

di scuyserfxirtshipyerbdlew. [ 00205] In order to deternmine the appropriate
paral |l ax shift for Type 2 pixel. positions, the different parall ax
experienced by gach LRNI®HadEe WnBE Hsnhsiaaddchamne) keing fineepsseshsid on
and the rpin% %L the(%%g@ 2 pixel. position into the frame of coordinates
of a t%Ar %rﬁhﬁ i 58?P? cordance with an enbodi nent of the invention are
shown in FIG 12 T -iqﬁge ' ri Myl S y " dype
2 pixel. positi cz))?l lgﬁ‘igtﬁhlat afso(?;s)thlrearzl%}rge)(rgidr?ggﬁrgrg |{0Hr:1é %gglgc?fgﬁoé)zgvﬁ%% Pft )
The papakbt@¥ehdd &RBE{ 0N, however, relates this pixel. position 1202 to an
LR imager other than the target LR imager. As such, the parall ax
information for nt(he ipixgtadidrdG2 ctarsfad nben ud ebe diffalenee beywaar thd berpnxel .
onto the decimation grid for the target LR i mager 1204. However, the

t r ansfHR nedinpatieabhaxalil,nborswisetn of anhdenpotrliR athages nghatnivars- LRed nagére
calibration information (i.e., baselines) provided as an input to the SR

pr ocedermiEoi2oa) theobjestinbBmcpipnd b otharditesihoetrdeimt gradienimager
calibration information utilized in conputing the transformed paral | ax

i nf or mat i on i ncl ftles ey haspldohfedm 2 2r0829RPERAMRACE 11064930 Hiftance
(i.e. the distance between the center of each LR i mage) between 't he

ref er eafgeh®R fravgest thedefdrensouacerd Rid oageill badetdileddarther detoijed as
bsource x (vertical. direction), bsource y (horizontal direction), and the
basel i ne di st ance, () r sesprediend viektorr eff anantre- RN bergerfoemdlative tnathpet LR
i mger, which can be denoted as btarget x (vertical direction), btarget

y( hor iobpattiak fdhcteart iuem)g. a Teetiparalroar, i fiboalyadweightst by ideigemhahindirixha
source LR imager and the Type 2 pixel. position can be denoted by parax and
par ay whaohl cambephe aldndity matornktis oefer et tonesetthe intrabericeteermymeetertto be
applied to warp the Type 2 pixel. position to the frane of coordi nates of
the target LR irfagel)-cHRdpat yerior & apyniedrjaer paraorandatian yethepabiagtiverne
parallax information to be applied to warp the Type 2 pixel. to the frane
of codvaEtin esingfa pnétlqt&aargé@rlelpﬁﬁ@e}W@athdebbdrﬁg@néhma’irlacﬁg.rwhwbecan th
the follow ng process: ifiparax - 01 target parax= btarget x/bsource

x* par &¢; theadeydtly patay=Thesar geferigddonsrtibe IRtepairsns: term gradient.

V - is a diagonal matrix weighing the first gradient term in Eq. (2). It could
be the identity matrix--if not, the entries on the diagonal of the weight matrix Vcan be

determined as follows:

diagdV1(k,[) = f(R(x°),SNR(k,1)), (3)

f(.]is a function of a per-pixel local certainty function R(xc), and may also

be dependent on the estimated SNR, at each /4,{/position.
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el seifiparay- 01 target parax= btarget x/bsource y*paray; target paray=

bt arget y/bsource y*paray; else target parax =0; target paray= 0; end

[ 00207] Qmoeotzis2gar al | ax i nformation target parax and PaTgsROPAGEPL i S
conput ed, the conputed parallax information can be added to the geonetric
calibration data between the reference LR i mager and the target LR inmager
for the current pixel. position to obtain the total. shift to be applied
for that pixel. position. The total. shift can then be used to shift the
pixel. in the Type 2 pixel. position to place it on the decimation grid of

the t LR-j int A i i 0Sd i o

2012/ SASERAmChy TREEE 400505 T 385 | i, RCRNER i fRa  HositR st or
di scugsethvdltoveal @hidehca vERIdseF¥cfePEOFRRRDY tharSRIBEE&IdEsMHNIhe BRIght v
appropriate warping to apply to a pixel. that 'does not originate froma

t ar getat tRati pagiaon gan/ kelouterr lduzadhbb thd &est tehm pi Kel (2) an da-eephaatédnvidgr i d
for the target LR imager in accordance with enbodi nents of the invention.
Accor diespgal, toatiye sstdesd tappr bipiragreort ensdidrdlien tha oberallt giddient easnprtapomype 2
pi xel . positions onto th cimation grid of a target LR inmager in

accor datc &% thal '@nl&dmeﬁ#ﬂﬁta%?s RS ARARDIBA. 'Svi %@ﬂ%ﬁiﬁﬁ*aﬁﬁ g1ap; 48
PGS Tleg?‘losrc[epnoe%(g%} og/genr)(/{aglocf(a%la fidBﬁtSl, tions in an HR imge estimte do not have
origination or associated geometric transformation information (or warping

| nfor MBOISY - The fast, PR, (2PRRIESLADS beRURiRr 31 RhY @LtinkASd SROPSagY ©
illustrated as the "X" pixel. positions 1212 in FIG 12. In order for  a

pi xel .wigpsbépent thoa hrick myvpel 3f Ri KeluraPadhyé.orMheatided eefmniat Egn(Nashigen
made that there are pixel. positions, within a given nei ghborhood of the
pi xel .enposksicooss-thannere@nFinpets aonory e estpnatdd. SRabahnelisngdeseimposes
originating froman LR jmager). The Type 1 and/or Type 2 pixel. positions

can be@ne® P62 URR BNt REICTIPOTBCPINERNYBBIND RS CoHY-ERaNGeeRiEa%6A et d of
R T BRI W e
Al be 1 hr) 6L RANa PRI Rl o B FlechBraRy ARG BP R R PIR B
tar getthb RrdédB8REnNel prior is active only when estimating some channels ¢'based on a HR
estimate already obtained for a channe/ ¢ (e.g., the Red and Blue channels are
estimated by transferring and filtering edge location and orientation as determined by
the super-resolution estimate of the Green channel]. Obviously, there are no cross-
channel constraints where the camera array captures a monochrome image and the
third term in Eq. (2) can be ignored. In many embodiments that involve multiple color
channels, the third term in Eq. (2] is also ignored in favor of an alternate process for
enforcing cross-channel constraints between the channels. When the third term in Eq.
(2] is ignored, the iterative estimation proceeds using the first two terms, i.e., the
likelihood gradient term, and the intra-prior gradient term. In several embodiments,

different weighting functions are applied to each of the terms to obtain any of a variety

of desired SR image characteristics.

ITERATIVE SR RESORATION PROCESSING
[00191] A process for iteratively refining an estimate of an SR image using a gradient

descent approach is illustrated in FIG. 9. The process 900 is initialized (902] using an
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[00210] In several. enbodinents, the total. shift for each Type 3 pi xel
position can be determ ned by: a) determ ning the warping

i nf or mat iwo 2hovosemah of the nei ghboring Type 1 and/ or Type/ud2@ilnedo21
positions to shift the pixels onto the decinmation grid of the target LR
imager in a manner simlar to the manner outlined above with respect to
Type 1 and Type 2 pixel. positions, and WO 2012/ 082904PCT/ US2011/ 064921

b) determning the shift to apply to the Type 3 pixel. position based upon
the shift information for the Type 1 and/or Type 2 pixel. positions

accor ﬂﬁ‘gsfiﬂla%gggngﬁaitééhifsg@-aa bﬁigtsiz%orlppg( RRLE! Fhe &%?8%4;9?@%%0 GRIR! @ha ng

in

the warpi'ng in mat’i on posi'ti on based upon the war pi ng
i nf or FRYLORFHMARIOERA b8G JoRadatienth&del BHRIFoZaRiiFRlgindPpSbE.i TRE drovedses
conputing a set of weights that relate the value of the pixel. at the Type
3 pi xehen poshineated dterbigny dP0Es of daleh penation, ithe rddedihbod i radiBnpetetrmaid/ or
Type 2 pixel. positions. This relation can be expressed using bilateral (or
non- | seaputed)08leihghntra akisinok! peias gradianbiaret sredmputedi (i @ly apd thye inter-
spatial. and range-w se) of the Type ixel. to its Type.l and/or, Type 2
pi xel .chﬁanalhaepg.gr?%ﬁﬁ M 1S £OR Eijgtgfé]eﬁﬁédtithﬁﬁrﬂ dewt patimatder bre %e 1
and/ or._Type 2 pixel, i tion,neighpors that the Type.3 pixel,p :ROsSition can
pe. dedBPuE noeBsiied JEP ey gRoUFRREA SR, B o s R BRY M ach

of theeTyRfatdd By JIhs %h&wﬂﬁé{;htee LHieMSef AL WARRI NYvihe HREhfndte. the
frame of coord|Xates %f the target LR imager are denoted by target parax

cancl lpitb cedzdionitigeles paitayate$214). raliatpréedbictniiee @ RaaTbRr off itetsitirds iefeat e

wei ghts applied to the parallax of each nei ghboring Typelor Type 2 pixel.
posi til®tBlar &t dehichegoiby, thieubR umaAge .asdomatevisl retuneedyhbdltisoud thdhgsecess
enbodinments, the parallax information (target parax, target paray) for each
Type 3listrated 'Bd:slgt?dﬁrm@aé%‘i aftpea mpdaispryned) numdenaf gieratiopu/alieroaive

aral lLax informati,n for the nei ghboring, Type .1 and/ qr Type i xel ..
D os 1B aoRdRa e o et Biac Ml B ER D oRpgE G AP Bintion, get
par ay Qi computation of the gradient terms in accordance with embodiments of the invention

is discussed further below.

COMPUTING THE LIKELIHOOD GRADIENT TERM

[00192] In order to calculate the likelihood gradient term in accordance with Eq. (2],
each pixel at position /4 {/ in a current SR image estimate is tested for fidelity when
forward-simulated through a forward imaging transformation, to pixel positions ///in
multiple LR input images, using a norm. The pixel positions /k,{/and /i /] are related by
the geometric correction information, including the scene-independent correction
information (also referred to as geometric calibration), and the scene-dependent
correction information (also referred to as parallax). It is possible that not every pixel
position on the HR grid has scene-independent (calibration) data since there may not
have been any pixel from an LR imager placed there in the fusion. The norm may be for
example the [2-, l1-, or Lorentz norm. Forward-simulation means here that a current
HR estimate is passed through a forward imaging transformation, which typically
involves degradation by the operators corresponding to the imaging degradation model

described above (i.e., including geometric warps, blurs, and decimation).
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u=1l:count valid neighbors target parax=target parax+lw ui/wsunttarget parax
canclluii; target paray=target paray+l w ui/wsunttarget paray canclluii; WO
2012/ 082990RCI/I88HA11/ 064921 end where count valid nei girbors20AB064921W\( U)

u=1l [00213] The obtained parallax information can then be added to the
geonetric calibration data to obtain a total. shift for the Type 3 pixel
position and the pixel. value can be shifted onto the decinmation grid of
the target LR imager. Although a specific process for shifting a Type 3

pi xel . position is outlined above, other processes for filtering warping

011086120 L 26LSO0E ARCPIN) 5 WSRO DA CHLP! B HOLRL Y e

| magerysgan the fotidrdzigthdifg acsislansto Vi B cesRAaBRGtS a‘hf efBEdirR¥aNsf et
invention is illustrated in FIG. 10. The process 1000 utilizes the current HR estimate for
the channel (1002) and the input information utilized in the generation of the HR
estimate (1004) and then iterates over each (or a subset) of the input LR images (1006).
For each input LR image considered, the HR estimate i1s geometrically forward warped
(1008) in high resolution by the total warp (comprising the geometric correction
information) relating the target LR imager and the reference LR imager, and the
warped HR estimate is blurred (1010) by the total blur. The gradients between the
warped and blurred HR image estimate at the decimation positions and the
corresponding input LR images are then computed and accumulated (1012). Weight-
related information for each of the gradients is computed (1014), decimation is
performed (1016) at the computed gradient positions and upsampling of the resulting
gradient data (1018] is performed. The upsampled gradient data is then blurred (1020)
by the transpose of the total blur, and the blurred gradient data is backward-warped
(1022) using the total warp information into the reference frame of the HR estimate.
The weighted gradients are then accumulated (1024) in the HR reference frame of
coordinates of the reference imager and the next iteration (1026) performed. The
process iterates across all (or a subset]) of the input LR images (1028) and outputs
(1030) a final gradient vector.
[00194] The input information utilized in the calculation of a likelihood gradient term
In accordance with an embodiment of the invention typically includes information such
as geometric correction information (including parallax information and scene
independent geometric correction information), occlusion information, and imaging
prior information (such as per-pixel SNR estimates in the HR frame). Not all of the
input information is necessary for calculating the likelihood gradient term. If the

parallax information is not available and/or the parallax is small, uncertainty
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STACKS OF PI XELS [00214] During the process of warping pixels fromthe HR
image estimate onto a decimation grid for a target LR inager, it is

possi bl e wbab1amsktitpl e pi xel s are warped to the sane poPCTIUS2010M06492E
decimation grid. In this case, "collision stacks" are formed, which are
resolved to at nost one pixel. per position that can then be processed by

t he subsequent operations (e.g., blur, decimation operators). For this

pur pose, the type of pixels that forma collision stack at a given position
/kJ/ on a decimation grid (see for exanple the 2-stack 1214 shown in FIG

12), ricdiey Cg"gyr.dractoﬁgpen-gg (ﬁj %'l§&l9@ PhLARI ﬁ%?@rrﬁ&?dwdﬂfso@ s g irde LWat

ori gl | xe posSiI t1rons n several odi nent S,
the fokkpmitng gﬁﬁ@u%&@ﬁ@-.@d@fe@ﬂ%nt @eb‘ﬁie'th@%@rr@éhoﬁ@'@ﬁkh%a? ol mleg tBipee! .
froma collision stack 1) apply rules for the formation of the

st ackgerfomehed prior to theZSRspebe&Ismg pincelporfatiom df henceollal ity ippocedsarok i lta S&
upon on the types of pixels in the stack. WO 2012/ 082904PCT/ US2011/ 064921
[ 00215 o¢esseany acadysanae it emhedinotntsw fige rrmeegoan%d@ppmeechfttﬂtmrr{gal@\he
war pi o ; cess t control., the faormatio colljsion stack at a glven

0/"‘/'”9 Iscussiqny Offcaﬂ%aew §i @hﬁmdf BradienRl t§rem Iy Mesnb

posi ti
deci | n grid,for a target dicates, that th i Xe
ooct uaaitin ohdnt esat B FiereiaT T8 maflbbnEl pink ek "GrrBht a T o

pi xel |niB?l%'attl'oHrbddsth%%engqdéﬁbﬁdé%t g%f)ﬁ{e?ﬂg%ah&dtmgﬂta atrg%v99§ﬂ)lte'cﬁﬂfldgs not

used in the subsequent formation of "a gradient and can therefore b

di scarB@®R processingi) if there are no pixels in position ik,o, place t he
pi xel. in the position; iii) if pixels fromType 1 and/ or Type 2
pi xel . X05|t|ons have al ready been placed at position ik,o, and anot her
p| xel W RBFN%AN[bBLDJWN@ype 2 pi xel . posi tion is warped there, add the
pi xel .. to the_collision sta i if existing pixels fromType 1

and/ ol O8] 2The ﬁépmeﬁdgwqraw %ﬁ/é“ﬁr'ﬁédﬂya%E‘Bn'”h?%c%ﬁ”ﬁ?tep@s?%qoéﬁa?%/

?Rg gir\]/ﬁ her tféixljﬁnFH t/)g]lée g\\%lnxlgp E?tqe(g rlrr;[eI t Ism)/\r/% r of tdk}? rehtc\i/\llasygard
including warping and blurring the entire HR image estimate into the frame of
coordinates of all, or a subset, of LR imagers, followed by per-pixel gradient
computations with respect to each input LR image being considered. The warping and
blurring of the HR image estimate with respect to the frame of coordinates of an LR
Imager involves forward-warping the HR image estimate using the available geometric
correction information (also referred to as warping information) for the LR imager,
which may include scene dependent parallax information and scene independent
geometric calibration information, into the geometrical frame of coordinates of the LR
imager. In many embodiments, the warping process simply involves a spatial shift (or
translation) of a pixel. Once the HR image estimate has been warped onto the
decimation grid of a target LR imager, the warped HR image estimate can be blurred by
a total blur including both lens blur and sensor blur. The decimation grid of a target LR
iImager is a high resolution grid, and decimation can be performed on the warped and
blurred HR image to simulate an LR image in the frame of coordinates of the target LR

Imager.
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v) if pixels from Type 3 pixel. positions have al ready been pl aced at
position ik,o, and another pixel. froma Type 3 pixel. position is warped

t here, adwothe/qse90el . to the collision stack; Vi PCIrfuspémieb42f r om
Type 3 pixel. positions have al ready been placed at position ik,o0, and a

pi xel. froma Type 1 or Type 2 pixel. position are warped there, record the
pi xel . fromthe Type 1 or Type 2 pixel. position and discard the existing
pi xel s. At which point, no further pixels from  Type 3 pixel. positions are
added to the collision stack. [ 00216] A process that can be utilized to

place ygipad pi xghs- e ? ' tltﬂgF%gﬁ(ﬂig& %%80‘?&*?98& &c@%@?ﬂ?”??dh{?”t

of the rnvention 1's | € process

det er rpraeéssﬁrilg?%gr\é!@géMﬁrdd@% #RSpixe@Nof Kdd cAPrdnteHRIafidgat éaimgtd. d Wigenhi ch
the pixel. is warped is occluded. Wen the pixel. in position /kJ/ is

occl udeddientd hee rfefraeeneejueRtiatpgeufficichélyplaxgd .blecks be ddiss ¢patdiees)(ib3€) in
accordance with rule i) above. When the pixel. is not occluded, a

det er ninages omvolue3Dayn ps umdesmtiméhﬁlwmpmearmébltmn@rgeowetlam cph Xenetidn om
Type 1 or pi xel 05|t|ons at positio In {he ev nt VO

2085/ BESRTA T BB 4@%& kHAY PrAetSeedrB ¢ ‘) w%hﬁwpf@ Y -RAPUISIEE. 2
plxell Pefé%é@ s pa bor mynation (1306) is made concerni ng whet her

t he plxé being Rarpe 0 p05|g|on /kdlis froma Type 1 or Type 2 pixe
posi t'[9@1%ﬂheWatr€|% PbK&he dritirkr AM dmd Qee§|rﬂ<'at>&el\/vnfp(?§§;§éc‘?n’no ttlh@ fpéﬁ(n%l of can
be di scar ? In accordance with rule 1v) above.” Wen the pixel. is
from &oEchﬁatJesQﬁ a-ﬁmlrﬂagbm@desﬁﬂsédIrD(ﬂTetaIHb@[bvt/he pi xel . Can be added
(1310) to the collision stack in accordance with rule iii) above. [00217]
When there are no %ixels fromType 1 or Type 2 pixel. positions at position
i k, o0, WABH”‘thGéétéN R%HRdMA(&EBES%M&TEmde concerni ng whether there are
pixelj frégﬂ pi xel p03|t|ons at. position /kJ/ \Wen there are no

pi xel 80 T 5@n3a BPS@EI'” apdei {MGA8, et iNer et HEd BRIGES KA GRECHIRAR¥QHBI ar e

i / , b 310
"0 ot 1 b PORhGaRindd Pl iR &R be RRreR D (e anty baxtiof

pi Xel thE FAM A4 TYRE LRl dfahe m@ﬁéﬁ*ﬁe& EQ?hB:‘Bgrﬁbg ek thF8ugh PfgEahgal ! on

(1316) e concerning to position~/kJ/
i's frmahéf)bm@udamfn TR e Ztigh éelthatpwgummomemWWameas Bixedble itsr Lis@nmm SRTYpe
3 pixel. position, the pixel. is added (1310) to the collision stack in
accor gancessmd. T heuw reginalombduvenatre can hdergify éhe inpsit fluRommageTyhaé the prxeType 2
pi xel. position, then the pixels from Type 3 pixel. positions at position
Ik, | | &remds %dbeé@ar%uRﬂwegsi e theerrfdméesr{/p/e)fih@rplxwméthm piegqurcpds ti on
is placed onR& t he .deci mat id at po hon ik, I{in ac dance ﬁnﬁﬁ%rule
v) abdV@den tNBEGPIElS A€ rwa%w@é@sd theciacknalion il & 15pecit
nunber e ’ f e ove
or o drEpsy B SRE RIS Wiﬁ% e gl BT o o
a decitambi pey L} stcétPﬁ@ér@é%qﬁeWHerh@@P%bHﬁmoﬁ fg&om%cirﬂyﬁm lrﬁ@rvam&??w]
Once col lision stacks have been fornmed on a decimation grid, an estimted

dept h-thastgh friebbletiongdexdumaben peiid ctarechgt ot deci(té) pbsitisanfplee thdglositidnl abe
sel ected at each position ik,11 on the decimation grid where there is a
col | i svloeh dhagkid E@cn]puTwelcalanonhea sobsetsplopixst pesitians wﬂﬁuma@nHRkwmaqvas
associ ated parallax information (target parax, a rget par nd/ or

t ot al .esEAIFE hane GFigaraton in ”2 SRCAY 'é%reé?fc?vé‘o" R&Oéttﬁ@@%%mﬁ M3F can
be perfg nﬁd usi ng thi s ﬁarall i or g f ¢ .

2012/ G8Y854PCT U501 1 O] 9‘%"‘“’[e 91@1 aBa |IFH%99f [Bet & 580 R teRager
rel at 'A\{:%ofd:fn%g ahel & StNESy n'\ 98&% %M(B\Qmusé%nqﬁaltt (ﬁ{rﬁ:’s %rplr@ngased

hori zont a frponent’'s can noted by btarget x and ar get

nunberupeh c@ﬁbﬂdﬂn@aﬁ&@dur@e\ph&h@aa etiflctfXd G s@ri g A rSinif ¢ nfatésH. I i sion
stack, ainms to select the pixel. fromthe collision stack that woul d appear
cl 0sed00191t him eebedenestsL\Mhereatier ainaytdeenseecsptoegst omettpleycdlbe cheheelence
LR i mager and, therefore, is the pixel. which would occlude all the other
pi xel $Ne pPricieatis imfermatian a?dﬁllahiﬁef%eqaﬂometbd@@ﬂ refate dhe yxglstor ﬁu@uaﬁe LR
orderi.n or._sorti.n perat i he esti t hof f| of
onch ke Troria ANBkedhesI8t sBRnR o888 ol REsy it e dEReDogr Eete
invention, the following nethod of filtering for a collision stack
including Moixels is utilized: for s=%9:M



I f target parax-0 zi .sl=Ibtarget x|l target paraxl; elseif target paray-0
zisJ=Ibtarget yl target parayl; else zi.sl1=0; end end

i ndex_of woi2ot2#8e904z) ; cYci sort values in ascendi ng or @er/usae1ob49ai n t he
i ndex of the cYci m ninum val ue [00221] Using the above pseudo-code, the

I ndex of the pixel. in the collision stack that has the m ni nrum esti mat ed
depth in the scene can be determned. This pixel. is then selected as the
val ue recorded at position /kJ/in the decimation grid for the target LR
imager. Its parallax information is al so recorded, since the gradient

| t f
o MY Bia ARG P LLs 12454 Befee 1RSI ARRIAHEL 3y 8 AT P

cor r espondiinésttRat Begnatel aRee aldiffer@aedolor YRR H082304R6d /cltb%%oéflb&@ﬂ%l
[ 00222] Al't hough specrfrc processes for building pixel. stacks and

per f ompwsit@ndegatchufiiizd enlyndeaspatidl seyiegatdoadgeemettity cofreativalr inédrynatfon of
techni ques that place a pixel. froma pixel. stack on a decimtion grid of
a tar dbe pbRrRl$ r@a@errattrrgatroar &Raipprasysifeere alb calogpfétannretﬁ dpphg dhe ivearpornobe

utilized in accordance with enb ts of the invention
the current I-?I5 Image estimate. Xﬁhoué}h In many embodements only the geometric

correction information of the pixels in the LR images in the same color channel as the
reference LR camera are used for the purpose of warping and forming gradients at
each point in the current HR estimate, the warping process need not be limited to
utilizing just the spatial registration information for the current color channel LR
Images. Adaptive warping processes and the treatment of different classes of pixel

positions are described below.

ADAPTIVE WARPING PROCESSES

[00200] As discussed above, adaptive warping processes apply different warping
processes to various classes of pixel positions when warping an HR image estimate
from the frame of coordinates of the reference imager into the frame of coordinates of a
specific LR imager, which can be referred to as the “target” LR imager. The term pixel
position refers to a coordinate on the HR grid to which one or more pixels from LR
Images map. The pixels can be from the same color channel as the HR image estimate
or from a different color channel. In instances where the only pixels that map to a pixel
position are from a different color channel, then the geometric correction information
can be utilized in estimation of the pixel value at the pixel position. Stated another way,
the actual pixel value from the different color channel is not used, however, geometric
correction information can be used to adaptively warp such positions for the purpose of
determining the likelihood gradient term (see description below). In a number of
embodiments, the adaptive warping process applies different warping processes to the

following classes of pixel positions:
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DATA STRUCTURE [ 00223] A data structure that can be utilized in the
processi ng of pixels in the manner outlined above can be fornmed which, at
each pi xeWwoO 2pegise40en in the decimation grid can store treTaiS2@El/064921 ues
being shifted there, with the possibility that nore than one pixel., or
none, may land in the sane position in this data structure. If multiple

pi xel s are shifted to the sane position in this data structure, these

mul tiple pixels represent a "collision stack” in the warped i mage. The data
structure can also include a binary flag for each warped pixel., which

i ndi cate er- Lh I - I ate t O ' j ' e
data ot roctdPe CopcRliont ardReh BeHRn AR ek ha Bl BeRF S Rragl

pi xel ., whemreinhdierf(irtt iRy PaF fld @atorefﬁa}{m?olf%faa?etbm%b?éﬂed in the
manner outlined above and is utilized in shifting the pixel. at that

| ocat i one f Type HR pixsh @@ si Binis nerteep o AMSY o PItKELH RP@SI AT tHANS ridih &= fiveyhl &INLERI D
[00224] After warping (populating) the /kJ/ positions of the decimation
grid for themagar gther tRannthgetargetnl R imagaeliredspectye pbtheneolonchennelit IAmed
above, so i xel. sitjons /kJ/ still remain enpty. These pixels can
be i nter pol gaagqrngtﬁﬁréhwbeaarﬂ&% WOPAad @ hrt 1iRe an'@lo%'tw
formed, which.is ready, for. the .next_ stages. forward blurring,and gr.adi ent
conput at | of TPt belyeh PRnoafife PR inEalE hatt pl SRRl y
and avoi d Fghbs D dodftiAROLA bARMatdMorh o LA e imaBkHbilHfiF -arg @i ent
formati on, verse rping) across the vacant pixel. positions, and setting
the gradi erhahfelz@red Pipet Repixepqsusitionisard oot t e cbasgt likRedat®the M-
2012/ 082904PCT/ US2011/ 064921 FORWARD BLURRI NG [ 00225] Once the HR i mage
esti mat e hababeelwivahpedametas thheofidei Midtimege gstichadé). a t arget LR i mager,
the warped_HR i mage estimte can be blurred by a total. blur including both
l ens bl ut d@estRe@! PestiionspHecaddlatiq BYXGH@PE'?('Wﬁi[h@ Rerations withimthg Hind

f lying. the total . bl t h [ t he deci nat,i i. f.

tar get LR b iEh Moo=t hs Pliele M adds FaaREsCa (PR Hes oiAle i drdeits

q  bed 5 _ i .

bfzﬂ ;deHRaﬂigl \ég1e aeqs%ﬁlj\n@égl\is bg@ﬁxéﬁﬁﬂ?ﬁlxgﬁsﬁé m%%%#%uf%ﬁ%%\%\r/m%?ﬁjsr espect

to the frafﬁo@ésscl%'dqiorg%tnﬁﬁat@fth@o’i’@ﬁlﬂﬁtHR—%é?”@igﬁtﬁma&.Si nul ated LR image
with respect to the frame of coordinates of the target LR i nager can be

obt ai nede bylygect npixe hgposhmneaaixe goancnb| thatedo Hidti fablgentesamyraif ethat abegul ar
decimating intervals corresponding to the SR factor r, starting at the
ori gin of tchteapstEsnaUcOPglings(tywme Frersyaitms pxaltpesdaxisithet onnst bavel@1? in

FIG 10). Wiile decipatiqgn ¢ be, perforned as separate process to obtain
si nul at ed m@@&gw \.ﬁ&eﬁsoaﬁgeas%@dxerlm%n%eﬁwr@we@r@%rtwé@s%@snph

cccor dance bR STRRLTE 35" bR L, BB Rt U ISF LRI 8 =

them will be able to be warped into some other target LR imager (than the
current one) in turn. Any empty positions created when the HR image estimate is
warped into the frame of coordinates of the target LR imager due to Type 4 pixel
positions can be locally interpolated. In other embodiments, the neighborhood
for Type 4 pixel positions is increased such that there are no Type 4 pixel
positions [i.e., they become Type 3 pixel positions].

[00201] Type 1 and Type 2 pixel positions are pixels in an HR image estimate that

have geometric correction (or total shift, or warp) information, because they originate

from an LR imager. Type 3 and Type 4 pixel positions do not have associated geometric

correction (or total shift, or warp) information, because they are synthesized pixel

61



[ 00227] Once the HR i mage estinmate has been warped and blurred into the
frame of coordinates of a target LR inmager, a gradient conputation simlar
to the grwoizerstosewaput ati on 1012 shown in FIG 10 can becparstanmes2based
upon the difference between the warped and blurred HR i nage estinate at the
deci mation positions and the input LR image pixels captured by the current
target LR inmager. In a nunber of enbodi nents, the gradient conputation is
performed for each pixel. position ik,8at the decimation positions on the
war ped and blurred HR i mage decimation grid corresponding to the target LR
i mager. th a diimt f4eld, o I r e LR
imagerp.osﬁ gsaf g{rhgneo\%trpﬁhegpggy%g?gb%'t e c?egl)%%té%g{nhger{% gﬁrée%ﬁééﬁl g\ﬂ@\b
2012/ QBA9QHRE M ISROLLAPGARAL s g8l Betbw-R i mage in the field of view of
the target LR imager. Wil e processes in accordance with enbodi nents of the
i nvention can decimate the warped and blurred HR i mage to obtain the

synt ha¥ARBINE RYPEahB|XELhEOPITK@NS from t he warped and blurred HR i nage
estimate in the high resolution nei ghborhood of the pixels in the

synt hd892@d LRhe mayeinsaf dupat 1 Inbxddpasitientc Eivoliest §iresthe wesping. thenepetor e,
processes in cordance. with ny,enbodinents of the invention do.no

oot maranthE B r B casa B 5 eI o agh CEQTT RRiEs Sl il LR APgRT LR e ent
is for : S .S0N. | r.far

synt hoas gt PR S R e R AR P e TRIBE S BT L85 ot e
tar geteobRyih ARAES thEQWRWRTLR AR oTRd wat-pihgrgreteaisf ilesihhgl warieed 1angd
blurred HR image estinmate is also utilized™in the uncertainty processing.

[ 00228jotdthabber, aaspparate wiaspidgak Yrteth rwiehwathi fdspdcthacthd ARoinidye éstahdteof
view of the HR image estinmate can be easily tested as each pixel. has
associaadezhchiloputi LR troege.. VEtert therdR iimboe eatimate 1sThel ngveatipedtwifaredpect to
direct]y conmputed froma conparison of the pixels at the decimtion

posi t itBR&raFRs PESPRIIMIAIES Pbaggéc'fiért@@?t LR imaggethaRE iMage spsimaters i

capture the target .LR i er... |ny enmbodi ments, .t h adi ent |,s

ot er frrluds p B el AR s R S B et e sRiatRaaRb s ates I
UNCERTAINTY, Y GFRARLENT, AL CLLATLENSR 30229 ! 7)€ VP lets eMPAT AL Sivel
yncertélnty %s_aé pnﬁ%d%teb_by p rfor&In p*SCEyégRggﬁ%éﬁns Qgr_pix@ﬁg_

i k, BatpokhRndatk ety WaSiihd @N&iree, resRANHE Rgtal Wakpenformaeibn bt _tHBit}#?el(l . €.
using a local decimation of the warped and blurred HR i mage estimate). Many
pr oceddesnéger cal baluwsedrig thke the paicdnblats i@ thiexBipe 1 kltelgiosaiateciroat then
position in accordance with enbodi ments of the invention involve assigning
t he picxerenttiR gRageestimgtelpnd gtaget theas ey upleirdilmgheiporpartrosHenst @4ty get
LR i mager .is,.wthin sgne, col or_channel. as the HR i mage esti nate.
AItho&@ﬁ“ﬁ“EH@BﬁfW&1@2§BEQ§EVggﬂﬁ%%ﬂgggﬂ‘belOM/for acconmodat i ng
uncertainty in the gradient calculation, any of a variety of processes for

deter i ! i@Eqn ykized in a MAP estinmation process in
accor %ﬁ%gmw@?ﬁﬁgxgl I rreFr)létgngol@Nanenti on. WD 2012/ 082904PCT/ US2011/ 064921

CALCULAT208 CRARKENT IMRIEM Ve s (RlER iCHAWNFLf o FWEZB Warbagewith iz pbet defd ned
as the situation where the target LR inmmger is part of the sane col or
channelpecidis tahgetHIR imager, esanyraf the @rel pdetignscel the KB/ infwye estingateada oot
information with respect to the target LR imager (i.e., is froma Type 1

pi xel orgodateifeam thowerget h& ipiagsir. Thege Thae Zopixel pretlias ¢3if be marpenhtd Fhﬁn t he
t ar get _its originati coordinates fl/camcount', jicamcountii

LR i er i [
f rom tFENE &f Eprdinetemedahe Laimet bitimasies by deerrig thageRBieddc st mation
uncert aj i \V: r r SSi i nel e; BCeO dat,ed by
compar Tise R Jtolg) BhEB%eE A ol A Pl o PR &7 R R e
nei ghhgrdnend: Mo trRStih XLhvailald Q!tﬂ%kﬁ'&ct%%g!L’F@itrﬁégérrl‘rérﬂe\/\/ﬁi%h'tﬁﬁgg eB
such, other positions around iiicamcount', jicamcountiinnay be r gor ded
as welpixdleogition driginatéatjavhickiseicdd atbove /@anb < eefatred jo samhe dusdraef R t he
purpose of formng a gradient at position /kJ/ In several. enbodi nents, the
posi t iloager euut ded eforenan LRIMageyer Thettel ghiftanfqrosatianoms dlse e ademtith
jicamcoundi are designated as s. Therefore, the set_of positions that are
used iMASRe tgthifarget gaumgsf PBf tharefseerafunR impeer uth e PRBaNgP A ithese
ilicamcount,si, jicamcount,sii. Expressing the positions in this way
i ndi cates the dependency of the LR position, with respect to which a
gradient will be conputed, on both the,target LR imager that is sel ected,
and the spatial. position in that LR ?’rager. Once the appropriate pixel.
positions are identified, the process for determning the gradient is the
sanme in each case and is discussed bel ow CALCULATI NG GRADI ENT WHEN
DI FFERENT COLOR CHANNEL



[ 00231] Case B can be defined as the situation where the pixel. //0/ at a
deci mation position does not fall within Case A above. The difference from
Case A abwoeoase®4from how the gradi ent is conputed at PChaseotippes1 of
positions ikii. To determ ne the gradient at such positions two types of
information can be determned: 1) the LR inmagers to select for determning
gradient at ik,o, and 2) the coordinates to consider in the selected LR

i mgers. WD 2012/ 082904PCT/ US2011/ 064921 [00232] To decide on the first
guestion, a window is centered at position /kJ/ in the warped and bl urred
IR | i _ | hbor | i o : o _
checkadora oA RRThAr e R bl o RERIERTA b iy HHNALE
accor i19 e IoNer2lpixdr pdftibds bERRSEN 'tHE'M%_u%@Rhi?rﬁa?rQeﬂrgﬂ%b%imtlﬁ’é%e| :
was war ped froma Type 1 or Type 2 pixel. position in the current HR

est i marejinasdpi.eyisusty Ldefimagds;s)andd whet fremet b csotdicatekRfi tregerrgkt aR
which the pixel. originates is in the sane color channel, as the reference
LR i mageder.l f a nei ghboring pixel. position satisfies these two conditions,
the s LR inager identifier, i.e., camera.ia', is added to the ]ist,
and ¢+ ALOLGIr ket T BRIJOPCBRT gRmALiteIeT Hr detehmY R theoWRBURG A PRBYE atJMte
nei ghbor.in ixel.+is regprded. The latter consi,sts of .the coqrdinates

) Gt KO g R B B PR Th R e I EN G B ¥

pi xel .to Yk Girakafe Nrauad shitt & 9ph! 'tBa\Henlglﬁ@' ¥@lixel 3DsARNOT he fotACLAPRY hood
of pixel. positions can be recorded i n each selected source LR imager. The
nei ghpphoedhefTypes pixensodieswidesiftiinino sioalfratnd & domrgipatanss the thrgtexed by
s, situated in a |ocal neighborhood (e.g., a rectangul ar wi ndow) around
posi t ilmagkr ceartbea bei claaareal bynddidimgl thei paratifix ishjft ito éhe gelengiiix edalibeatebni t s
nei ghbors can be referred to as indexed by Il/camera jicanmera In contrast
to CastalssesernBerendssy @eoawier dlansiinpdit bedaatsen)histersn ithe sefgsenge  of

the c ured LR j nmages G be utilized in gradient c Icuhati ns of pixels

i n caddt 8797 ACLIGIALIENIR radodiTERTSEdPT PRSP RYRGA PiSh PRGRIONTBIP ¢ he
[ t igh b el iahi]] <t h

o1 ol hgy P 8 AR BERte R, B R TR o2 Y AR TPbb e Btk Bl o°

above jhdepatibhen HQehenal wiikehbodimEhe 6RBh&IIB&ENBN sROBB LEMd ¢@thde
used in the conputation of gradients for sone, but possibly not all, of the

deci mielom. positions kliin the warped and blurred HR i nage estimate. In

many enbodi nents, the information that is utilized in calculating gradients
i ncl ude8203lst b erides seideternrne iHegyeprropeiaie paraitee hoft fers hrel? mixed gositions,

Co0r 0\ 5 L SIS 5L 0L P B stLronn e source, LR mare,
cases ot FRLCHE D 0 J0hE) oo RN RR YRR ALY o
A 1 pogitdRMR irfaddtona deBrddRessith andnsGahiarMht BEkWinvention are shown in FIG.
12. The HR image estimate grid 1200 includes a "square” Type 2 pixel position 1202
that has parallax information associated with it. The parallax information, however,
relates this pixel position 1202 to an LR imager other than the target LR imager. As
such, the parallax information for the pixel 1202 cannot be used to directly warp the
pixel onto the decimation grid for the target LR imager 1204. However, the transformed
parallax information can be computed using inter-LR imager calibration information
(i.e., baselines) provided as an input to the SR process.

[00206] In a number of embodiments, the inter-LR imager calibration information

utilized in computing the transformed parallax information includes the baseline
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[00234] For form ng gradients at sone positions //0 on the decimation grid
in the warped and blurred HR i mage (such as descri bed by Case A, we can
have a siwgQl2e12090mager selected to be visited (i.e., tIreTaS2@il0oe49%2ng
canera), and nultiple positions around the coordinates 14,7 in this LR

i mager. Let us denote by pik,11 the value of the pixel. at /kJ/
Alternatively, even for Case A we could use the sane LR i mager sel ection
met hodol ogy for the purpose of form ng gradients at position ik,o, as was
descri bed for Case B. GRADI ENT FORMATI ON CONSI DERI NG A SINGLE LR | MAGER

i[0023%]ist!aﬂcé’ﬂ?‘e.glﬁ@Bgtgfﬁbet@\%&ndﬁ‘éic’éﬂ‘é%r% e%gﬁLL;Fi ﬁﬂégé]kt%t €hhé rgﬁe?gﬁé‘e LR

mager 1s considered, gradient is forme ng the weighted sum of
t he dilff angpee ahatineesh e Riikaber VRhKE &arl Bet féhdied ARbocheRd oflvdirht i on
14,7 including the pixel. at position /i,j/ in the input LR inmage (i.e.,
for calimicionh' fzzamte guihboyizodied idjreatied) ynhdythe baselowudistarkk, wjthcaspeoutd ,
sill, and the pixel. value pik,11. The weighted formation of the gradi ent
at pogheireterekde LR iregenangddtie HRrdatdde irnagere sypvehi cag beodaneted as ddarder x

i mger, denoted b am count, can be witte s: gicam.count,k,li = E
vai | : évearﬁhcebﬁﬁ%ﬁtﬁqnﬁqﬁar%famf&fmw,t (Jifeckihbolin peralex mﬁrmat@n@fﬁo?@tﬁzﬁse]
The cam,cqunt i nd in_the_qgradi ression. i_ndi cates, that the
or 2 M Lol RRER uflebel i 30e AoBe BB Bo gl N hERE RS Lt Pt

camer f}aa(r!éy,eandclq’ﬁ@ ;%}%l[lgi infbP$afieh &R RELAON BE dWd miBeam %gﬁpliedw& warp
descri bed bel ow. WO 2012/ 082904PCT/ US2011/ 064921 GRADI ENT LCULATI ON

| NVOLVh&GyWeLT IpBLeE doBitldA(ERR [ra0Xs3 6] cbordidiaes raitthertap@si LR omaigek tawhsy e
nore than one input LR inage is involved in the conputation of the

gr adi elenhptathby Herget hearpiael. targepastayof Thieepaiattak anfedmibRonhtade applrat fo
e.g., falling_under Case B respectively, there are lists of input LR inmages
i ndexe¥prBytheahehe 4 e1xel dadheolsrmenat ssoutinaler gfobienb@st R Pnreers cAn digner a
id,sldl eaRmr .id, sPi,n eacqhgé tfgg i.ngut LR images, as it was described
above CORRIFY R et 5RaRTNhdhn HBB BRAr S ed at posi tion 110/ in the

sinmul ated LR i nqgﬁa,caguzegjpondi ng to the input LR i nage cam count, using the

:‘gl lS?\(;Ml ggmeaﬁgr ess;aggétgggaz%(nl 8%‘%2211_5(//;5'0u?ce"5_x5p2’%')9ht | eanera id, sNolil eanera

target_paray = btarget_y/bsource _x*parax;

elseiflparay ~= 0/
target_parax = btarget_x/bsource_y*paray;
target_paray = btarget_y/bsource_y*paray;

else
target_parax =0;
target_paray = 0;
end

[00207] Once the parallax information ftarget parax and target paray is computed,
the computed parallax information can be added to the geometric calibration data
between the reference LR imager and the target LR imager for the current pixel
position to obtain the total shift to be applied for that pixel position. The total shift can
then be used to shift the pixel in the Type 2 pixel position to place it on the decimation

grid of the target LR imager in the appropriate pixel position 1206.
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canera id s (8) [00238] In Egq. (8), a weighted sumis taken of the

di fference between every pixel. in the nei ghborhoods identified in each of
t he i nputwORoizvme®s recorded in the |ist of LR inagers PoThS20i18649ed, and
the value of the pixel. at position /kJ/ Again, the camcount index in the
gradi ent expression g indicates that the gradient was fornmed between the

pi xel . values at the decinmation positions fromthe HR i nage estinmate, and
the selected input LR inmages for that purpose (including the i mage captured
by the target LR inager if appropriate as descri bed above). [00239] Even

thOUQEB{]a ne‘é‘ﬁgﬁo%}ﬁﬁe%te Pslylsc@ed(?c}ovgagnﬁ? ?/Enhie {)f‘}?ro%@gge;q'

(7) ( cam count), and

expre I | XEL
co‘&pA%?%%%tseWﬁa%@%S?é%8%62%%%%*’?%3‘°@%§W%‘§. t““f‘o@;%iﬁa%tﬁ‘ﬁff meie, o

(7) wheteegealRimager cambeaailizbd toplade hrtgigelnet a dedinsdtiomgid.fof &e tamget
foll owi ng approach is taken, which assunmes that |ocalized decimation is
per f orlifedmagepar ecedrdahee qwétuue@modmezmm 082 904POPNUSZOQN] 0802y other

| cul h f ||
ggcfﬁﬁﬁéhg%l%ﬁﬁggéﬁqﬁacéﬁgﬁégll Eaéi gtjo vvla?ps) ?fpa)g 20p|xe C}:Eolg?’uor?/s grstgetﬁgtdlegl a[ttnoen

grid of a target LR imager in accordance with an embodiment of the invention.

WARPING OF TYPE 3 PIXEL POSITIONS
[00209] Many pixel positions in an HR image estimate do not have origination or
associated geometric transformation information (or warping information), i.e., Type 3
pixel positions. Type 3 pixel positions are illustrated as the "X" pixel positions 1212 in
FIG. 12. In order for a pixel position to be a Type 3 pixel position, a determination has
been made that there are pixel positions, within a given neighborhood of the pixel
position, that are Type 1 or Type 2 pixel positions [i.e. originating from an LR imager].
The Type 1 and/or Type 2 pixel positions can be used to warp the Type 3 pixel positions
onto the decimation grid of a target LR imager. Referring again to FIG. 12, both "X"
pixel positions 1212 have as neighbors Type 1 or Type 2 pixel positions. The SR
processing has access to warping information for these neighboring pixel positions,
albeit corresponding to various LR imagers that are not necessarily the target LR
Imager.
[00210] In several embodiments, the total shift for each Type 3 pixel position can be
determined by:

a) determining the warping information for each of the neighboring Type 1
and/or Type 2 pixel positions to shift the pixels onto the decimation grid of the target LR
Imager in a manner similar to the manner outlined above with respect to Type 1 and

Type 2 pixel positions, and
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1) Take a block of size L x L centered at position licanera &sijicanera
&sii in the input LR image denoted by canera & Call this blk LR 2) Take a
bl ock of wWDze1208e90% L*r centered at position /kJ/ in thecChluseeiedeemnd war ped
HR inmage (ris the SR factor). 3) Decimate the block fornmed in point 2)
above by r in each direction such that a block of size L x L is obtained
wth pik,1 1 at its center. Call this block blk HR 4) Conpute the

wel i ghticamera &si as the bilateral. weight (un-normalized) using the norm
of the difference between blk LR and blk HR, i.e., weight(canera id, $)=LR -

Bl L e R

2 Sk TR0 9B 510! sk g i A e 19

wsum graédfieam count, k, 1) =Lwei ght (canera id, s). canera id s(10)
[00211] In several embodiments, determining the warping information for a Type 3
pixel position based upon the warping information of neighboring Type 1 and/or Type 2
pixel positions involves computing a set of weights that relate the value of the pixel at
the Type 3 pixel position to the values of the pixels in neighboring Type 1 and/or Type 2
pixel positions. This relation can be expressed using bilateral (or non-local mean)
weights, which measure a bilateral proximity (e.g., spatial and range-wise) of the Type 3
pixel to its Type 1 and/or Type 2 pixel neighbors.
[00212] In a number of embodiments, the number of Type 1 and/or Type 2 pixel
position neighbors that the Type 3 pixel position can be denoted by
count_valid_neighbors, and the parallax information for each of the Type 1 or Type 2
pixel positions for warping the pixels to the frame of coordinates of the target LR
imager are denoted by target parax_candlu/ and target paray candlul,
u=1...count_valid_neighbors. In addition, the weights applied to the parallax of each
neighboring Type 1 or Type 2 pixel position are denoted by w/u/
u=1...count_valid_neighbors. In these embodiments, the parallax information
(target_parax, target_paray) for each Type 3 pixel position is obtained by applying the
weights w/u/to the parallax information for the neighboring Type 1 and/or Type 2 pixel

positions in accordance with the following process:

target_parax=0;
target_paray=0;

for u=1:count_valid_neighbors

target_parax=target_parax+(wlul/wsum*target_parax_candlu/;
target_paray=target_paray+(wlul/wsum*target_paray_cand(u//;
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[ 00242] The gi cam count, k, 8, and the sum of the weights wsum graa'i cam
count,k,li are decimated fromthe decimation grid using the decimation
positi onswOThe/se®alt is an LR gradi ent and LR sum of wecCghissoiams49espondi ng
to the target LR i mager. The accunul ated gradi ent at any deci mation
position ik, 8(these positions correspond to the LR gradient inmage) is not
normalized in the warped and blurred HR frane. Instead, the weighted

gradi ent gi cam count, k, 8, and the sum of the weights wsum graa'icam
count, k,li conputed as descri bed above, are recorded at each WD

2012/ 082904PCT/ US2011/ 064921 deci mation position /kJ/visited in the warped
and blurred HR i mage estimate, and these two sets of LR data are

backwar d-sinmul ated (i.e. applying a backward imagi ng transformation, which
i s thevhiesgerse of the forward imaging transformation) through upsannpling,
transpose blurring,, and wasRi ng back to the frame of coordinates of the
current HR estimate (oprresponding to the reference LR inmager). Only after
t he wei ght e‘@s%ﬁda_di ent Z‘f‘é(e“jhe correspondi ng weights are in the frame of
coordi nates of the curflent HR estimate, are the total. accunul at ed
gradients, at the grid positions in the current HR estimate, nornmali zed.
Processes for backward sinmul ati ng wei ghted gradi ents and wei ghts and
accumipgp {319 PREKYAEH A Byllaﬂ!:a‘?(diﬁ"l‘@f'rgmi@n'&rﬁQHQr‘i danGRIdwt fy aRBOgEsmRBs Of
the invention are discussed further bel ow UPSAMPLI NG BLURRI NG AND BACK
WARPI N&!i B AL LA TaHDa GRADD TaNE B ff €632dh3] Ty 3tdigeldasitiad bad theitdl aatud kJ/
in the warped and blurred HR i mage situated on the decimation grid,

gr adi eansbeanbifednomdtb thei dgrimaban dred obbiputagedd Rs osgen. nAEQsuglf 2) specd)c or
(10). These values are situated on the decimation grid for the target LR

i magemroggfisc o shisnHR dyPel & dvredsRrsiemds tatined gborvesethari Bipcersdfe forrhe
rest qof the values.in this HR grid are set to, zer us effectivel

Const UtstINag e g Rrbr it ferEianBehy aliebapSiingh & bR aRe i Gsthin ng
upsann disu i j I i hat
IS bei\flgl)‘igrﬁptrhc%;c(ﬁa'ziss)ée\g.e p%%:lﬁjogﬁwm)égteoc?ﬁn%g%ggﬁgﬂé&ggtﬁ@ochdy‘ﬁp?ﬁﬂpg@ﬂ; rqgﬁgopegse
of thetfliotdin abldttaktd Wath mSoBRRINtSEf iH ihténhtfow, war d si nul ation previously
descri bed. [00244] Follow ng these operations, the resulting two natrices
(upsannpl ed and bl urred wei ghted gradi ent, and upsannpled and blurred sum
of weigW(HS aF &xalkped back into the system of coordi nates of the current
HR i 8e es]ti mate, by using the total. shift information that was applied
dur i HE P2 oPuEPE Whar piosgSofof twirneng merfls HRMndgeHBstmags estimase tando fa ane

B
of cooydi nates af, the tarqget., LR i nrager to rformthe backward or reverse
S o HETSST ol thr RS HITR roedafeh medelR HtTab Rs BRECHS Ragh Bt he
frame j of. t - i est LAt - "
p0107 085 AR B ObE PrP e S RrB AL T LB ohe peclisian stacke™ g farmsd
oper ates af® ressly e RYEat Hmol},j? oH@rﬁi%lf&d_@siﬂdtha@\éﬁh tAkn tbféepr%ﬂééd‘e%l lb‘iRtKHi d,
but rather a patch (local) inplenentation approach can be taken, with
consi debatdquantgipeeatids {he., dluesleoimathen bpe@todt Edrethis puhpddeatthé bgpe of

operations described function correctly. [00246] As noted above, in order
to comppusle thateformkeldoHssen gtasti atm givenmashiéonu s ramps el¢ctnativ gridddeevdorght ed

gradi ent and upsannp nd bl urr of weights ar r ped,.back and
AcoumSKATEE 48 ?h%taekﬁgégﬁgﬁmnn@ '%gsﬁ?ﬂ]cﬂ{eiarfcf’%@%@ﬁt? nt ﬁHﬁl@e.stq@@
correspondin osition in.the.current i fqr, posjtion /kJ{ on th
psaniras o ARl Wi R fdT I mdTes TR b8 PR b depss T ROkt
the t QralodifrRnter\BIBW R SRERILON osaR ettt RG ddiectiy Bi dAgRS plbe
current HR image estimate 1o the franme of coordinates of the targjet LR
i mgerrorhQOeAldioReRkt he above process is conpl eted, the backward-simul ated
wei ght ed- gradi ent corresponding to the target LR imager is forned and
accunul at ed al) appdy pulepéor thesotinetisn iokthe stakbsiganai t h it s backwar d- si mul at ed
sumof -weights matrix, in the current HR i mage grid. ACCUMJULATI ON OF .

GRADI ENTS AcRIsselacth a eaetiirep threpiisamsstack based upon on the types of pixels in

the stack.

use
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[ 00248] Using the sane described process, forward-warping (1008), blurring
(1010), gradient formation (1012), upsannpling (1018), transpose blurring
(1020), awo 2bmoispend-war pi ng (1022) is repeated for all pCorussubsetdst of the
LR imagers, as shown in Fig. 10. The gradients and the correspondi ng

wei ghts accunul ate accordingly at all positions ik,iy in the HR i nmage
estimate' s system of coordi nates. The accunul ated gradi ents at each
position ik/7, resulting fromgradi ent conputation with respect to al
captured LR i mages, can be filtered in various ways to formthe final.

gr adi ‘Tﬂﬁ 1Eﬁ°r|nb?‘ﬁ?a[Fﬁ/e§mbBH$?€rft%“% & E{%Mg%l@% ?t %‘E%Ht(ﬁﬂ%%'tﬁé‘ vH? 7gI can

be nor na |zed sum o e weig ccumul a 03|t|o e.

di vi d'ﬁ?@céé%&o%%%@ﬂ‘tl@éﬁiin%ft%'cﬁ@cd{ﬁbﬁﬁs@é/ckti}ea QEf @opeiRdi mg): Wei ght at that
| ocation i k/7. WO 2012/ 082904PCT/ US2011/ 064921 [00249] Nor mali zi ng t he

accumrul at ed) grtadi enetssion hhag fier pesigbih S4AL onrtbe ateetatioa gpreisfdri omarfget R t he
final. likelihood gradient termfor the current iteration, for each
posi t ilager oydi¢ates heatdbemeral iHRcdydpdn the eaferansedtR oinmﬁ)ra thae the ketel kood

gr adi n be copbined with oth radient terps in the manner.
out | i rﬁigﬁaﬂs %Vﬁ@ﬁn@ep%ﬁ prdtign ffew%gé cﬁmﬂﬁef@rfermée iMRERS ?le Rosition is

Iterat I ?nsga-lr} theTs Fbseguen orm’g"t\i"é% o?%}ﬁg;dgﬁ@ gcan heref(L 00259]scardﬁad
intra- channe prior term used I’OCGSS I'n accor ance Wt

enbodi nent s.mfthrerbeaww@p&bmn%@.t% H(U/ldlc?r@éjtﬁeopl%lthH@p@gﬁﬂoﬁf a variety of

i mage processing objectlves. I'n nmber of enbodi nents, the intra-prior
termis used it pixelsapbin Bpet hangdratyper? pikel fissi M Baid dthéd dybdeingslessd at n
many enbodi nents, the intrachannel. prior term preserves edges in the

esti WE](IOGdIOSR’/ﬂ,M’Eg‘ei arwhhélepaa’obtom aglypei er iTypeopiapk ptamhoransawsrpﬁd thezej mage
(flat or snmooth vary |n? and is adaptive to the local imge content. In
sever @dd thatpodl e Hrescofipienisiagh - channel prlor tern1seeks an invariance of

Lhe ooty o ex'ShHE%f@*%ﬁm. T Ty o s v P RSt Rl
gener o} agt o0t 8 ) 1 0BA 8hler rPQQe%Er;LAm | nypRDy QPPH&&R&#%WQéIedﬁnca] .

IocaIIy (spati ptive unctiron o

(esti rmé,c%cddftpég @PﬂoﬁﬂﬁfQT YRS biXePPosifiohhe HR grid), or be the identity
matri x. The SNR at a glven position can be estimated using:

a)
the noi se wahifipinels fesrhiTypieedl patel phsitiops Siabve atreqag baeh phatddoat dsitidre /gi/fgnal .
| evel and the analog gain_of the sensor), b) the observed i mage
vari ardd anothpapieddramnon, Tyaad pixel posntloncys whepdsl thergoadl . the\pixeloBrEm

Usi ng tne above formulation, the intra-prior termgradient is as follows:
collision stack;

vi] if pixels from Type 3 pixel positions have already been placed at position /4, /),
and a pixel from a Type 1 or Type 2 pixel position are warped there, record the pixel
from the Type 1 or Type 2 pixel position and discard the existing pixels. At which point,
no further pixels from Type 3 pixel positions are added to the collision stack.

[00216] A process that can be utilized to place warped pixels on a decimation grid in
accordance with an embodiment of the invention is illustrated in FIG. 13. The process
1300 first determines (1302) whether the position /4 {/ on the decimation grid to which
the pixel is warped is occluded. When the pixel in position /4 is occluded in the
reference LR imager, the pixel can be discarded (1308) in accordance with rule i) above.
When the pixel is not occluded, a determination (1304) is made concerning whether

there are any pixels from Type 1 or Type 2 pixel positions at position /k,/. In the event

68



intrac , = 2A1(/-U)(xc (x )- (14) WO 2012/ 082904PCT/ US2011/ 064921 where A,
Is a function of the |local SNR (estinated for each pixel. position on the
hi gh resovotzomsgrisd), or can be the identity nmatrix. /iPETiUSeOlL@eRity
matri x. [00253] G ven that the operatorlocal, Egq. (14) is inplenented
locally by filtering each pixel. in the high resolution estimate 'cc in a
w ndow Wcentered at that pixel. position. Thus, to inplenent Eq. (14) and
conpute the intra-prior gradient at a position /kJ/ (appropriately
translated from 2D to vector coordinates, since 'cc is a vector-formof the

TROSh ol By APl O £ SRR LS PRSI 90 i)

' CC:  js made concerning whether the pixel being warped to position /4, {/is from a Type 1 or
Type 2 pixel position. When the pixel is from a Type 3 pixel position, the pixel can be
discarded (1308) in accordance with rule iv] above. When the pixel is from a Type 1 or
Type 2 pixel position, then the pixel can be added (1310] to the collision stack in
accordance with rule iii) above.
[00217] When there are no pixels from Type 1 or Type 2 pixel positions at position
[k,l), then a determination (1312) is made concerning whether there are pixels from
Type 3 pixel positions at position /k,{. When there are no pixels from Type 3 pixel
positions, then the process knows that there are no pixels at position /4,{/and the pixel
can be added (1310] to the location in accordance with rule ii) above. When there is at
least one pixel from a Type 3 pixel position at position /4,// then a determination (1316)
is made concerning whether the pixel being warped to position /k,{/ is from a Type 1 or
Type 2 pixel position. When the pixel is from a Type 3 pixel position, the pixel is added
(1310) to the collision stack in accordance with rule vi] above. When the pixel is from a
Type 1 or Type 2 pixel position, then the pixels from Type 3 pixel positions at position
(k,l/ are discarded and the pixel from the Type 1 or Type 2 pixel position is placed onto
the decimation grid at position /k,{/in accordance with rule v] above. Although a specific
process is illustrated in FIG. 13, any of a number of different processes incorporating
either the rules listed above or a different set of rules can be utilized in the placement
of pixels onto a decimation grid in accordance with embodiments of the invention.
[00218] Once collision stacks have been formed on a decimation grid, an estimated
depth-based filtering can be performed to decide the sample that will be selected at
each position /k,{/on the decimation grid where there is a collision stack. Each pixel in
the collision stack at position /4,{/ has associated parallax information (target_parax
and target_parayl and/or total shift information, as explained above. Relative-depth

filtering can be performed using this parallax information.
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1) Filler the current estimate 'cc using the filler operator K/ ./(e.g., a
bilateral filler). The resulting filtered pixels are denoted by piika

2) Form tWe 2bi20sk9odi f f er ence e contai ni ng pi xel s el k, 112pirkiS2di1fb4921 8, f or
all a local window Wentered at /kJ/ 3) Convol ve the bl ock of
di fference signal.w ndow W centered at /kJ/ and obtained as in point 2)
above, with the matrix operator UM 0) such that the gradient val ue at
position /kJ/is: g intra (ic,0 = 217nRP(k, - PI(kO)- (U WKk,i)*
e)(k,1)],(15) where * is the convolution operator, and rik,, is

th ' ' ' - d 2D
posi 1 001055 BEsRORTRhe (RIS PR fnall Fllatiel ) iSORERARII ROpatel IS Phe
Mat ri xneReY. &indr itdverti R RineHotiforitBE c8RpoReals BAPGE &aiotP@Iyt bRHgbK . Biiap the

form WD 2012/ 082904PCT/ US2011/ 064921
btarget_y. In a number of embodiments, depth-based filtering of pixels in a collision
stack, aims to select the pixel from the collision stack that would appear closest to the
reference LR imager in the scene captured by the reference LR imager and, therefore,
Is the pixel which would occlude all the other pixels in the collision stack. The depth-
based filtering is thus an ordering (or sorting) operation based on the estimated depth-
of-field of each of the pixels in the stack.
[00220] In many embodiments of the invention, the following method of filtering for a
collision stack including Mpixels is utilized:

for s=1:M

if target_parax~=0
z[sf|btarget_xltarget_parax;
elself target _paray~=0
zls=| btarget_yltarget parap;
else
z[s/=0:
end
end

index_of_min=sort(Z; % sort values in ascending order and obtain the index of
the % minimum value

[00221] Using the above pseudo-code, the index of the pixel in the collision stack that
has the minimum estimated depth in the scene can be determined. This pixel is then
selected as the value recorded at position /4 {/in the decimation grid for the target LR
iImager. Its parallax information is also recorded, since the gradient resulting at this
position will have to be warped back into the frame of coordinates of the HR image

estimate (i.e. the frame of coordinates corresponding to the reference LR imager).
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Tv(k -2,1 -2;k, 1) Tv(k -2,1 -1;k, 1) Tv(k -2,1;k
Tv(k-2,1+2;10) 2zZ(k -2,1-2)z2(k -2,1 -1)Z(k -2,1 :
14/ (k -1,whD202/08k9041) Tv(k -1,1 -1;k,I) 14/(k - )

14/ (k -1,1 +2;k, 1) 2zZ(k -1,1-2)zZ(k -1,1 -1)2Z(k , k -1,1 +1)Z(k -1,1
+2) 14/ (k, / -2; k /)14/(k, -1;k,1)14/(k1;k,1)214/(k,1 +1;k1)14/(k,1+2;k,1|)
Z(k,1 -2)z(k,1 -1)zZ(k,1)Z(k,1 +1)2Z(k,1 +2) 14/ (k +1, / -2;10) 14/(k + 1, /
-1;10) 14/(k + 1, /;10) 14/(k + 1, / +1; k, /) 14/(k +1,1 +2;k,1) Z(k +1,1
-Z(k +1,1 -1)ZzZ(k +1,1)Z(k +1,1 +1)z(k +1,1 +2) 14/ (k +2,1 -2;k,1) 14/ (k

3 ) il A O 4 s i b

filtering are disclosed above, any of a variety of techniques that place a pixel from a

1) Tv(k -2,1 +1;k, 1)
Z(k -2,1 +1)Z(k -2,1 +2)
1k, |

5
1, 1; k, ) pea/uSkoHDe®211; Kk, | )
-1,1)Z

/(k,1

pixel stack on a decimation grid of a target LR imager that are appropriate to a specific

application can be utilized in accordance with embodiments of the invention.

DATA STRUCTURE

[00223] A data structure that can be utilized in the processing of pixels in the manner
outlined above can be formed which, at each pixel position in the decimation grid can
store the pixel values being shifted there, with the possibility that more than one pixel,
or none, may land in the same position in this data structure. If multiple pixels are
shifted to the same position in this data structure, these multiple pixels represent a
“collision stack” in the warped image. The data structure can also include a binary flag
for each warped pixel, which indicates whether the pixel has associated origination
information. The data structure can also include filtered parallax information for each
pixel, where the filtered parallax information can be obtained in the manner outlined

above and is utilized in shifting the pixel at that location from HR image estimate.

EMPTY PIXEL POSITIONS ON DECIMATION GRID

[00224] After warping (populating) the /4 {/ positions of the decimation grid for the
target LR imager, in a manner similar to the manner outlined above, some pixel
positions /k,{/ may still remain empty. These pixels can be interpolated. In this way, a
fully populated decimation grid can be formed, which is ready for the next stages of
forward blurring and gradient computation. Alternatively, it is possible to leave these
positions empty and avoid performing the operations that follow [i.e., blurring, gradient
formation, inverse warping) across the vacant pixel positions, and setting the gradient

to zero at these positions, for the target LR camera.
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(16) where, w kl1;107 are the weights of the operator K ./ (e.g.,
bilateral filler, or its non-local block extension) conputed at position

[ kd/ wi t woespaseooto position floy inside wi ndow WIn tecmjuseée/oemei abl es
Z/ kJi represent the sumof all the weights wkJ;k://, where the indices

[kl /vary in the nei ghborhood Wof /kJ/ [00255] Although a 5x5 wi ndow size is
di scussed above, any of a variety of w ndow sizes can be utilized in
accordance with enbodi nents of the invention to obtain the matri x operator
(I Wm(o) used in the calculation of the intra-channel gradient term at
pixel¢xﬂgﬁhﬁbq§ UKR(NE 00256] In other enbodinents, different intra-channel
priors can u%lllzed. In several, enbodinents, an alternative prior term

can bgouzzs| tbate ¢Rd HREIh&GdTEE@Eek hBs Belh v rpkardifto tRe Bdcintdtior §lidaliave.
As in the process described above, the output of the Pilot Fusion process

I s ut ithrgeedLRsintdyer| nhé wdrpedRHBS irnagt esstixedt@) call Beebh@tres etbyy a &otat héur
initial, estimte nay be provided for the super-resolution processing (such

as forndxdimgl othdensbbrpoidasesonibyhr.r Bsedasseafovegtermmiog theéotabbbrrearse
canerag imge). The | ative, HR-estipmate updating process then proceeds as
follo r;a&r?qaf@g(thematlﬁ%w(tﬁf pixqlf Qe d@ﬁ)rnatc%gglﬁ)o)f ,a(tmet\@e Imager can
2012/ %%Zpge%lol?’%réJ‘Jlﬁzaocjt%{’ga%lc%zvgiitH\/fheg Blur processes described above.

DECIMATION

[00226] Each position /4,{/in the warped and blurred HR image estimate is a pixel in
an HR image simulated with respect to the frame of coordinates of a target LR imager.
A simulated LR image with respect to the frame of coordinates of the target LR imager
can be obtained by decimating the warped and blurred HR image estimate at regular
decimating intervals corresponding to the SR factor r, starting at the origin of the
decimation grid (see for example the decimation step 1012 in FIG. 10]. While
decimation can be performed as a separate process to obtain simulated LR images, as
Is discussed further below many SR processes in accordance with embodiments of the

invention locally perform decimation as part of gradient computation.

GRADIENT COMPUTATION

[00227] Once the HR image estimate has been warped and blurred into the frame of
coordinates of a target LR imager, a gradient computation similar to the gradient
computation 1012 shown in FIG. 10 can be performed based upon the difference
between the warped and blurred HR image estimate at the decimation positions and the
input LR image pixels captured by the current target LR imager. In a number of
embodiments, the gradient computation is performed for each pixel position /k,{/ at the
decimation positions on the warped and blurred HR image decimation grid
corresponding to the target LR imager, and that are not occluded in the field of view of

the reference LR imager. The aforementioned pixels on the decimation grid represent a

72



V xc (n)(J (xc (n))) = VF (xc (n)),(18) and xc (n +1) = F -1 {T(F(x,nc (n
1)) },(19) where F is a sparsifying transformknown in the art
(e.g., aweawvel2aBs29wr directional. transforn), F-1 is it®Crsernsmc{nt is
understood that the transform can be designed such that an actual.

I nversi on operation need not be taken, e.g., an orthogonal. transformfor
which its inverse is equal. to its transpose), and T is a hard or soft

t hreshol di ng operator known in the art, which is applied to the transform
coefficients. The likelihood-termgradient in Eq. (18) is determ ned using

proce | 4 - | e pn O NC | -

B ocecua g AR T e e BRI e e R PSR e Y B e i

i Nt er charRlce Wikh @MB&EL MBI OF €8S ifvehfibh &t §&nRite 8 SvaHHE8 Eridopluardd
strength across channels. Although an inter-channel. prior termcan be

I ncor R ahade itotobtain VAL spridheeredi IR aoage ddeqexsls tfhomethy vearpedi arenbleircdd t he
i nvention, in many enbodinents it is conputationally efficient to enforce
edge 4R soagersumatein Hgbighttesolugiont triglebarbgod vhtine pixets InRhengynBhegizay
respeitSR_to a HR émggﬁti mate for the G.chapnel. obtained using the NAP
pr ocesst (1Rads FHLee 4 ((ERISHER MY PAACTRRY-- ERRIFhYIS: PEREGFENt Behorfiance

CONB! NG, 115 CONPUTEER CRARLENT, TERNE, [ 08581 The 9Eagh saly .7 o, f ep nec

erm gradient, i a-prior gradient,

and i fim%é@ielsﬂprlnﬁeid?ﬂ@%ft@: QL gBEAdheRtbrRed. aRGHOM BEt&Ls8ls Womparison is
2012/ 082904PCT/ US2011/ 064921

performed between the synthesized LR image pixels and the input LR image pixels
captured by the target LR imager. However, additional information from the warped
and blurred HR image estimate is also utilized in the uncertainty processing.

[00228] Whether a pixel is occluded when shifted back into the field of view of the HR
Image estimate can be easily tested as each pixel has associated with it total shifting
information. The gradient can be directly computed from a comparison of the pixels at
the decimation positions corresponding to the target LR imager and the input LR image
captured by the target LR imager. In many embodiments, the gradient is determined in

a way that accommodates uncertainty.

ACCOMMODATING UNCERTAINTY IN GRADIENT CALCULATIONS

[00229] In several embodiments, uncertainty is accommodated by performing block
comparisons for pixels /k {/ at the decimation positions corresponding to the target LR
imager [i.e. using a local decimation of the warped and blurred HR image estimate).
Many processes for calculating the gradient at a pixel /4,// at a decimation position in
accordance with embodiments of the invention involve assigning the pixel to one of two
different cases depending upon whether the target LR imager is within the same color
channel as the HR image estimate. Although a specific process is discussed below for
accommodating uncertainty in the gradient calculation, any of a variety of processes for
determining gradient can be utilized in a MAP estimation process in accordance with

embodiments of invention.
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the end (possibly in a weighted fashion as dictated by the matrices Al and
A2 in Eq. (2)), to formthe total. gradient for the current iteration, as
shown i n WQ.20(22)8290Fhe total. gradient is then scal ed byPCmaSstiepore 16"
for the iteration, and applied to the current HR i nage estimte, thereby
obtaining a new HR image estimate in the current channel., as indicated in
Eq. (1). [00259] Using the approaches described for the determ nation of
the gradients in Eq. (2), this is perfornmed iteratively in Eg. (1), until.
a stopping criterion is reached (e.g., a normon the variation of the

est i mat/g |t A NGEE RADAEN T WA SfAz,;)”J,{ éo%‘f@%ﬂ%@%ﬁ ain threshol d, or the

maxi mum nunber of i1terations is attained), as own in Fig. 9. COVBI Nl NG
THE HRoOMWIE ESdé MATESLERONhEAGE thEANYEY o h QB RlthONS Q)RR MBERrastdarBbes
have been obtained for each color channel., a final. SR i nage can be

gener ahedabye colobidhianget be thiR HRagege fastimatac hnd hhamekel. /4 /M hamryrigination
enbodi nents, an estimation ﬁrocess simlar to the process outlined above is
used tinfogevadioatvstha refpdcragdhe dargehd Rareegerclhannelfrom Bhkymed rixel [Bisifeon).

channe] s can then b sed only, . or .can thensel ves be processed using a
simil S(&’h‘i\mﬁhﬁr BB‘égsﬁ"[fV\H@rSe FHINGHD AT BRHEN e HAAMANE BTGk ey Matss| Vi at
| ower resol.utjon than,the,.Geen channel.. ossibly d to fe LR i ers
o et B ok R R B P e RPNt dB e ParoBl TR o

human Ad,sud) e a¥sStHemried! m%sﬁot%aaéy?ﬁle,Slé&%mfe}ﬁﬁﬂi_ntmetg}?aﬁgﬁ\@rgg)@gé'@sir)Lﬂ | the

Red and Bl ue channels can be upsannpled (i.e.,” interpolated) to the f

resol Wipdiiheotar e &@pAmodatrieby cnthdrityy thy @eet RRAIS /£ ohRithed busdkngf any
sui tabl e techni que for conbining three color channels to produce a ful

col or pixsgen tihs neaghboohoehef pheopest's drign&eng andrdshatesahahadlls imageunier go
conventional . denoi sing and sharpening. In several. enbodi nents, the Red
and BIsY&h cofhRREPEITIANE af it/ ywyﬁéﬁgﬁgﬂfa,éqtﬁy‘é/mm%éqaqoré% peMmall g,

.g. . | or - di ff ! f d usi the Red-G d
b1 - 82 GEH Bl EAr i lep ™ POt deaah et Hin P o B et cBRATAAA on

of th : | . ta,.s S I e 2¥ - [Sely or
exanpﬁ%g%%bgg??%gn&ﬁ gg?z?Bé%%%E%d?%%ég@gT%%BHéE%%5?§8??%f§§§§§¥ d%xﬁﬁiing
the vahidgsr otedtBredR &NBitRInkeligafn cbbs/HR/Girh kouHYSard fdtefabks are
fused in"a manner correlated with the HR image estimate for the G een
channdlhhergfener &tedeit nofapositidancthan dite asedoin the gradeessescolatibnnesh dixove.
The fusing of the Red and Bl ue channels, or the Red-Geen and Bl ue-G een
col or egiufiesatett alsing dhaabptationcak/dsen peansshedcasi agurt Bk ocexgressingl tre t o

t he PiIot.FusioE_processes og%lined bove or g%ditlonalL¥ usin% a s%lﬁftive
MAP prPOEBSEAE tBIS Wakincktenh e fERR U RA the ERAARNIQN. vath BpsRerk o whic

col or-differenc usion. .The sel ectjvit f phe appl. ed. MAP, process| can
e ar AT TE b Bl sR RS bt afte R ERBR thif it SEL I "o
the Gs?%ﬂa?ﬁ@sﬂﬂ@rh in tRACIRGRA _eF.h@nl}{eﬁhQraﬁ)‘b‘%ﬁr'ié‘t% piReCPRIitiSeh bk IdtiReand B
fused data only in the occluSion zones on the HR grid onto which the col or
HR | mage precée rsdéteeingting lthe agratiRet iethedameatin cbble deptdhdei divetiesed or
the pixels in the HRimage is used to enhance the fusion of the R and B
channdlesow.The HR fusion of the R-G and B-G data and the reconstruction of R
and B HR image information fromthat process, the enhanced fusion of the R

and B ¢ e Sj i tLon th el ective application of
t he Nﬁﬁ“gﬂ@é&@§%H%£g@EgﬁgﬁﬁhgééﬂéﬁéﬁgNECﬁﬂfﬂggﬁggﬁﬁé% di scussed further

bel ow. houl d noted, t.hat, t hg enhanced fusion of R B and t he

opt 1 ol 2P23TneEPe B o8 15 A PR rhitie e Bk D Ao ra e Mot ner
the R ; i I 0 - W ; - . i | or
i T f o SRS oF Set o) WA BRSOt (A SiBreFF STl e SHefe ¥

i mgesrahehdveeionstradieher Edipatahaf thesenypasl op@ssitiBhy MAP Tr @aessiMgiharay
be | ower or the sane as that of the resoyution of the Green channel.. In

t he f gragentasseudnpssitidtres RatygeB of mdgesahaveahbenletersededt t he gi ven
resolution, they are brought at the same grid resolution as the G een
channel . if the'tte RRBMameEstvrelgrassleisranipinparadgntiaidh grapd ocessi ng
system This fjnal. st of .incregsing,the resolution fromthe fusion grid
of “the R and 8 QRS ARGIERIES thESERAR PabBIGIISRe b THBeE eon channel - can be
done by a conventional. interpolation nethod (including cross-channel.

i nterpol ation techni ques). Alternativ? y, the R and B fusion can WO

2012/ 082904PCT/ US2011/ 064921 be perfo d directly at the sanme grid
resolution as that of the G channel., and using the already estimated
(dense) HR G channel. [00262] Enhanced fusion of the R and B channels can
be perforned simlarly to the processing descri bed above for the G
channel ., by using HR depth information in the process of fusion. In
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ALTERNATI VE CALCULATI ONS OF GRADI ENT TERMS [ 00263] Al t hough specific
processes are descri bed above for determ ning the |ikelihood,

i ntra-chamoebi2/@emior inter-channel. gradient terns utiPCTA$201/064921 OVi NQ
an estimate of an HR i mage in accordance wi th enbodi nents of the invention,
ot her techni ques can also be used in the determ nation of gradient terns.
By way of exanple, optim zation processes based upon Egs. (1) and (2) above
that utilize alternative processes for determ nation of |ikelihood gradient
in accordance with enbodi nents of the invention are discussed further

bel ow. 64 C 1 ni_ng. | kel i L: rm L an
SR préggggain}%g%g&%dﬁiZh%ﬁgﬂqg%ﬁgﬁ%ogpﬁgﬁPbéF;%%ﬁgﬁﬁbg%??%ﬁgb§&ﬁ7Ptgﬂ%ated
in Fl Garpéda nﬁ"tﬁuﬂ’feféiq%ﬁﬁrr%_@(bs?effrﬁétte,stijfb)’néi@hbbﬁb? By podARA) ihhRaf Wirdlow
estimate of the HR image using the output "of PiTot Fusion processing, and
obt ai riraghetkédt foratyrtainxdHaracty ristps)tandntheimatfoenatsarc s escoV2d according to
2012/ 082904PCT/ US2011/ 064921 inter-LR i nager geonetric correction

i nf or revéch caderdef These iablide, whelblern @i mejgBleieg pret pasdeatpegeioomt a Type 1
correction inforpation (such as geonetric calibration d scen ependent
geomet i l¢PE PEE Peﬂtlpﬂﬁwmfmﬁ (g(ﬁﬁsta@atfaraanrsx'ovﬁ@vcff%@ﬁoﬁﬁ Vgl?é'i“ifsi on
infornation, apd .inmaai rior, i.nformatio e.d. r-pixel . SNR estimates
1 CnanesonrehDR R TR, Po B orpllngiBs dn n B SBBTELlrCRIP AR to
ot her }e¢BR-gHES Lf?qt?na‘b%!rpHlaaﬁéigﬂbQFinég%(eJl'rﬁf)‘?Jtlotf‘loé)ﬂisgire@C{hQEé & c@hditfons,
before, not all of the inputs are neCessary, although nost enbodi nents
utili zRetsbarcur ReémagERidemdiereisd.| baierand isheidedpbuhedist, @agetheadoc®iLM MumM
If the parallax information is not available and/or parallax is only

sl i ghtimnaghe o8Binatioerib&irmtayioprae esspiond ingaly thehpeybhvent pixalheréa@rkedfThe . 1 n
addi tion, the absolute disiortizn and the rel ative 2istortion anong caneras
(i .e. |attprecerdnis-oindep@nadinetese birerae_ i sH Grreehyd/t Enthsesaw candt IMeasit
only the scen ependent. par.al | ax .i nherent in the LR inmagers, nmani f.est

e TRV tBE e oDEB A i 19 POt O e o e L P P USTtheh

bl urred. et b S ' '

DLt SRR Sy SR R Blpn b 6L BB Mebiiea g LI PR-tdRr
i's thamevhsihhBskHoRH dfhsoRUsROsE el QR BOUROr ROhRRYer adant Batindo&idt by, W t h
respect to one or nore of the input LR inages. As before, it is assuned

ei t hersitubtdd tihe aL Ro¢atagesyhhbavieodikele. e aneteciaajulyr cwindead edrowrd tpgwaition
geonetric correction information including geonetric calibration data and
par al |/dgamarardhyicameras /déhad mislsivaapkitavai Ithepexel Bngsits ingighbers ¢ealbe

case, the total. shifting information,is available, for the pixels_ that
ori gi ﬁsFeﬁcf dh Bhddxeghgy L&‘?’ﬁ’ﬁﬁ%{’gfj'agc‘?’me%ﬂt Al clns60isBsk o FAsade
Some Ofs <t Np&q 'apf\‘z"er,%%tv'e}"aiﬂ r{e?ﬂhy%%trhgc\?/c?' b6, .'%e And, dens PYgGed v Of

, Lha_on t
t he parall ax, e'uncert al searc %Wnéﬁygf ﬁﬁﬁhﬁqﬁfﬂreggfgrE% Ssed

bel oWicaffee befistic 4 gt eazatdlionscar it Vin Cage08l iTheccdrasitesinm of

the process illustrated in FIG 14A that foll ows assunmes that geonetric
cal i breatb@fim@atfortiesingehttdn. t eadditk@h . thatsizeosfi thieareidhbbrhvbd ba depriaptdd t he
other imagers in the array, and also that parallax Information exists
r el at ibaged pon fha\Ge i 2ty 08 200 pRETAUS2O A 064921
GRADIENT FORMATION
[00233] The process described above identifies blocks of pixels in the captured LR
Images that can be used in the computation of gradients for some, but possibly not all,
of the decimation positions /4,{/in the warped and blurred HR image estimate. In many
embodiments, the information that is utilized in calculating gradients includes lists of

source LR imagers [camera_id/ and corresponding sets of coordinates

lilcamera_id s/ jlcamera_id,s//from the source LR images, obtained as described above
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imagers in the array. Simlar to the process for calculating the |ikelihood
gradi ent term di scussed above, there exist different cases in terns of how
much i nf owoabimns2qohere is relating the position /kJ/ inrPChasbéosed HR

i mge estimate and the input LR images dependi ng upon whet her the pixel. at
position /kJ/originated froman LR imger in the sane color channel. as the
HR i mage estimte. The gradient formation in each of these cases is

descri bed bel ow i nvol vi ng sel ecti ng nei ghborhoods of pixels in the captured
LR i mage(s) (1410), and accumul ati ng wei ghted gradients (1412) at each

pi xel . 1N J EWF.%E&{D T 7 h opput at | or

gr adi é?\?gﬁlbﬁg ?H%é%r géé@é\ﬁ)# ustra t%pr?dﬁ%%%ﬁA%g@oeﬁcept uLgﬁt {)@trﬂor%fare

11 usttgRdemh tefrfs! dBthd ABmbEef ¢ FPHE Rirk @B noide BEREh & SN HRBRRES /yPRtitdes her
a pixel. has origination information froman LR i mager fromthe same col or
channeh thaz ltRenbyes sediscugsedmielddR | mage estimate. GRADI ENT COVPUTATI ON

VWHEN SAME COLOR CHANNEL [00268] Case A can be defined as applying to pixel.
posi t ilBB234]k JFori formmeghiradieads AR someg @oeisionartd/ pn450)deciaation iggichax g f r om

an LR i mager 52 ithin the sane col o annel . as the HR i nage

esti navaé.pgﬁaﬂgilﬁHa)@ﬂWéédmﬂegﬁw §5(df&‘3r4§e‘£gb et Ae V61§31 H%&q 6ﬁlgngle LR
coordi.-nates ijicam.countl.dic coyntPin the source LR i nmager,. cam count can
bo 1 cdbrben FHEE P ST Fotfe R uhaPndahial abdARLI P

nei ghber HOPEh Ofcob RFREEE Y PGS ithisONR if g@r.cﬁ&té’é fenbfR byTBIe/GRE VAfud Bied by

s and the nei ghborhood of" pixels indexed as i1icam couht,sldi cam count, s#
| n t heidllat 9k ranadresthedi reah fort Daee AGas @oAlPuxetise {ArABA)R Bn&gEerlBctash
bei ng mapped onto three different LR i nages by way of illustration. The
same pneibedslogy fastt pamodetod foiminggretents atpesitioat/k pbss wasrdeskdibed fvot h
cases and is discussed bel ow. GRADI ENT COVPUTATI ON WHEN NOT SAME COLOR
CHANN@@SFdQQGQ] In the context of the process illustrated in FIG 14, Case
B can be defined as applying to pixel. positions //0/ in the blurred HR

e o kiR A oL e o
cur renposis1esty g ?m@odﬁnentt, ﬂﬂidnfbf'mtaﬂr grpgéﬁiroﬁe%,/%éwsr le PR iﬂ%\g@ms have

any origination information at a f I fference from Case A above comes
from hewsideeedr el gpadiest GOMBHed BY thkiegethy ResgMfedPosint bonthe/ Hilferdmce

determ ne the gradient at such positions, tw types of information are
utili detveen each pixel value g in the neighborhood of position ///including the pixel at
position /j/ in the input LR image (i.e., for camera_id=cam_cound, designated by
glilcam_count, sj, jlcam_count, s/Jj, and the pixel value p/k (/. The weighted formation

of the gradient at position /k,//in the warped HR image corresponding to the target LR

imager denoted by cam_count, can be written as:

glcam_count k,l] = Z weightlcam_count s/*[ql ilcam_count,s)jlcam_count,s/] - plk,l]]

(7)

[00236] The cam_countindex in the gradient expression g indicates that the gradient
was formed by warping into the coordinate frame of the target LR camera [i.e.

cam_count]. The determination of weight/cam_count, s/is described below.
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1) the LR inmagers to select for determning gradient at ik,o, and 2) the
coordinates to consider in the selected LR inmagers. [00270] To deci de on

t he firstwqQuestisesws a wi ndow i s centered at position /kPCTius2ethmedsburred HR
i mage estimate (1450), the neighboring pixel. positions in that w ndow are
checked according to specified criteria, and their information is recorded
if several. criteria are satisfied. These include whether a neighboring

pi xel . falls under Case A described above.If the nei ghboring pixel.
position satisfies this condition, a nei ghborhood of pixels around the Case

A pi X%F&EDFENT%@QIS&UDHTWIN@/@[\M'}I% &%Jilﬂpé'LRLlﬁAidﬁS? from whi ch the Case A

pi xel .” origin I'S recorded ( e fromcamera The nei ghbor hood of

pi xel §062aV10er el &dikRliohPodidrs/ FAMRAAd fhoPé thdrE8nE it 4 RSihageliBenvolved
information used to conpute gradients for pixels at positions ik,8falling
under iCalse cBmipuitdtion b tiver gadlRt] whgheeshe potet i ppitasithy simmalatde$ Rainmageber
of nei ghborhoods in the input LR inmages that are in the sanme col or channel.
as t herohek reegt, HRlingageder] 6@221B respshbvely, Beermogkad listraof eveut LR TaggesA,

t he sel ection of nei ghborhoods of pixels in nmuJtiple captured LR i nages can
pr ocedtd§X§d heYs ane? HEfheé? as™ut | apednd o T sp 6 TBaSES . ShrADNERT
FORMVATL ON [ 00272]-, A wei_ght ed. gr.adi IS mul ated_at positian J/

cor r odloR ot SR Gra ZAriEn i dhe i@ TR et By BB e B e 1
the bluGGhtER faliiemRi@ni FRYRchSulated at position /4! in the simulated LR image

corresponding to the input LR image cam_count, using the following expression:

glcam_count kl] = Z Z weightlcamera_id,s/*[glilcamera_id,s]jlcamera_id,s]] -

camera _id s

plk, )] (8)

[00238] In Eq. (8], a weighted sum is taken of the difference between every pixel in the
neighborhoods identified in each of the input LR images recorded in the list of LR
imagers to be visited, and the value of the pixel at position /4,/. Again, the cam_count
index In the gradient expression g indicates that the gradient was formed between the
pixel values at the decimation positions from the HR image estimate, and the selected
input LR images for that purpose (including the image captured by the target LR imager
if appropriate, as described above].

[00239] Even though they were presented separately, Eq. (8) has as particular case
Eq. (7) (obtained by making camera_id=cam_count, and only this latter expression will

be further discussed.

DETERMINING WEIGHTS TO APPLY TO PIXEL COMPARISONS
[00240] To determine the values of weightlcam _counts/ in Eq. (7] where
camera_id=cam_count, or weightlcamera_id,s/ in Eq. (8] the following approach is

taken, which assumes that localized decimation is performed as part of the gradient
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WO 2012/ 082904PCT/ US2011/ 064921 gikji = E E wei ghti canerai d, si di canera
id,si - pikjg canera id s (20) [00273] Eq. (20) shows how t he wei ghted
sumat i orwof2ogreseoent s i s taken over all LR i nagers indexeashyiioesvera i a'
and all the positions the identified neighborhoods in the correspondi ng
captured LR i mages. DETERM NI NG WEI GATS TO BE APPLI ED [ 00274] To determ ne
the values of welighticanmera id,si in Eq. (20) the follow ng approach is

t aken: 1) Take a block of size Lx L centered at position IIl/canera

i d, sidicanerain the input LR image designated by canera ia'. Call this blk

LR ¢ e BTk S Pt by AL Gl B W0l
simulated LR images:

1) Take a block of size L x L centered at position //camera_id,s] jlcamera_id,s//in
the input LR image denoted by camera_id. Call this blk_LR.
2) Take a block of size L*r x L*r centered at position /k,// in the blurred and
warped HR image (ris the SR factor).
3) Decimate the block formed in point 2] above by rin each direction such that a
block of size L x L is obtained with p/k,{/at its center. Call this block blk_HR.

4) Compute the weightlcamera_id s/ as the bilateral weight (un-normalized)

using the norm of the difference between blk_LRand blk_HR, i.e.,

—|blk _LR-blk _HR|/c
2

weight(camera _id,s)=e 9
9

where o is a user-selectable parameter [(typically as a percentage of the
dynamic range of the imagers).
[00241] The sum of the weights for the component gradients that contribute to the

gradient being formed at position /k //in the current warped HR frame is also recorded.

This is:

wsum _grad(cam count,k,[) = Z Z weight(camera_id,s).

camera _id s [1 0]

[00242] The glcam_countk,l), and the sum of the weights wsum_gradlcam_count k,l]
are decimated from the decimation grid using the decimation positions. The result is an
LR gradient and LR sum of weights corresponding to the target LR imager. The
accumulated gradient at any decimation position /k,{/(these positions correspond to the
LR gradient image) is not normalized in the warped and blurred HR frame. Instead, the
weighted  gradient  glcam_countk,(/, and the sum of the weights

wsum_grad(cam_count,k,l/ computed as described above, are recorded at each
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3) Decimate the block fornmed in 2) above by r in each direction such that a
bl ock of size L x L is obtained with 1)110 at its center. Call this block
bl k HR WO 24)2/@29put e the wei ght/canera id,si as the bipCatuseal/oouei ght
(un-nornalized) using the normof the dlfference between bl k LR and bl k_HR,
i.e., weight(canera _id, $)=LR-blk HRV (21) where a is a user-sel ectable
paraneter, typically assigned a value that is a function of the dynamc
range of t he i nput LR i mages. [00275] The sum of the weights for the
conponent gradients that contribute to the gradi ent being forned

cor eSREAAN, LANER U0 ok D0 BHAS ESEL 0 Rl s

=l wei qm)( gatrgeroa IR, ®dta GREEHRKvEhralAmuldi@E27E. é;sp@.fh@ulad bE@k\ﬁQrtoedrﬁfa@ﬁ{ the

above operations do not have to be perforned at the I'evel of the enfire HR
grid, thansforahdiesn,avpighcb theowak)se aptresmborirairt omaapmy tachkfaoudttbriyeht akgn,
with consideration given to the sizes of the | ocal patches such that the
oper atupsagpdiagc tiamegosehewriromg, eodrwartpiyg back to the frame of coordinates of the

current HR estimate (corresponding to the reference LR imager]). Only after the
weighted gradient and the corresponding weights are in the frame of coordinates of the
current HR estimate, are the total accumulated gradients, at the grid positions in the
current HR estimate, normalized. Processes for backward simulating weighted
gradients and weights and accumulating backward simulated weights in accordance

with embodiments of the invention are discussed further below.

UPSAMPLING, BLURRING AND BACK WARPING THE CALCULATED GRADIENTS
[00243] For the decimation positions /k/{/ in the warped and blurred HR image
situated on the decimation grid, gradients and sum of weights can be computed as
shown in Eqgs. (7], (8) or (10). These values are situated on the decimation grid for the
target LR imager, which is an HR grid corresponding to a high resolution image. The
rest of the values in this HR grid are set to zero, thus effectively constructing an
upsampled weighted gradient image, and the corresponding upsampled sum-of-
weights matrix, corresponding to the warped HR image that is being processed. Both of
these images are convolved with the transpose of the total blur A that was applied in
the forward simulation previously described.

[00244] Following these operations, the resulting two matrices (upsampled and
blurred weighted gradient, and upsampled and blurred sum of weights] are warped
back into the system of coordinates of the current HR image estimate, by using the total
shift information that was applied during the forward warping of the current HR image
estimate into the frame of coordinates of the target LR imager to perform the backward
or reverse warping (i.e. from the frame of coordinates of the current LR imager to the

frame of coordinates of the HR image estimate].
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NORVALI ZATI ON OF ACCUMULATED GRADI ENTS [ 00277] Referring back to FIG 14A,
the accunul ated wei ghted gradient at position /kJ/ in the current HR i mage
esti mat e WD.2e12/08g40k, | A i s normalized (1416) by the accumruratsedi1smmof the
wei ghts wsum graa'l k, 11 by dividing gik,11 by wsum The nornmal i zed gradi ent
at position /kJ/ is stored (1418) and the procedure advances (1420) across
all positions on the blurred HR i mage estimate until. (1422) every position
on the HR grid has been considered. [00278] Once the gradient inmge
corresponding to the current blurred estimte has been forned as above, the
resul t r agi ' I t | .
oSl ppayey 1Bl BRI LURE S ) ot U5 bl 37095 Bedlectibpd bl
bl ur) the |&Vp\ d8e thard HRagrid! bitetdthood atad{leadl) BpBriéitatibe a@F Fé68Mt can
iteration, for each position ik,11 in the HR i nage estimate. e likelihood
gr adi et tdkehmveidn doasideestiom dived tanhersipad lof rthd @balv @atdhescouddi tiadti te wi t h
i ntra-channel and/or inter-channel. gradient terns where available, to

det er mipreationsedesssibedduectiay carnectR i rage. Alternatively, any of a variety
of ot chni ques .can be utilized for determ ning the |ikelihood gradient
term Qﬁ@?%@r i A e”?tSdsﬁg%\feﬁi @ apien dat FYRBYiE the cdraikiond aradierintenntin s of
the inyention 012/,082904PCT/ US2011/ 064921 LI W TH PROBLEM P| XELS
[ 00278 Bl 2 g P SR a g Ry i e B ol of pi R ghts
concergps NPa Y bockdbAl M &hiriliStddTRAGhe f&for'r'a%ehhmgi' ?@gm&h Sn O e2ELREAPHR

i mge. Probl'em pi xels are those pixels that are not appropriate nenbers of
the dagageet Thinderreeposdifgrdsitidh irPtiedlcammepit X6k Smage far igeitfaer /a/\var tet y of
reasons including "defective" pixels in an inmager. The term "defective"

pi xel .upsefmglad goidacani keldesignated asdgelr/ t Has voesoperatioduse usethd foteut put
information and includes so called '"hot", "cold", "warm, and "cool ."

pi xel Sorwaidc warafigformatigne deneateq pbying the xprpingiqfuthes cumeat aR 1agsi xel s
that can b reated as proble i s.al so,incl udes phantom pixels in

oy ghiaRSE ik e o AREH Aok SR AT hBOE A8 ot beyond + he edge of
an i t t i xel t d ) f o eis
o0 | a6 DRCPADLATAR! kB Nttt ACRAPIRES IR A. A, pRdTERS |

cl ass gradiedt @bFREpbAdiAY {Oed UstqR ISRtimadexab sShrmEMPAisdldc¥umubstell &M xel .
requi res special. case processing, which slows throughput due to case
checkipngpangbslitres fal & apsrareshiitsghdukanc Hesmuldted speciodlweighisesatrhant tHes

that are often involved in special. case processing conplicate, and

i ncr easeraiélbuneemygedsoci ated with i mage processing. Special. case
processi ng can al so produce artifacts in the output inage. [00280] SR
proces i r A i ts in i wei ght the
contr.@ﬁﬁ#%ﬂ%ﬁ@#ﬁﬂ@ﬁﬁ@ﬁt%@g&ﬁ@% ngﬁp%@ Itﬁglpl%& s make to the
synt heg¢ output, i i ) i gni i i f
SYnt hagbEas OULRMCulTRIEe JLBCRAY (FEDAL AROL Ay ARTIA T, KENARL 0L
they afgdie8nRIrfshtba (10921 DBsaBRBhHUEI18Pf trdRgho3R 1K Bliong), ahd bRk GaAd -
enbodinents, the nechanismof assigning a weighting of zero to an LR i nage
sanpl evarpingt [1022k@ tepedead forvalt,loraddbsetagssfebediR phabtemapistes innFig. 10i fi ed
manner. Whenever such pixels are encountered during upstream processing of
t he LRhengigdierdapsindsthepeabepandrng megehts ansesulaieca¢dadyady by alsasyinerey
them a upj.que value in place of their original. lue, if any, or. setting
an ass(ﬁe‘{))df‘égef"fé\djﬁaﬁ%resﬁmiﬁ%ﬁeﬁyslwiorfréﬁér aﬁ&?ﬁeiﬁ%éﬁ%@umtsa@éad'ﬁytmﬁos of
defective WD,2012/082904PCT/ US2011/.064921 pj xels...in noi ocessi
2l gor (LRI HIENe e hog ot 3 b de o PEIREnSyith Bt T8l SPPRARTEE o
of Segr‘iﬁl%gfeg,dcé?r?rbte' PRS-l i PRISS w%gg th r\‘oFrtﬁetf%Cﬁlllé’{sg%iérﬁt Fo fex*ahggé,' fied
i mage el énents. Subsequent SR procéssing can disregard all Tl agg probl em
LR i mageusangred Sqiadidriicatgeneti dsambnofk tirecpubpuhordiliZzEagey the eatrhngf the
probl ematic LR inmage sanples in this way not only provides for uniform
t r eat menghisf acuetulbRd abetgasgias,i.chudivalirsp thedooesulmey gobdiehe valuei iyact s
t hat can occur when processing such L/?,L;gage sanpl es with special. case
ofvpu

pr ocedBe AerssaeRMEg Weaight Ftdbatlesation tational. |oad on the processing
pi pel i ne.
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[00281] As can be readily appreciated, any type of pixel. determned to be
probl ematic including but not limted to the problem pixel. types

r ef er encesloabvws2wan be identified at one or nore proce®€Trus2etAGH31 t hat
occur prior to the SR process in an image processing pipeline in accordance
wi th an enbodi nent of the invention. In addition, any of a variety of

fl aggi ng techni ques appropriate to the requirenents of the SR process can
be utilized to cormmunicate to the SR process that the problem LR i nage
sanpl es should be disregarded in the formation of the output SR inmages.

ARRAY | %W%Eti%ﬁ'h@%ﬁﬁ% ra’\éig\’%’s[@&ﬁ%b Jﬁiﬁgfg’ LELiAEREA St

descri bed above assu a fixe ocal 7 lTength for eac e 1magers in the
| Magersoditfody forhhte t1$&l 3Rl XBlelinBB@ S adftink tie PRt Rethe BErreAMBiRStiSNCRAFESadRICh

of the information fromthe scene in the LR i nages captured by the caneras,
maki ngosh®nLR | fagds ameaabH® ¢ximetedauiteosticreebvehy likbliboghgradiémtcteannel .
signal . processing nethods such as the SR processes descri bed above. An

al t er anibeecarebimedguigh parercgadiantdeimg mthamanpec avtlired belavcior driacming t h
enbodi nent s of thF iﬂvg_n%i on is to create an_array, which includes inmagers
havi ng Y £el@Rte 19" dNas HIMIFeWe: Alasga ey oh8-field of view of an i mager
results in a change in magnification of the inmage captured by the

under lm%‘mﬁ@N—WANNEIé%I?g{;@%@W?ERF/Ihi s difference in nmagnification

between inagers in't ows variation in the degree of SR
proceggnyan]r eAH! hedh-ERalREOYEr AedRSLERT i &5 MAPT SRy e¥hiifha&RRIBEce with
beneficial. both WD 2012/ 082904PCT/ US2011/ 064921 from t he poi nt of view of
needi rgnib @fiscottittaki GRedtich fcaanbé hailpetnfo atéhievewngf ofr @swlridty i ihesqvery
quality. By varying the magnification in a controlled way across the |ens
ar r ay proeessougrpoiestiven neguiureben of eedmemeatsdbiriotrar pgort Gelironstgedutsh SR
processi ng can be r_educed.#@EQZSS] An innager's field of view can be

det er taRIBZHING $Qubph ok he eolmationdrigedssof Intmany saad @entsméle {rHea-

' size' hof tlhe.i rrpege ca(gtured ﬁgi)n t he senl%or.t ﬁé ns_wth Z Iarg r. focal .

| engt (FPEPBFCRI?Y AP EE Ene 98ty i T e rd:gHP?ﬂ%n"é{*E' T §™M° ﬁd@ﬂ THrn

t hat ; i ~die - ; e, e

| mage PP o B e e R Slop P SRl 39} B s SR B okl
be exaglahy demtehe IMessicrsl enidimepge fHy Medadhaaneensief tkasakecksengt h 50
mm at the sane di stance fromthe object. The relationship between focal.

| engt hnwamdhrickeof iteé desdimatiedwSRaphage dinmdeaingn t daratdre /Ao al [n laengtibesf ofan

i mger and the size of the inmages captured b_){ the imager are directl

pr oporemkatimentsirHde ceparatair él(/d? Isaput nmagélinited teex badptaral figget er strailan el d
of view. Ttle field of view of an inmager can be increased w thout changi ng
the f&ERFTa 8N 192l AReMAtNs by using nore curved and aspheric surfaces.

[ 0028 odj - 4 ] - é toch udi ng. i ers with
it o SOESH el <ot 28t B PP A R K a2
accor | e [ - i el | i I 5A
and 1R el he HRAPSIRL I iagkifRal BEER R ABERigr o Thd PFHLHP et s

i ncl udgsntdH mdRGETSe SWR £ih §KEn PSSitBARANIR dNphatkd qsmfvg?ers sense |unna (or
green light (G), and 8 inagers sense chrome (red light (R) or blue |light
(B)). The 17 almdgensissemsiange lashindatad eatsthht pasitiohi (@ped furdtiont éif 8 signal
categories, based on their respective fields of view (foil - category 1
(Gl) Witet andghe poategxdamminf theesensof), vi ew (fov.), category 2 (&) with 1/2

t he maxi rrumeeI d of view, and categor%hB with the maximumfield of view
The fol | owi ngPkEIPseRRsMAge RE1ansE 6t thatdwssion RBdarray canera shown in

FI G 15A V\heaeth%%(mri MRger ls a VGA canera, at each focal. length with the
resol ution of “a €onvent’isna - 8 Megapi xel fixed focal. length canera WO

T L P D TR0 T o b el EIAR L o
() =20, = U)(x =K (x)) = 2A,[(x° =K (x)) =U(x* =K(x))]

(14)
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Category fov as cYci of fovn. # of VGA Imagers # of Lunna Pixels in Legacy
Camw thin by Resol ution
WO 2012/082904 PCT/US2011/064921

where A, is a function of the local SNR (estimated for each pixel position on
the high resolution grid), or can be the identity matrix. /is the identity matrix.
[00253] Given that the operator A7./is local, Eq. (14) is implemented locally by filtering
each pixel in the high resolution estimate x° in a window W centered at that pixel
position. Thus, to implement Eq. (14) and compute the intra-prior gradient at a position
lk,l) (appropriately translated from 2D to vector coordinates, since x is a vector-form
of the image) in x°, in the local window W centered at position /4,/) the filtering
proceeds as follows. Assume p/k,(/is the initial value of the pixels in x:

1) Filter the current estimate x using the filter operator A7./(e.g., a bilateral
filter). The resulting filtered pixels are denoted by p7/k, (/.

2) Form the block difference e containing pixels elk, {/=plk,{}-p Tk {), for all
lk.lJin a local window Wcentered at /k, (/.

3) Convolve the block of difference signal elk,{/in window W, centered at /k,{/

and obtained as in point 2) above, with the matrix operator Uy, such that the gradient

value at position /k,//is:

g " (k1) =27, [(p(k,]) = pLk.D) = (Uyy s, * (KD, (15)

*

where * is the convolution operator, and 7, , Is the value from the diagonal

matrix A, in Eq. (14] corresponding to the 2D position /4,{/.

[00254] By way of example, a 5x5 window size Wcan be taken and the matrix operator

Uy, applied to the 2D local block eat position /k,//has the form:
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Recovery Strength per Linear Dm 1 1/4 1 240,000 0.78 2 3/4

WO 2012/082904 PCT/US2011/064921

wk=21-2kD) wk=21-LkD) wk=2EkD wk-21+LkD wk-21+2k)) |
Ak-21-2)  Zk-21-1)  Zk-20)  Zk-21+)  Z(k-21+2)
wk=LI-2k) wk-LI-L&kD) wk-LLk) wWk-LI+LkD) wk-LI+2k])
Z(k—1,1-2) Z(k—11-1) Z(k-1]) Z(k—11+1) Z(k—11+2)

g | MEZED wkI-LkD  wkERD  wkItERD  w(kI+2kD
MED T (R 1-2) Zk,1-1) Z(k,) Z(k,I1+1) Zk,1+2)

wlk+L1-2kD  wk+LI-LkD) wk+LEKD  wk+LI+LkD  wik+LI+2k])
Z(k+1,1-2) Z(k+1,1-1) Z(k+1,) Z(k+1,1+1) Z(k+1,1+2)

wk+2,1-2kD  wk+2I-LkD wk+2EkD wk+2I+1kD  wik+2[+2k])
| Zk+2,1-2)  Zk+21-Y)  Zk+2D)  Zk+21+)  Zk+21+2) |

(16)

where, wlk,(;k' ('] are the weights of the operator A7./(e.g., bilateral filter, or
its non-local block extension) computed at position /k {/ with respect to position (k’.(’/
inside window W. In turn, the variables Z/k,// represent the sum of all the weights
wik, [k [], where the indices [k ('/vary in the neighborhood Wof /k,/.
[00255] Although a 5x5 window size is discussed above, any of a variety of window
sizes can be utilized in accordance with embodiments of the invention to obtain the
matrix operator Uy, used in the calculation of the intra-channel gradient term at pixel
position /k, (/.
[00256] In other embodiments, different intra-channel priors can be utilized. In
several embodiments, an alternative prior term can be used that can be formulated in
similar terms to Eq. (1)-(2) above. As in the process described above, the output of the

Pilot Fusion process is utilized as the initial HR estimate, x°(0). Alternatively, another

initial estimate may be provided for the super-resolution processing (such as for
example an interpolated high resolution version of the reference camera image). The

iterative, HR-estimate updating process then proceeds as follows:

)CMLC(n + 1) = x¢ (I’Z) _ ﬂn ch(n)J(xc (I’Z)), (17)
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8 2,160,000 7.03 3 1 8 4,000,000 13.02 Table 1: Three Categories of Milti
Field of View VGA Caneras for a 5 x 5 array configuration
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where

V oG5 (0) = PTG (), 18

and
X (n+1)= FH{T(F(x,, (n+1)}, (19)

where F is a sparsifying transform known in the art (e.g., a wavelet, or
directional transform), F' is its inverse (it is understood that the transform can be
designed such that an actual inversion operation need not be taken, e.g., an orthogonal
transform for which its inverse is equal to its transpose], and T is a hard or soft
thresholding operator known in the art, which is applied to the transform coefficients.
The likelihood-term gradient in Eq. (18) is determined using processes in accordance

with embodiments of the invention including processes described herein.

INTER-CHANNEL GRADIENT TERMS

[00257] The inter-channel prior term enforces a correlation of edge direction and
strength across channels. Although an inter-channel prior term can be incorporated
into a MAP process in accordance with many embodiments of the invention, in many
embodiments it is computationally efficient to enforce edge direction and strength
through the cross-channel of R and B with respect to a HR image estimate for the G
channel obtained using the MAP process described above (excluding an inter-channel

gradient term).

COMBINING THE COMPUTED GRADIENT TERMS
[00258] The gradient terms determined as described above [i.e., likelihood-term

gradient, intra-prior gradient, and if available inter-prior gradient) are accumulated at
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[ 00285] The above table illustrates a conparison between a 3200 x 2400 8
Megapi xel | egacy canera spanning a field of view 'foy'. The field of view

i S spannewsiolry12ai8k904000 pi xel s al ong the di agonal. fo theC3aBRM/02400 frane.
Considering the first row of Table 1, the nunber of pixels along this

di agonal . that span just a quarter of the full field of view (i.e. fov/4)
woul d be approxi mately 1000 pi xels (4000/4). Gven that the frane has a 4/3
aspect ratio, this would inply that the sub-rectangle that spans a

di agonal . of 1000 pi xels center around the center of the frame is

appr oxj I i xel Thi - I 0 i xe f ich
only ﬁ'&?gkﬁéé%sgsg%g%g%dﬁh%% f%f’ﬁl;ggsa%(cggtghﬁldqg ﬂ]%@%&é}g%a%é%ggeﬁblnzgg [zzingayer
filter). u f i i bl e 0 t
nurrbert)5offrrﬁuﬁhneaqg'i%keﬁgafeﬁt?ﬁtqﬁgg%d&y&t;ﬁg%%w't ¥ %B?ﬁg ITDO\EJL()?@( :‘,@5/ Efak S
240, 0Qfagiexelssthehhgaléddl the atdpmizi spt e thatiteraibntdred Bpipletl tofheptx@bht i n
the | egacy canmera capturing this field-of-view (fov/4) to the nunber of

pi xel <R Mmahe eanmaye,dheerhy, obthiere aaelv HR Iimaggerstingg e 64 he cd8@nprhahrssl,
capturing the sane field of view (fov/4). The ratio provided in the final.
col um@sdndicaifidan£a.{Bts the strength of resolution recovery required

S e o R R R A A
el gt e s e st R R L

camer aorfh bathd 98t SMen AF HRNeHEMSRENiITH YRR @ukabdMEalBy bRk dTREAaNAS
greater resolution in the central. foyeal region than the 8 Megapi xel

convenhrazhald, ot ahe haaxifhioen Gatdgo oy it2ratithsCategored) Jascadrgpar inskigs9.r eveal |
that a strength of resolution recovery greater than 1 is needed for the
array canera to match the resol ution of equival ent i mages captured with an

8 NoyASTMBINISTTERHD MACE Eh WA TESI FROMIENGHACHANMRE  The nunber of i magers
i Cat 3 fall [ittl hort of what i i . Ho , . th

ot oA Sohds R foads ErmRiy bavh M bl ach ol e el 508RLt i on
:  Eslih 5r Bl . |

Secr OSHEMELATHEANTR by DARERTAG thd ¥ fheq/trBM 800 LSRR h Mony

75% Mayn it @d 3l Estimalibg &B@é@é_ LinGiodH @%the Wb%_@sg%mlmera 590\eR sPIQLLRSI NY,
the SR processing is performed using processes simlar to the processes

out | i Re@cpdteve HRWMeIR: fdretheRoicdagdmnakct dhaWed aednBlbe chEhhéBgahsthentdy n
the category of interest (i.e. the LRinmagers are all fromi magv?/rs havi ng

t he sdwnsed-OWy, oPrceodbsinsglvesried pradsaedrivemgod sirRilamibids peecastesWhereethect | on
in the processi ng overhead of perform ng SR processing. [00286] Turni ng now
to thi?e@ &n%%f%@@nrsﬁl%aye SHPEIsT e 2rl¥ed ﬁﬁlqﬂmrefshl.twﬁh an the fregAgaenaet ay

1910, IS0 R B RS, RS o Rhelih et o
requi rs%ﬂ?i@iﬂzitff?f{ gi%%gj{r%ﬁ%%'ﬂtsy?%éﬁﬁ%ghés% 'cﬁgﬁ’ﬁ&g' chﬂEérE‘Joort@’thQ”GVeetrY‘D

categories o Vi ew are int i mager array. Category 2
(R) icwagrels, tavRed/ahdt BRieTed AR ek Q%séﬁwﬁl@,d fed iaedrpeRtYd)3td fRRORNS
(&3) have the maximumfield of view The follow ng table conpares the

r esol utsautioh dfhibeabreay damerch asdoive thme&lcGandélB, carhkined asting iampgentabke a
SVGA canera, at each focal. length with the resolution of a conventional. 8
Megapitgemnigis & ¢aphIning Brge i otdnera nekplopiasyca aBalesoler Image.afd nast aly
digital. zoomto,pravide i mage of an equivalent field o iew. WO

2032 o0 ReEk L0 REHoBnE DA At SIS 1 MEUEHR0 SPnTUiR. denorsing and

sharpening. In several embodiments, the Red and Blue channels are fused by enforcing
a cross-channel correlation (e.g., in a color-difference sense and fused using the Red-
Green and Blue-Green color difference). Or this can be done by fusing a combination of

the R,G,B channel data such as fusing the 2*G-R-B and G-B signals for example (pixel -
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wise), instead of fusing the values of the R and B pixels on the HR grid. Thus, these
signals are fused in a manner correlated with the HR image estimate for the Green
channel generated in accordance with one of the processes outlined above. The fusing
of the Red and Blue channels, or the Red-Green and Blue-Green color difference
information, can be performed using a process similar to the Pilot Fusion processes
outlined above or additionally using a selective MAP processing of the obtained fused R
and B channels, after the color-difference fusion. The selectivity of the applied MAP
processing can be driven by the HR occlusion maps that are created in the SR
processing of the Green channel, such that the MAP processing is applied to the R and
B fused data only in the occlusion zones on the HR grid onto which the color HR image
Is reconstructed. In another embodiment, the depth estimated for the pixels in the HR
Image is used to enhance the fusion of the R and B channels. The HR fusion of the R-G
and B-G data and the reconstruction of R and B HR image information from that
process, the enhanced fusion of the R and B channels using HR depth information, and
the selective application of the MAP processing to the fused R and B HR images are
discussed further below. It should be noted that the enhanced fusion of R and B and the
optional MAP processing of the HR R and B images can be performed whether the R
and B HR fusion is done channel-wise, or cross-channel (using color difference
processing).

[00261] The grid resolution at which the R and B images are reconstructed (through
fusion and possibly MAP processing) may be lower or the same as that of the resolution
of the Green channel. In the former case once the R and B images have been fused at
the given resolution, they are brought at the same grid resolution as the Green channel
if the G,R,B HR color planes are output by the SR processing system. This final step of
Increasing the resolution from the fusion grid of the R and B channels to the grid
resolution of the Green channel can be done by a conventional interpolation method

(including cross-channel interpolation techniques). Alternatively, the R and B fusion can
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be performed directly at the same grid resolution as that of the G channel, and using
the already estimated (dense) HR G channel.

[00262] Enhanced fusion of the R and B channels can be performed similarly to the
processing described above for the G channel, by using HR depth information in the
process of fusion. In several embodiments, the enhanced fusion involves directing the
interpolation of pixel values by assigning relative weights to the pixels based upon their
HR depth information. The selective MAP processing for the restoration of the R and B
channels can be carried out by using the HR occlusion map estimation generated by
processes supporting dynamic focus functionality, in that for efficiency purposes the
MAP processing can be carried out only in occlusion zones in the R and B channel.
Although specific processes are disclosed above with respect to combination of
different color channels, any of variety of processes can be utilized including processes
that utilize alternative and/or additional channels of information to generate a high
resolution image combining information from two or more channels in accordance with

embodiments of the invention.

ALTERNATIVE CALCULATIONS OF GRADIENT TERMS

[00263] Although specific processes are described above for determining the
likelihood, intra-channel, and/or inter-channel gradient terms utilized in improving an
estimate of an HR image in accordance with embodiments of the invention, other
techniques can also be used in the determination of gradient terms. By way of example,
optimization processes based upon Egs. (1) and (2) above that utilize alternative
processes for determination of likelihood gradient in accordance with embodiments of
the invention are discussed further below.

[00264] A process for determining a likelihood gradient term in an SR process in
accordance with an embodiment of the invention is illustrated in FIG. 14A. The process
1400 starts by initializing (1402) the first estimate of the HR image using the output of

Pilot Fusion processing, and obtaining (1404) any auxiliary input information such as
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Tabl e 2: Three Categories of Miulti Field of View VGA Caneras for a 4 x 4
array configuration [00287] Category 2 caneras recover resol ution

adequat elwoi2n1zise9ogentral . 66% of the field of view whiPCe/USatIe®64991 3
imgers fall short of the required resolution recovery target, because of a
| ack of a sufficient nunber of imagers. However, the | egacy canera al so
degrades in resolution at field heights above 70% and therefore the

percei ved effect of the reduction in resolution of the array canera is
substantially reduced. [00288] In nmany enbodi nents, small field of view

dif7 eneneas (AbobPgeBleic UorddMRTinfnAloh HL derAed Jdver feludify 3gshel the
SR processing. An i“nmpedi ment to resol ution throug pr ocessli ng” acr oss

nul ti ph@eddMAGRE JddnddtricMBGgEcREN aNfFAhtRA (JRNPEES§OSReRic RElIbratRA&d N
the field of view covered by the different LR inmages. A null space is a
conversgeneeddpenideat spophétnig donrecton yinfafrnmidh@nobuett asppaallagr eds nhdteon),
different LR inmagers in the array such that the sanpling diversity is

r educe@dctusian irdyrroatign,rand ineagragmirfaroatdiroraten teke, def-beeéSNR eaimstescics of

each LR i mager in t i mager. array, (for exanple, 10% 0or nore) the
di stritgﬁtl nﬁéf“egherﬁhlﬂi‘e%epé’&%ét aetamﬁf% 5'51;. zégg“aend"'ﬂédﬁé%%dtﬁbo"her
|1 kel i,hgod that all, of .t he imagers will,converge pn,their s [ ]

ai str B an s rarraRlastel s the TRAE o brediE NS EE AL p b O 000 TR

processhig SAN RCEIAMIalfotdh! Alds?NembBdiEnENMiGe 8RENcKirehh &R Rrhdmaer s
by filtering the pixel's to account for the different magnification when

pl aci rgtihte pintetise eaptarbd gmagesaltu indiRirguhd WstHrgp&allidkriatdremation & Aat i on
and appropriate forward i nagi ng nodels for each of the LR imgers. WO
2012/ @8adaklPETdIB20drbl @849 2mh!y Dap8oihe bR hougHasyprprddessinyamey cammeepsate
configurations are illustrated in FIGS. 15A and 15B alternative imger

arr ay TeloHfa Bekafilbni aaditise, theeabtaduteotistartien andl thie relaivg dptoaljor amangs

t hat use SR ;?.r ocgsses ta ﬁonbi(pe the LR.i mgcﬂejfr]om [ nasg)ers %t i nltn1e
ar r ay AIATAG 't hetNEatre "ET'BAP YN GRPTE T SRIRE LY SeR B Petn? LHpthe
accor ' ﬁﬂﬁ% ; el nv i E_?gl;ﬁg I
[0029%]%@§g%§'2d| S a Fagg)?g%gegtfengmsteHr?sléﬁg%daggﬁ o] %—{%ﬁq%ﬁ%ﬁggﬁi%g on
an objagbrdie@m different points of view (the two eye positions). The

di stance between the eyes is referred to as the baseline. The angl e nmade by
t he rd90265m The Y em@gecestimgteors then baurretj ([@¢04) by tthe ttoealblslse Hj ndidn
conbination with the baseline is enough to judge the distance to the

obj ectinclufes lans blef enddbe senser blurahg&eabliuorﬁd ﬁﬁoz@gje ovtiragtec apet el at

accordance wit h.enbodi nen of the invention.provide nultiple view of the
same SOERIN M'%W%Y'Sft?@ﬁ%% BHARIsErOTHY SR P HPfest ah chat PRPIHPRNIHY

angel s\ SHeree palo. o O [ eERIHIQ0 iTagSS, Of & Scane £af bsyaplal ned
using an~array camera by performng an SR'processes simlar to any of the

SR pr Q_qieﬁﬁggsesqmrﬂé%‘?ldg@ﬁﬁé/t‘?ic‘éﬁy'&_grrte‘ﬁ@ecf,i!ofrftﬁéte?ﬁorﬁ&lricn@ﬁ%&i&\oihfd’rjnﬁéﬁ@l . LR

i magers) as the reference imager in the initial. Pilot Fusion processes.
The diistladieg deinveeit datieriten debeinenesallaagdoembosmbf bheldbbselrereaitdblehe

resulting HR stereo pair.
Thus, in the ideal case, the total shifting information is available for the pixels that
originate from one of the LR imagers, as it was the case above. In case some of this
information is not available, and depending on the severity of the parallax, the
uncertainty search window size, which will be discussed below, may be adjusted
(increased) accordingly.
[00266] The discussion of the process illustrated in FIG. 14A that follows assumes

that geometric calibration data exists for the pixel at position /k // with respect to the

other imagers in the array, and also that parallax information exists relating the LR
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[ 00292] A process for generating a HR stereo pair in accordance with an
enbodi nent of the invention is illustrated in FIG 16. The process 1600

i ncl udes wapbiwaseg4+( 1602) LR i mages usi ng an array canePaTius2@cnetsdance

wi th an enbodi nent of the invention. A pair of reference LR inmagers are

sel ected. Each LR imger can be an LR imager in the array canera or can be
a virtual. LR imager. An SR process in accordance with an enbodi nent of the
invention is then used to generate (1604) an SR inage in the frame of
coordi nates of each of the LR inmagers. The pair of SR images is then out put
(1606), t ir. Al i fi.G pr s i in
Fia Tapef IR ATAR Sl 8 hapyeed AREACLIA ASTRRLNSod sHBEAERER -

| mgesgisaRrtEd adoRy B BXisIBIfR rant edses R t12AHh23 /P 3A0HRER iMR2R HPeHARd is
caneras can be utilized to generate HR stereo pairs in a nmanner appropriate
to a sphkainfy theap@iticat/kahini theabluoreathhifeimadd eatimatb aoidniiet inplit tReimages

i nvention. [00293] An advantage of utilizing an ima?er arra&/_to gener at e

st er eslepandingi parhehathierithg pixel et eosdionulk 4/ priginadedifivan iapnisk onapsr imthger s
when generating the stereo pair. This can_be particularly usefu]. en
gener é@mfgC%Ler%hﬁmelﬁsev@d*%amageeeéemwtFh‘% o A48 19i58 &f\rﬁﬁe% t hin
the captured,light field. Instances.in whigch L tiple ster paLrs be
usef utBoPh & Sers” e et int T AR ES vrd SRR PLEEE 3o RRbIR G TR

aut O S RLERTPARIOE drfNtidil briflh WRldhEd oPadien BUSE PASRIAIR phRNGbEiHoA vk /]

di spl ays“can generate 3D I nages, thogt the requirement that a viewer wear
special. glasses, using nultiple stereo pairs. The generation of nultiple
st er e GRYSDIENTUSO M UAATIIOEger array can al so be useful. in a variety of
other a fl ications in accordance with enbodi nents of the invention. [00294]
Al t hodgﬁ ¢He phesemopitatient pbrgradientreen thesprotrss iltusdeatedi m $peciltidcis
enbodi nents, many additjonal . nodifications and variations would be

appar éﬁﬂC?RiU?Hbs'ﬁué'l@queH‘ imMGt Hé&Bar tThe compuiaiinePbrdadisnbe daRgerst WA t hat

h i_Nnv. i ! i ced h i th i ficall
e PURRIM: RVER: P oTRRAB-RRRAER, R B8 MORRs PSR RSB ot
W t ho%%aﬁﬁ@laéstffh{éﬁ)lur%@&}??erﬁqq%@ﬁnéggé ingkd of the present invention. Thus,

enbodi nents o e present Invention should be considered in all respects
as illustrative and not restrictive. WD 2012/082904PCT/ US2011/ 064921 WHAT

| S CLARHDENT COMPUTATI@NH RN A EOEORCHAMNNEDI gh resol ution i mage of a
scene using an imager array including a plurality of imagers that each
capt ul@02¢8li nEigee df cahdesdefimed amdpplying apikel pagitiogst Kahet trarhturoed HEY
each i.mager, the rTet h?d conpri si n(?: _ o
image estimate [1450] that originated from an LR imager (1452) within the same color
channel as the HR image estimate. A neighborhood of pixels (1454) around the
origination coordinates [/ilcam_count/ jlcam_count//in the source LR imager cam_count
can be recorded for the purpose of forming a gradient at position /k /. The
neighborhood of recorded positions in a captured LR image can be indexed by s and the
neighborhood of pixels indexed as [ilcam_count,s]jlcam_count,s//. In the illustrated
embodiment, three Case A pixels (1456) are shown as being mapped onto three

different LR images by way of illustration. The same process is used for determining

the gradient at position /4,//in both cases and is discussed below.

GRADIENT COMPUTATION WHEN NOT SAME COLOR CHANNEL
[00269] In the context of the process illustrated in FIG. 14, Case B can be defined as

applying to pixel positions /k// in the blurred HR image estimate that do not have
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obtaining input imges using the plurality of inmagers;

determning an initial, estimate of at |least a portion of a high resolution
| mage usiwgQ 2a12pisequal ity of pixels fromthe input inmagesPCT/US2011/064921

determ ning a high resolution image that when mapped through the forward

I magi ng transformati on matches the input inages to within at |east one
predeterm ned criterion using the initial, estimate of at |east a portion
of the high resolution imge; wherein each forward i nagi ng
transformati on corresponds to the manner in which each inmager in the

| magi rbgigglﬁla{t?o\ﬁ aRbEhati6n tilt{'ea isBHP&e Lﬁﬁgﬁ%eraﬂ(Jm the same color %ﬁ]a‘?‘[rﬁilrhst nﬁa hi gh

resol uti | mage has a resolution . S greater than any the 1 nput
| mgesurrent HR edtimbhe (Bt hodt off eairBickenybiarreiimaqRe), far War foi MRgE Nghy

transformation conprises: a blur function; and decimation. 3. The nethod of
cl ai mo2igindtermeinfiortrhatid at aflunidiel dffefendenfeoncOape iAseboveacdrans fldrmirhowuttet i on
for each imager; and a sensor blur function for each imger.
gradient I1s computed at these types of positions /k, /). To determine the gradient at such
positions, two types of information are utilized:
1] the LR imagers to select for determining gradient at /4, /), and
2) the coordinates to consider in the selected LR imagers.
[00270] To decide on the first question, a window is centered at position /4,//in the
blurred HR image estimate (1450), the neighboring pixel positions in that window are
checked according to specified criteria, and their information is recorded if several
criteria are satisfied. These include whether a neighboring pixel falls under Case A
described above. If the neighboring pixel position satisfies this condition, a
neighborhood of pixels around the Case A pixel's originating position in the input LR
image from which the Case A pixel originated is recorded (LR image from camera_id).
The neighborhood of pixels can be referred to as /ilcamera_id,s/jlcamera_id s}/ The
information used to compute gradients for pixels at positions /k,//falling under Case B
in the blurred HR image estimate typically includes a number of neighborhoods in the
input LR images that are in the same color channel as the blurred HR image.
[00271] It should be noted that even in Case A, the selection of neighborhoods of

pixels in multiple captured LR images can proceed in the same manner as outlined with

respect to Case B.

GRADIENT FORMATION
[00272] A weighted gradient is accumulated at position /4 {/ corresponding to the

blurred HR image, assuming the current pixel value in the blurred HR estimate image is

,0//(, [
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WO 2012/ 082904PCT/ US2011/ 064921 4. The method of claim2, wherein
the forward imagi ng transformati on further conprises applying geonetric

t ransf or msiDi2oregse@itat ed to the geonetry of the inagers. PCT/US2011/06492The

met hod of claim 2, wherein the forward imaging transformation further
conprises applying geonetric transformations related to parall ax.

6. The nethod of claim2, wherein the forward i magi ng transformation
further conprises applying photonetric transformations related to the
photonetric characteristics of the inagers. 7. The nethod of claim

1, whepgip_t : i ir0G Arl I ydi pl Tet /4 i

calib é?pgn gzggzgﬁﬁg%@?giﬁ?ﬁﬁfgggﬁ? F%QEQELﬁ@%&ggFﬁgappﬁ%grﬁgé‘gf i magers
further conprises: capturing i mages using the plurality of imagers; and
photonetrically nornalizing each of the captured inages using thgg)
photonetric calibration data to obtain the input inages. 8. The

nmet hod of claim 1, wherein the nethod uses an inmagi ng prior including
geonetric calibration data and obtaining i mages using the plurality of

i maged8027#] hea. (@28hphowebowdhptweiphigd sgestiosidigradients srtaken pver aflddger s;
and imagers indexed by camera_id, and all the positions ///in the identified neighborhoods

in the corresponding captured LR images.

DETERMINING WEIGHTS TO BE APPLIED
[00274] To determine the values of weight/camera_id,s/ in Eq. (20) the following
approach is taken:
1) Take a block of size L x L centered at position [i/camera_id,s/jlcamera_id,s/] in
the input LR image designated by camera_id. Call this blk_LR.
2) Take a block of size L*r x L*r centered at position /4, {/in the blurred current HR
image (ris the SR factor).
3) Decimate the block formed in 2) above by rin each direction such that a block of
size L x [ is obtained with p/k,{/at its center. Call this block blk_HR.
4) Compute the weight/camera_id,s/ as the bilateral weight (un-normalized) using
the norm of the difference between blk LR and blk HR, i.e.,
weight(camera _id,s) = e” "~ 1KIe o
21

where o Is a user-selectable parameter, typically assigned a value that is a

function of the dynamic range of the input LR images.
[00275] The sum of the weights for the component gradients that contribute to the

gradient being formed corresponding to position /k,//in the blurred current HR image is

also recorded as follows:
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appl yi ng scene i ndependent geonetric corrections to the captured inmages
using the geonetric calibration data to obtain the input inages. 9.
The net howloahi2aisagom 1, further conprising determ ni ng seemasdepsnsent
paral l ax information with respect to the input imges. WO

2012/ 082904PCT/ US2011/ 064921 10. The method of claim9, wherein the
paral l ax i nformation i ncludes scene dependent geonetric transfornmations.
11. The method of claim 10, wherein the parallax information al so includes
occl usi on maps. 12. The method of claim 1, wherein determ ning an
initial. estimate of at |east a portion of a high resolution inage using a

plurality Sfun[?l é%j(@%om t tiw%ﬁlgc&%%;smf rther conprises:

fusing at eas% i'mages td formthe initial stinmate
of at |east one portion ¥ftHe hi gh resolution i mage. 13. [2Phe net hod
of claim 12, wherein fusing at |east portions of the input inmages to form

the initial. estinate of at Ieast one portion of the high resolution inmage

COMPY(B8#761, It should be noRAPWAUHALIRVDI - EGSE 4 HR nard o BEIRRRAN RO o

t he pixe | ocations of t east a ion o el hi T e of

the hitgh lé\ﬁ%@f tHd @rﬁhr‘ermlg@rw bt]t PAtker § pak @6 ER) inAPlen dnTRGSS apSidadh @earet ri ¢
correction information; and
be taken, with con5|derat|on given to the sizes of the local patches such that the

operations described function correctly.

NORMALIZATION OF ACCUMULATED GRADIENTS

[00277] Referring back to FIG. 14A, the accumulated weighted gradient at position
[k,l) in the current HR image estimate [i.e., g/ /) is normalized (1416) by the
accumulated sum of the weights wsum_grad(k,(), by dividing glk,{/ by wsum_grad(k,().
The normalized gradient at position /k,//is stored (1418) and the procedure advances
(1420) across all positions on the blurred HR image estimate until (1422) every position
on the HR grid has been considered.

[00278] Once the gradient image corresponding to the current blurred estimate has
been formed as above, the resulting gradient image is blurred (1424) by the transpose
of the total blur which was used in the forward simulation path [(i.e., sensor plus lens
blur] to provide the final likelihood gradient term for the current iteration, for each
position /k //in the HR image estimate. The likelihood gradient term can be used in the
manner outlined above, in combination with intra-channel and/or inter-channel
gradient terms where available, to determine a new estimate for the HR image.
Alternatively, any of a variety of other techniques can be utilized for determining the
likelihood gradient term appropriate to specific applications in accordance with

embodiments of the invention.
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I nterpol ating the high resolution grid to obtain filtered pixel. values for

each pixel. inthe initial. estimate of the high resolution inage.

14. The mwohorr/mspoogl ai m 13, wherein interpol ating the hipgh/usesalostozon gri d
to obtain filtered pixel. values for each pixel. in the initial. estinmate
of the high resolution image conprises interpolating pixel. values at

pi xel . locations on the high resolution grid on which no pixel. froman

i nput image is |located. WD 2012/ 082904PCT/ US2011/ 064921 15. The

met hod of claim 13, wherein the geonetric correction information is

sel ectrtdh | fIN@MVITLS PRIORY R\ @St S | ng of scene independent geonetric

corrections, and scene depenAént paral | ax corrections, and conbi nati ons

thereghp279] Durinéﬁma'a@epﬁ@éégemg?fa ebAipixd 2onvlaerfidh buehnexigt cbf@shing

portions of the input Tmges toformthe initial, estimte of at |east” one
por ti drowofo dihenishgheriepatudf Qrobleagepikealstdrean oatputiisage. &sbigm pixets dept h
val ue for each pixel. on the high resolution grid;, and using the depth
val ueshese gixeéetthatherd nobeppretriaa oembess mfgl%er@aiélfiﬁti wrdeyr ¢@hsideration.
Problem pixels can arise for a variety of reasons including “defective” pixels in an
imager. The term “defective” pixel refers to a pixel in an imager that does not produce
useful output information and includes so called “hot”, “cold”, “warm”, and “cool”
pixels, which refer to specific types of pixel failures. The set of pixels that can be
treated as problem pixels also includes phantom pixels in neighborhood operations
when that neighborhood extends beyond the edge of an image or the phantom pixels
that are exposed when a part of an image is shifted physically leaving no information in
its original position (this class is referred to as “occlusion set” pixels). Typically a
problem pixel requires special case processing, which slows throughput due to case
checking and alternate processing branches. The special cases branches that are often
involved in special case processing complicate, and increase the burden associated with
Image processing. Special case processing can also produce artifacts in the output
Image.
[00280] SR processes in accordance with embodiments of the invention weight the
contributions that the LR image samples from the LR images make to the synthesized
output image. In many embodiments, assigning a weighting of zero to LR image
samples that are determined to be “outliers” means that they are ignored during the
remainder of the SR processing. In several embodiments, the mechanism of assigning
a weighting of zero to an LR image sample is utilized to deal with all classes of problem
pixels in a unified manner. Whenever such pixels are encountered during upstream
processing of the LR image samples, problem LR image samples are flagged by

assigning them a unique value in place of their original value, if any, or setting an

associated flag. For example, LR image samples can be flagged by maps of defective
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17. The method of claim 16, wherein using the depth values to direct the

I nterpolation of the high resolution grid conprises: assi gni ng
rel ati ve woi2giwos290¢ t he pi xel s that are interpol ated bageu/uspan/ot4sei r depth
val ue; and interpolating the pixels using their assigned weights.

18. The method of claim 16, further conprising: determning a high

resol ution occl usi on nmap; wherein using the depth values to
direct the interpolation of the high resolution grid conprises:

identifying a pixel. within an occlusion zone using the high resolution

dent FiTaa Biedrs Pasgenee PR L AP IR ST ER S e R e B

whose ffiepfaliet Sr B eyBlertBaPortiddy 86MRAGks, and in the occlusion sets of translated
Image elements. Subsequent SR processing can disregard all flagged problem LR
Image samples in the generation of the output SR image. Treating problematic LR
Image samples in this way not only provides for uniform treatment of such LR image
samples, but also reduces many of the artifacts that can occur when processing such
LR image samples with special case processing branches, and reduces the
computational load on the processing pipeline.
[00281] As can be readily appreciated, any type of pixel determined to be problematic
including but not limited to the problem pixel types referenced above can be identified
at one or more processing stages that occur prior to the SR process in an image
processing pipeline in accordance with an embodiment of the invention. In addition, any
of a variety of flagging techniques appropriate to the requirements of the SR process

can be utilized to communicate to the SR process that the problem LR image samples

should be disregarded in the formation of the output SR images.

ARRAY CAMERAS WITH MULTIPLE FIELDS OF VIEW

[00282] The array cameras described above assume a fixed focal length for each of
the imagers in the imager array. The sub-pixel phase shift between the cameras
encodes much of the information from the scene in the LR images captured by the
cameras, making the LR images amenable to resolution recovery through multi-
channel signal processing methods such as the SR processes described above. An
alternative technique for constructing an array camera in accordance with
embodiments of the invention is to create an array, which includes imagers having
different fields of view. Changing the field of view of an imager results in a change in
magnification of the image captured by the underlying sensor. In an array camera, this
difference in magnification between imagers in the array allows variation in the degree

of SR processing required to recover a desired resolution, which can be beneficial both
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WO 2012/ 082904PCT/ US2011/ 064921 19. The met hod of 18, wherein the
nei ghbor hood of pixels varies in size based upon the nunber of pixels

popul at edwornbr/aske4hi gh resol ution grid in the nei ghbor irc@aSed110bH21
identified pixel. 20. The nethod of claim 12, wherein fusing at

| east portions of the input resolution inages to formthe initial. estimte
of at | east one portion of the high resolution inmge further conprises
performng filtering to renove pixels that are outliers fromthe high

resol ution grid. 21. The nethod of claim 12, wherein fusing at |east

porti QPo?nOFheLESiH:t g’lﬁ“&ie@v“ﬁﬁ%ée&iﬂpf Rl EJ}ﬁnBErjt:é'gitohf‘lmd EFF&%”ﬁwteep&an) g&pfulYi§?755f one

portion of 't resolution rnage co e ing a

hi gh reselutibh ¢Bc&drd qealifye ey g the rhBgniPicX€bn il 8¢8hireNsd Haytdt@odd tHeast
a portion of the initial. estimate of the high resolution imge with pixels

from tlees ianpayt, theagespusatih geguieéd ito cedavecta alesiretoremtutosy through SR
obtaining at |east a portion of an inmage from another col or channel .,
wher eipnocérsing carebereduqsdrti on of the image fromthe other color channel.

is at as high resolutjon as the high . resolution grid; and

i nt er ;{hﬁgﬁlngiv HERRPER b Bf Yerciarhs deteamiBedPH isi GRS B85k lpotiuet
pierThin tae in@tia{. esti I of ihe Qi ere§ﬁlution iﬂ? e ug'@glcross
correl'ati'Onobet Weer ees'pziexg §'"on "I e H gljﬁe r @20l %fc’ler(])”chorgrl and’ bhe 352 east

a por tg f L r h Ly ; t hod
o1 ol o g RSP & hen gl Toh | oage A Sindn mapped

t hr oughptredfyr s withghagnhdlearsfoesNRihiget  FBt eRem pldiahk Npidlgei dTegeshjeot
within at | east one predetermned criterion using the initial. estimte of
at | easvdacqibby adanefvitrhe fkajHengthod futGlomm matebec exgmtiysdmible Wi size of an
2012/ ?%%ggﬁggég%%%l][(/325643?%01%[ length 50 mm at the same distance from the object.
The relationship between focal length and the field of view captured means that the
focal length of an imager and the size of the images captured by the imager are directly
proportional. The curvature of an imager’s lenses also impacts its field of view. The
field of view of an imager can be increased without changing the focal length of the lens
by using more curved and aspheric surfaces.
[00284] Embodiments of 5 x 5 and 4 x 4 imager arrays including imagers with
different fields of view that are suitable for use in array cameras in accordance with
embodiments of the invention are illustrated in FIGS. 15A and 15B respectively. The 5 x
5 imager array 1500 illustrated in FIG. 15A includes 25 imagers, which are assigned so
that 17 imagers sense luma (or green light (G)), and 8 imagers sense chroma (red light
(R} or blue light (B]). The 17 imagers sensing luma are sub-partitioned into three
categories, based on their respective fields of view (701 - category 1 (G1) with " the
maximum field of view (fovnal, category 2 (G2) with Y2 the maximum field of view, and
category 3 with the maximum field of view. The following table compares the resolution

of the array camera shown in FIG. 15A, where each imager is a VGA camera, at each

focal length with the resolution of a conventional 8 Megapixel fixed focal length camera
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transformng the initial, estinmate of at |east a portion of the high
resolution inmage using at | east one forward i magi ng transformation;

conpar i ngwohe1zasagegf ornmed initial, estimate of at | east paTpseaiioOM9f the
high resolution image to at |east a portion of at |east one input inage;
and refining the estimate of the high resolution i mage based upon the
conpari son. 23. The nethod of claim22, wherein determ ning a high
resol ution i mage that when mapped through the forward i nagi ng
transformati on matches the input inages to within at |east one

predety ?ﬁhé?oguﬁgesg g?ﬂf A ‘é%id“@? Egﬁqg'&htio%'m tS}tr%)\'?'i‘aEeanofm%e 'oF%ﬁ:ercng aﬁEH on

of the I on |1 mage conpr st orm ng,
comarfiewoaﬂgwr efining estimates until, the at |east one predeterm ned
criterion is satisfied. 24. The method of claim 22, wherein

transformng an estimate of at least a portion of the high resolution inage
usi ng forward fmaging transformtion  conprises.

appl yi ng Cgdegrayri c |t r dosdlmelt | i dns tihot VeApi xel stof Lums est i Resodutadn at
| east| a portion of |the Wbgh resaql utilgmderage; Pixels in ®epbydriyg a bl ur
functiion to the pixels of the estimate of at legagg, @%tlogtr@f.l {H‘n@e,hl gh
resoliution i nmage; and decimatin g t he N foDe ?ij’l’e

i Xells—of—the estimate of at|edst—aportion he—hid w. Sl AU e.
P 1 Y, T 0,006’ 0.78 g
2 %, 8 2,160,000 7.03
3 1 8 4,000,000 13.02

Table 1: Three Categories of Multi Field of View VGA Cameras for a 5 x 5 array

configuration

[00285] The above table illustrates a comparison between a 3200 x 2400 8 Megapixel
legacy camera spanning a field of view ‘fov’. The field of view is spanned by all 4000
pixels along the diagonal fo the 3200 x 2400 frame. Considering the first row of Table 1,
the number of pixels along this diagonal that span just a quarter of the full field of view
(i.e. fov/4) would be approximately 1000 pixels (4000/4). Given that the frame has a 4/3
aspect ratio, this would imply that the sub-rectangle that spans a diagonal of 1000
pixels center around the center of the frame is approximately 800 x 600 pixels. This
rectangle has 480,000 pixels of which only half have green (luma) pixles (assuming
legacy camera employs a Bayer filter). Thus, the fourth column in first row of of Table 1
shows the number of luma pixels in the legacy camera within the fov of (fov/4) is
240,000 pixels. The final column is the ratio of the number of pixels in the legacy
camera capturing this field-of-view (fov/4) to the number of pixels in the array camera,
where each LR imager has 640 x 480 pixels, capturing the same field of view (fov/4).
The ratio provided in the final column of table 1 lists the strength of resolution recovery
required through SR processing for the array camera to achieve the same resolution as

the image obtained from a conventional camera using digital zoom. A value less than 1
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25. The nethod of claim 24, wherein the blur function conprises: a |lens
bl ur function; and a sensor blur function. WD 2012/082904PCT/ US2011/ 064921
26. The meOhlot/msRIgl ai m 24, wherein the geonetric transPorstéionssoar e
selected fromthe group consisting of scene independent geonetric
transformati ons, scene dependent parallax transformations, and conbi nations
t her eof . 27. The nethod of claim 24, wherein conparing a
transforned estimate of at | east a portion of the high resolution inage to
at least a portion of at |east one input inmage conprises:

i 13 BEOTRAT Gy HETSLALITE BP0 UGN UsPhathss 10 i R ARAPRE e ©

esti Mt @Qf chetLaStha RQYibh.0N AQf cdh BN frefPkaIEON theB&eay @B¢hera has
determning differences between pixels in the transforned estinate of at

| east greptertiezolfort e thegbenteslofavebbmregivmgehamdhe e Mdgayikdli eshventional
correspondingdpixels in at least a portion of at |east one input inage.

28. Themasrehod hef Categary 27 arghéraéegrrysd neprgpansans ceyeantfadr areatrergiht of
identify pixels in at |east ortion of at |east one input |mage that
corresrs%?llatlpa Ry BReqiRE tﬁ@Eniflérﬂ%%Jeé*sﬁ?rnﬁ'ﬂ% SRR Taald atg rtheon of
the high resolution imge conprises: - identifying the pixel

i n t nEerRbRh Aag Ry Fmage, P egotithy 77 & MogrebiT henveniths arfrilst a

pi xel ., ik PAIGHAE 265 ANSTIY ABGhbLES bk TRLge S ir@gaﬂegga; 33aROLt[1AR Hort BEWRLOL

resolution i'mage , when a geonetric transtormation exists for the pixel. in
t he t rrageired mebvesker Nthkeperforatan@asittha 4904y tomedd id probabghat @pehtlei difce

i mge; and

the resolution of any camera degrades with increasing field of view and the marginal
decrease posted by the Category 3 imagers at fields of view greater than 75% may be
tolerable in the overall context. When performing SR processing, the SR processing is
performed using processes similar to the processes outlined above, where the LR
images are drawn from the LR imagers within the category of interest (i.e. the LR
imagers are all from imagers having the same FOV). Processing a reduced number of
LR images enables a reduction in the processing overhead of performing SR
processing.

[00286] Turning now to the 4 x 4 imager array illustrated in FIG. 15B. The 4 x 4
imager array 1510 illustrated in FIG. 15B includes 16 imagers, of which 8 are dedicated
to imaging the luma spectral band of the scene. In many embodiments, a requirement
of filter placement symmetry is imposed. Therefore, only two categories of field of view
are included in the imager array. Category 2 (G2) imagers have 2/3 the maximum field
of view, and category 3 imagers (G3] have the maximum field of view. The following
table compares the resolution of the array camera shown in FIG. 15B, where each
iImager is a SVGA camera, at each focal length with the resolution of a conventional 8
Megapixel fixed focal length camera employing a Bayer filter and using digital zoom to

provide an image of an equivalent field of view.

97



identifying a pixel. in at |east one input inmage based upon the geonetric
transformati ons of pixels in the neighborhood of a pixel. fromthe
transf or 0 2esxise@tie of at | east a portion of the high PesalseaitomzMage,
when a geonetric transformati on does WD 2012/ 082904PCT/ US2011/ 064921 not
exist for the pixel. in the transfornmed estimate of at |east a portion of
the high resolution imge. 29. The nethod of claim28, wherein
determ ning differences between pixels in the transforned estinate of at

| east a portion of the high resolution imge and the identified

cor r éspondi e piXels ifgv%é%' gfa_sti ﬁg%’ht@%ﬂ o1 Z;#'o‘?ﬁ}naone:ei F@é;#)\tllvtétiiaér?ge
dfm

conpr{i ses: termn I ffern in.val
pi xell. in the transfor mé@”esti ngt e 3erseast a PEEIdN ¢f EOHi'gh
resolluti on i mage and each of the identified corkegpanchmg |pbitength per he
i nput| i mages; assi gni ng viei ghts to the|detéthin rad di Liyeribas ijn
ga;res; andzaccunulatlnglqlmelghted di f,f erence usigpg dope det er pigped f
i fferences; i vatye and the assignedweights: ———30T1The thod—0
cl ai m=29; mﬁerein ceternihing dif?erenégsgbetxeeélwpégls it he~tr ansflor ned
est i nd@élef2: athreeasetegopest sfoMubti firld 1ef gfiewe¥bAut pmerasdee aakdxthearray
identified corresponding pixels in at |east a portion of at |east one input
inageCPUﬁQH@Wq@onprises: determning the difference in val ue
between a pixel. in the transforned estimate of at |east a portion of the
hi gh resol ution image and pi xels within the nei ghborhood of each of the
| dent '[ﬁﬂ?@gcotéﬁﬁﬁﬂng'd&%é}‘aéqie%ox'/é} Eé&%ldtfb‘?ﬂédéc{[ﬁa@@@-in_the central 66961 R hod
of claim 29, wherei’n assigning a weight to the determ ned difference in
val uedielétofesaw awhilx @atedoty thembg@nsfaol ekt asft theategjudfedatesotaiin feqoaety on
of the high resolution inmage and a correspondi ng pixel. in an input inage
f urt héargedbnpetawess of a lack of a sufficient number of imagers. However, the legacy

camera also degrades In resolution at field heights above 70% and therefore the
perceived effect of the reduction in resolution of the array camera is substantially
reduced.

[00288] In many embodiments, small field of view differences (of the order of 10% or
so) are utilized in order to assist the SR processing. An impediment to resolution
through SR processing across multiple images in an imager array can be the presence
of null spaces in the field of view covered by the different LR images. A null space is a
convergence in the sampling diversity of the object space across the different LR
Imagers in the array such that the sampling diversity is reduced to 0. By varying the
magnification of the different lens stacks of each LR imager in the imager array (for
example, by 10% or more] the distribution of the null spaces is more randomized and
reduces the likelihood that all of the LR imagers will converge on their sampling
distribution simultaneously at some point in the object space. The SR processing can
accommodate variations in the FOV of each of the LR imagers by filtering the pixels to
account for the different magnification when placing the pixels on a high resolution grid
using calibration information and appropriate forward imaging models for each of the

LR imagers.
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WO 2012/ 082904PCT/ US2011/ 064921 conputing a wei ght based upon
a deci mat ed nei ghbor hood of pixels surrounding the pixel. in the
transf or w0 2eptisemtte of at | east a portion of the high Pesalsatlitomznage and
t he nei ghborhood of pixels surrounding the corresponding pixel. in the

I nput i mage. 32. The nethod of claim?29, further conprising

accunul ating the weights used to accunul ate the wei ghted difference.

33. The nethod of claim 22, wherein conparing a transforned esti mate of at

| east a portion of the high resolution inmage to at |east a portion of at

| east NP | | : - - L N g di r1&ne

pet vede0 e Yoy Snb TP CATPERE: array contiguratipns P SUMHAUBD L PFIGErEROHR.

hi gh g0l inafive TRE8eABArR corlfigul-dticis ¢fABE 1BeBAbLdMRLRt RhulkieRal LRSy

i nput i mage. 34. The nethod of claim 33, wherein determ ning

di f f ercanorastabtvees SR pebsedsksttbecdmbimef enel iesigesafremofmaderseaghinathe
portion of the high resolution inmge and pixels in at |east a portion of at
| east aoray hayng therageecheigrafseew to produce synthesided emagas my aceerdante evitnce

in val ue between ﬁ pixel. in the transfornmed estimate of at |east a portion
of th@”NWﬁﬁ”P@ng eJRV§HAYe and each corresponding pixel. in the input
| mges; assigning weights to the determ ned differences in values; and

fil terémAngigﬁEq{quggﬁ% n val ues using the assigned wei ghts.

[00290] The eye is able to get a sense of depth of an object by focusing on an object
from different points of view (the two eye positions]. The distance between the eyes is
referred to as the baseline. The angle made by the ray from the eye (focusing on the far
object) with the base line in combination with the baseline is enough to judge the
distance to the object. This is referred to as triangulation.

[00291] Array cameras in accordance with embodiments of the invention provide
multiple view of the same scene, all offset from one another by small differences in
viewing angels. A stereo pair of high resolution images of a scene can be obtained
using an array camera by performing an SR processes similar to any of the SR
processes described above using two different LR imagers (or virtual LR imagers) as
the reference imager in the initial Pilot Fusion processes. The distance between the two
reference imagers forms the baseline of the resulting HR stereo pair.

[00292] A process for generating a HR stereo pair in accordance with an embodiment
of the invention is illustrated in FIG. 16. The process 1600 includes capturing (1602) LR
Images using an array camera in accordance with an embodiment of the invention. A
pair of reference LR imagers are selected. Each LR imager can be an LR imager in the
array camera or can be a virtual LR imager. An SR process in accordance with an
embodiment of the invention is then used to generate (1604) an SR image in the frame
of coordinates of each of the LR imagers. The pair of SR images is then output (1606} as
a HR stereo pair. Although a specific process is illustrated in FIG. 16 for generating

stereo pairs, other processes that utilize the LR images captured by one or more array
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35. The nethod of claim 34, wherein determ ning differences between pixels
in the transfornmed estimte of at |east a portion of the high resolution

i mge andwpiRel@s290m at | east a portion of at |east one PapaiS20imag®2f urt her
conprises: WD 2012/ 082904PCT/ US2011/ 064921 determ ning the
difference in value between a pixel. in the transforned estimate of at

| east a portion of the high resolution imge and pixels wthin the

nei ghbor hood of the correspondi ng pixels in the input inages. 36.
The net hod of claim 34, wherein assigning a weight to the determ ned
differ ' a - e [ i he_ S esf | e. of

east SR ol BF THREH BrSe Mt MR otfte Bkt 3RS MO SR e
an i NRkcifirR@ it Mid MR a ORI @8Fith an embodiment of HBAHVEME R Wei ght based
upon a deci mat ed nei ghbor hood of pixels surrounding the pixel. in the
transfio02¥3] elniadhbatafe at utibaisy an porageorarody thejdniegdter sieobatpadms ismdge and
t he nei ghborhood of pixels surrounding the corresponding pixel. in the

i nput aib?ketgéo choose mugzpleTrpenroehonts of LBIiaiagesdwhenrgemeratouniire stienep pair.
accunﬁjating t he meig ts u?qd to accunul ate th meighted di fference.

38. THE'HEIHBE Paftigylarinussiul e ens et N Mg Pk SEEEP Ratre SSCNiHEN KB gy
resol yt.ipn i m hased, upon t co [ $SQn, conpri ses; - - mappi ng
the_conpllie TR B REREIHERG, SfuEARR0! 1M CBPRIACBE Tarvaich wairls 8 on
of the g B8 UskfilaRciuaRIStaNE AdQiRitel 88 en@rBfd irRBg&d 1At dliRAg lauthe

i nput "1 mage through a backward i magi ng transtormation, Ich 1s the reverse
of thetéebvesscilemuiutgr HisprsEorAnabiNerecdpidRGcLRE dibslaps thigbRetifb 3D at

| east the transforned conpari son. 39. The nethod of clai m 38,

wher eilmaghe, wdhpat tsomeofirémment tbats onemer weatri speciasglassase uwwingamulépkt a
portion of the high resolution imge and the at |east a portion of at

stereo pairs. The generation of multiple stereo pairs using an imager array can also be
useful In a variety of other applications in accordance with embodiments of the
Invention.

[00294] Although the present invention has been described in certain specific
embodiments, many additional modifications and variations would be apparent to those
skilled in the art. It is therefore to be understood that the present invention may be
practiced otherwise than specifically described, including various changes in the size,
shape and materials, without departing from the scope and spirit of the present

invention. Thus, embodiments of the present invention should be considered in all

respects as illustrative and not restrictive.
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CLAIMS:

1. A method of generating a high resolution image of a scene using an imager array including a
plurality of imagers that each capture an image of the scene, and a forward imaging transformation for
each imager, the method comprising:

obtaining input images captured by a plurality of imagers using a processor configured by
image processing pipeline software, where the input images capture a scene in which depths of
points in the imaged scene vary and each of the input images differs from the other input images due
to:

scene independent geometric distortions inherent to the optics and manufacturing processes

used to fabricate each of the plurality of imagers; and

scene dependent geometric displacements due to parallax experienced by each of the

plurality of imagers based upon the different depths of the points in the imaged scene; and

determining scene dependent parallax information with respect to the input images based
upon disparity relative to a reference point of view resulting from the different depths of points in the
imaged scene using the processor configured by the image processing pipeline software, where the
scene dependent parallax information comprises scene dependent geometric transformations;

determining a total shift for each of a plurality of pixels relative to the reference point of view,
where the total shift of a given pixel location is the combination of a scene independent geometric
correction determined for the given pixel location using geometric calibration data and the scene
dependent geometric transformation determined for the given pixel location;

performing a super-resolution process utilizing at least a portion of plurality of input images
and the total shift for each of the plurality of pixels relative to the reference point of view as inputs,
where the super-resolution process comprises:

determining an initial estimate of at least a portion of a high resolution image from a plurality

of pixels from the input images using the processor configured by the image processing

pipeline software based upon a total shift for each of the plurality of pixels relative to the

reference point of view;

determining a high resolution image that when mapped through a forward imaging

transformation matches the input images to within at least one predetermined criterion using

the processor configured using the image processing pipeline software based upon the initial

estimate of at least a portion of the high resolution image;

wherein each forward imaging transformation corresponds to the manner in which each

imager in the plurality of imagers captures the input images and comprises applying

geometric transformations based upon the total shift at a given pixel location, which is the

combination of a scene independent geometric correction determined for the given pixel

location using geometric calibration data and the scene dependent geometric transformation

determined for the given pixel location; and
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wherein the high resolution image has a resolution that is greater than any of the

input images.

2. The method of claim 1, wherein the forward imaging transformation comprises:
a blur function; and

decimation.

3. The method of claim 2, wherein the blur function further comprises:
a lens blur function for each imager; and

a sensor blur function for each imager.

4, The method of claim 2, wherein the forward imaging transformation further comprises
applying scene independent geometric transformations related to the different geometries of each of

the imagers in the plurality of imagers.

5. The method of claim 2, wherein the forward imaging transformation further comprises
applying photometric transformations related to the different photometric characteristics of each of the

imagers in the plurality of imagers.

6. The method of claim 1, wherein the method uses an imaging prior including photometric
calibration data, and obtaining input images comprises photometrically normalizing each of the

captured images using the photometric calibration data to obtain the input images.

7. The method of claim 1, wherein:

determining the initial estimate of at least a portion of the high resolution image comprises
using an imaging prior including the geometric calibration data and applying scene independent
geometric corrections to the input images using the geometric calibration data to obtain geometrically
registered input images; and

determining the high resolution image that when mapped through the forward imaging
transformation matches the input images to at least one predetermined criterion comprises
determining the high resolution image that when mapped through the forward imaging transformation

matches the geometrically registered input images to within at least one predetermined criterion.

8. The method of claim 1, wherein:

the depths of points in the imaged scene relative to a reference viewpoint vary due to the
presence of foreground and background objects;

each of the input images also differ from the other input images due to occlusion zones
surrounding foreground objects; and

the scene dependent parallax information also includes occlusion maps.
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9. The method of claim 1, wherein determining an initial estimate of at least a portion of a high
resolution image from a plurality of pixels from the captured images further comprises: fusing at least
portions of the input images to form the initial estimate of at least one portion of the high resolution

image.

10. The method of claim 9, wherein fusing at least portions of the input images to form the initial
estimate of at least one portion of the high resolution image comprises:

populating a high resolution grid corresponding to the pixel locations of the at least a portion
of the initial estimate of the high resolution image with pixels from the input images using the total shift
for the pixels; and

interpolating the high resolution grid to obtain filtered pixel values for each pixel in the initial

estimate of the high resolution image.

11. The method of claim 10, wherein interpolating the high resolution grid to obtain filtered pixel
values for each pixel in the initial estimate of the high resolution image comprises interpolating pixel

values at pixel locations on the high resolution grid on which no pixel from an input image is located.

12. The method of claim 10, wherein fusing at least portions of the input images to form the initial
estimate of at least one portion of the high resolution image further comprises:

assigning a depth value for each pixel on the high resolution grid corresponding to the depth
of a point in the imaged scene relative to a point of view; and

using the depth values to direct the interpolation of the high resolution grid.

13. The method of claim 12, wherein using the depth values to direct the interpolation of the high
resolution grid comprises:

assigning relative weights to the pixels that are interpolated based upon their depth value;
and

interpolating the pixels using their assigned weights.

14, The method of claim 12, further comprising:
determining a high resolution occlusion map;
wherein using the depth values to direct the interpolation of the high resolution grid comprises:
identifying a pixel within an occlusion zone using the high resolution occlusion map;
identifying a neighborhood of pixels around the identified pixel; and performing interpolation

using only those pixels whose depth is greater than a threshold.

15. The method of 14, wherein the neighborhood of pixels varies in size based upon the number
of pixels populated onto the high resolution grid in the neighborhood of the identified pixel.

103



16. The method of claim 9, wherein fusing at least portions of the input resolution images to form
the initial estimate of at least one portion of the high resolution image further comprises performing

filtering to remove pixels that are outliers from the high resolution grid.

17. The method of claim 9, wherein fusing at least portions of the input images to form the initial
estimate of at least one portion of the high resolution image comprises:

populating a high resolution grid corresponding to the pixel locations of the at least a portion
of the initial estimate of the high resolution image with pixels from the input images using geometric
correction information;

obtaining at least a portion of an image from another color channel, wherein the at least a
portion of the image from the other color channel is at least as high resolution as the high resolution
grid; and

interpolating the high resolution grid to obtain pixel values for each pixel in the initial estimate
of the high resolution image using cross correlation between the pixels on the high resolution grid and
the at least a portion of the image from the other color channel.

18. The method of claim 1, wherein determining a high resolution image that when mapped
through the forward imaging transformation matches the input images to within at least one
predetermined criterion using the initial estimate of at least a portion of the high resolution image
comprises:

transforming the initial estimate of at least a portion of the high resolution image using at least
one forward imaging transformation;

comparing the transformed initial estimate of at least a portion of the high resolution image to
at least a portion of at least one input image; and

refining the estimate of the high resolution image based upon the comparison.

19. The method of claim 18, wherein determining a high resolution image that when mapped
through the forward imaging transformation matches the input images to within at least one
predetermined criterion using the initial estimate of at least a portion of the high resolution image
further comprises: transforming, comparing and refining estimates until the at least one predetermined

criterion is satisfied.

20. The method of claim 18, wherein transforming the initial estimate of at least a portion of the
high resolution image using at least one forward imaging transformation, comprises:

applying geometric transformations including geometric transformations related to parallax
observed due to the different depths of points in the imaged scene to the pixels of the estimate of at

least a portion of the high resolution image;
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applying a blur function to the pixels of the estimate of at least a portion of the high resolution
image; and
decimating the warped and blurred pixels of the estimate of at least a portion of the high

resolution image.

21. The method of claim 20, wherein the blur function comprises:
a lens blur function; and

a sensor blur function.

22, The method of claim 20, wherein the geometric transformations further comprise scene

independent geometric transformations.

23. The method of claim 20, wherein comparing the transformed estimate of at least a portion of
the high resolution image to at least a portion of at least one input image comprises:

using geometric transformations including geometric transformations related to parallax
observed due to the different depths of points in the imaged scene to identify pixels in at least a
portion of at least one input image that correspond to pixels in the transformed estimate of at least a
portion of the high resolution image; and

determining differences between pixels in the transformed estimate of at least a portion of the
high resolution image and the identified corresponding pixels in at least a portion of at least one input

image.

24, The method of claim 23, wherein using geometric transformations to identify pixels in at least
a portion of at least one input image that correspond to pixels in the transformed estimate of at a least
a portion of the high resolution image comprises:

identifying the pixel in the input image specified by the geometric transformation for at least a
pixel from the transformed estimate of at least a portion of the high resolution image, when a
geometric transformation exists for the pixel in the transformed estimate of at least a portion of the
high resolution image; and

identifying a pixel in at least one input image based upon the geometric transformations of
pixels in the neighborhood of a pixel from the transformed estimate of at least a portion of the high
resolution image, when a geometric transformation does not exist for the pixel in the transformed

estimate of at least a portion of the high resolution image.

25. The method of claim 24, wherein determining differences between pixels in the transformed
estimate of at least a portion of the high resolution image and the identified corresponding pixels in at

least a portion of at least one input image comprises:
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determining the difference in value between a pixel in the transformed estimate of at least a
portion of the high resolution image and each of the identified corresponding pixels in the input
images;

assigning weights to the determined differences in values; and

accumulating a weighted difference using the determined differences in value and the

assigned weights.

26. The method of claim 25, wherein determining differences between pixels in the transformed
estimate of at least a portion of the high resolution image and the identified corresponding pixels in at
least a portion of at least one input image further comprises:

determining the difference in value between a pixel in the transformed estimate of at least a
portion of the high resolution image and pixels within the neighborhood of each of the identified

corresponding pixels in the input images.

27. The method of claim 25, wherein assigning a weight to the determined difference in values
between a pixel in the transformed estimate of at least a portion of the high resolution image and a
corresponding pixel in an input image further comprises:

computing a weight based upon a decimated neighborhood of pixels surrounding the pixel in
the transformed estimate of at least a portion of the high resolution image and the neighborhood of

pixels surrounding the corresponding pixel in the input image.

28. The method of claim 25, further comprising accumulating the weights used to accumulate the

weighted difference.

29. The method of claim 18, wherein comparing the transformed estimate of at least a portion of
the high resolution image to at least a portion of at least one input image comprises:
determining differences between pixels in the transformed estimate of at least a portion of the

high resolution image and pixels in at least a portion of at least one input image.

30. The method of claim 29, wherein determining differences between pixels in the transformed
estimate of at least a portion of the high resolution image and pixels in at least a portion of at least
one input image comprises:

determining the difference in value between a pixel in the transformed estimate of at least a
portion of the high resolution image and each corresponding pixel in the input images;

assigning weights to the determined differences in values; and

filtering the differences in values using the assigned weights.
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31. The method of claim 30, wherein determining differences between pixels in the transformed
estimate of at least a portion of the high resolution image and pixels in at least a portion of at least
one input image further comprises:

determining the difference in value between a pixel in the transformed estimate of at least a
portion of the high resolution image and pixels within the neighborhood of the corresponding pixels in

the input images.

32. The method of claim 30, wherein assigning a weight to the determined difference in values
between a pixel in the transformed estimate of at least a portion of the high resolution image and a
corresponding pixel in an input image further comprises:

computing a weight based upon a decimated neighborhood of pixels surrounding the pixel in
the transformed estimate of at least a portion of the high resolution image and the neighborhood of

pixels surrounding the corresponding pixel in the input image.

33. The method of claim 30, further comprising accumulating the weights used to accumulate the

weighted difference.

34, The method of claim 18, wherein refining the estimate of the high resolution image based
upon the comparison comprises:

mapping the comparison of the transformed initial estimate of at least a portion of the high
resolution image and the at least a portion of at least one input image through a backward imaging
transformation, which is the reverse of the forward imaging transformation; and

updating the estimate using at least the transformed comparison.

35. The method of claim 34, wherein the comparison of the transformed initial estimate of at least
a portion of the high resolution image and the at least a portion of at least one input image includes
weighted gradients for at least a portion of the initial estimate of the high resolution image and

corresponding accumulated weights.
36. The method of claim 35, wherein the weights of the weighted gradients are all equal.

37. The method of claim 35, wherein mapping the comparison of the transformed initial estimate
of at least a portion of the high resolution image and the at least a portion of at least one input image
through a backward imaging transformation, which is the reverse of the forward imaging
transformation, comprises:

upsampling the weighted gradients and the accumulated weights; applying a blur function to
the upsampled weighted gradients and the accumulated weights;
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applying geometric corrections including geometric transformations related to parallax
observed due to the different depths of points in the imaged scene to the blurred and upsampled
weighted gradients and the accumulated weights;

accumulating the geometrically corrected blurred and upsampled weighted gradients and
accumulated weights; and

normalizing the accumulated geometrically corrected, blurred and upsampled weighted

gradients using the accumulated weights.

38. The method of claim 37, wherein the blur function comprises:
the transpose of a lens blur function; and

the transpose of a sensor blur function.

39. The method of claim 37, wherein the geometric transformations further comprise scene

independent geometric transformations.

40. The method of claim 34, wherein updating the estimate using at least the transformed
comparison comprises:
modifying the initial estimate by combining the initial estimate of at least a portion of the high

resolution image with at least the backward transformed comparison.

41, The method of claim 34, further comprising:

generating a local intra-channel prior gradient for individual pixel locations in the estimate of
at least a portion of the high resolution image; and

updating the pixels in the estimate using the intra-channel prior gradient determined for the
individual pixel locations;

wherein the intra-channel prior gradient term is determined so that updating the estimate

using the intra-channel prior gradient enforces localized image constraints.

42. The method of claim 34, wherein the plurality of imagers is configured to capture images in
multiple color channels, the method further comprising:

generating a local inter-channel prior gradient for individual pixel locations in the estimate of
at least a portion of the high resolution image; and

updating the pixels in the estimate using the inter-channel prior gradient determined for the
individual pixel locations;

wherein the inter-channel prior gradient is determined so that updating the estimate using the

inter-channel prior gradient enforces cross-channel image constraints.

43. The method of claim 1, wherein determining a high resolution image that when mapped

through the forward imaging transformation matches the input images to within at least one
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predetermined criterion using the initial estimate of at least a portion of the high resolution image,
comprises:

identifying pixels in the initial estimate of at least a portion of the high resolution image
corresponding to pixels in at least one input image using at least one forward imaging transformation;

comparing the corresponding pixels; and

refining the estimate of the high resolution image based upon the comparison.

44, The method of claim 43, wherein determining a high resolution image that when mapped
through the forward imaging transformation matches the input images to within at least one
predetermined criterion using the initial estimate of at least a portion of the high resolution image,
further comprises applying a blur function to pixels in the initial estimate of at least a portion of the

high resolution image.

45, The method of claim 44, wherein the blur function comprises:
a lens blur function; and

a sensor blur function.

46. The method of claim 43, wherein identifying pixels in the initial estimate of at least a portion of
the high resolution image corresponding to pixels in at least one input image using at least one
forward imaging transformation comprises:

selecting a pixel position in the initial estimate of at least a portion of the high resolution image;
and

using geometric transformations including geometric transformations related to parallax
observed due to the different depths of points in the imaged scene to identify pixels in at least a

portion of at least one input image.

47. The method of claim 46, wherein the geometric transformations further comprise scene

independent geometric transformations.

48. The method of claim 46, wherein using geometric transformations to identify pixels in at least
a portion of at least one input image comprises:

identifying at least one pixel in the input image specified by the geometric transformation for
at least the selected pixel from the initial estimate of at least a portion of the high resolution image,
when a geometric transformation exists for the pixel in the initial estimate of at least a portion of the
high resolution image; and

identifying at least one pixel in at least one input image based upon the geometric
transformations of pixels in the neighborhood of the selected pixel from the initial estimate of at least a
portion of the high resolution image, when a geometric transformation does not exist for the pixel in

the initial estimate of at least a portion of the high resolution image.
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49, The method of claim 43, wherein comparing corresponding pixels comprises:
determining differences between pixels in the initial estimate of at least a portion of the high

resolution image and the identified corresponding pixels in at least one input image.

50. The method of 49, wherein determining differences between pixels in the initial estimate of at
least a portion of the high resolution image and the identified corresponding pixels in at least a portion
of at least one input image comprises:

determining the difference in value between a pixel in the initial estimate of at least a portion
of the high resolution image and each of the identified corresponding pixels in the input images;

assigning weights to the determined differences in values; and

accumulating a weighted difference for the pixel in the initial estimate of at least a portion of

the high resolution image using the determined differences in value and the assigned weights.

51. The method of claim 50, wherein determining differences between pixels in the initial estimate
of at least a portion of the high resolution image and the identified corresponding pixels in at least a
portion of at least one input image further comprises:

determining the difference in value between a pixel in the initial estimate of at least a portion
of the high resolution image and pixels within the neighborhood of each of the identified

corresponding pixels in the input images.

52. The method of claim 50, wherein assigning a weight to the determined difference in values
between a pixel in the initial estimate of at least a portion of the high resolution image and a
corresponding pixel in an input image further comprises:

computing a weight based upon a decimated neighborhood of pixels surrounding the pixel in
the initial estimate of at least a portion of the high resolution image and the neighborhood of pixels

surrounding the corresponding pixel in the input image.

53. The method of claim 50, further comprising accumulating the weights used to accumulate the
weighted difference for the pixel in the initial estimate of at least a portion of the high resolution image.

54. The method of claim 50, wherein refining the estimate of the high resolution image based
upon the comparison comprises:

normalizing the accumulated weighted gradients for the pixel in the initial estimate of at least
a portion of the high resolution image using the accumulated weights;

applying a blur function to the normalized gradients; and

updating the estimate using the blurred and normalized gradients.
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55. The method of claim 54, wherein the blur function comprises:
the transpose of a lens blur function; and

the transpose of a sensor blur function.

56. The method of claim 54, wherein updating the estimate using the blurred and normalized
gradients comprises:
modifying the initial estimate by combining the initial estimate of at least a portion of the high

resolution image with at least the blurred and normalized gradients.

57. The method of claim 54, further comprising:

generating a local intra-channel prior gradient for individual pixel locations in the estimate of
at least a portion of the high resolution image; and

updating the pixels in the estimate using the intra-channel prior gradient determined for the
individual pixel locations;

wherein the intra-channel prior gradient term is determined so that updating the estimate

using the intra-channel prior gradient enforces localized image constraints.

58. The method of claim 54, wherein the plurality of imagers is configured to capture images in
multiple color channels, the method further comprising:

generating a local inter-channel prior gradient for individual pixel locations in the estimate of
at least a portion of the high resolution image; and

updating the pixels in the estimate using the inter-channel prior gradient for individual pixel
locations in the estimate of at least a portion of the high resolution image;

wherein the inter-channel prior gradient is determined so that updating the estimate using the

inter-channel prior gradient enforces cross-channel image constraints.

59. The method of claim 1, wherein determining a high resolution image that when mapped
through the forward imaging transformation matches the input images to within at least one
predetermined criterion using the initial estimate of at least a portion of the high resolution image
comprises:

generating an estimate of at least a portion of the high resolution image; and

applying an intra-channel prior filter to the estimate of at least a portion of the high resolution

image, where the intra-channel prior filter is configured to preserve edges while removing noise.
60. The method of claim 59, wherein the intra-channel prior filter is configured to increase the

sparseness of the coefficients of a transform, when the transform is applied to the estimate of at least

a portion of the high resolution image.
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61. The method of claim 60, wherein increasing the sparseness further comprises thresholding of

the transform coefficients according to a predetermined criterion.

62. The method of claim 61, wherein the predetermined criterion is selected from the group

consisting of hard thresholding, soft thresholding, and combinations thereof.

63. The method of claim 60, wherein the transform is selected from the group consisting of

sparsifying transforms, wavelets, directional transforms, and combinations thereof.

64. The method of claim 1, wherein:
the imager array captures images in multiple color channels; and
the initial estimate of at least a portion of a high resolution image is an initial estimate of at

least a portion of a high resolution image in a first color channel.

65. The method of claim 64, further comprising:

placing a plurality of pixels from input images in a second color channel on a high resolution
grid; and

determining at least a portion of a high resolution image in the second color channel using at
least the pixels in the second color channel placed on the high resolution grid and at least a portion of

a high resolution image in another color channel.

66. The method of claim 65, wherein determining at least a portion of a high resolution image in
the second color channel using at least the pixels in the second color channel placed on the high
resolution grid and at least a portion of a high resolution image in another color channel comprises:
interpolating the pixels on the high resolution grid based upon their correlation with the pixels
in the at least a portion of the high resolution image in the other color channel and the correlation

between pixels in the high resolution image in the other color channel.

67. The method of claim 66, interpolating the pixels on the high resolution grid based upon their
correlation with the pixels in the at least a portion of the high resolution image in the other color
channel and the correlation between pixels in the high resolution image in the other color channel
comprises interpolating pixel values at pixel locations on the high resolution grid on which no pixel

from an input image is located.

68. The method of claim 66, wherein the high resolution image that is determined using the initial
estimate of at a least a portion of the high resolution image in a first color channel that when mapped
through the forward imaging transformation matches the input images to within at least one

predetermined criterion is a high resolution image in the first color channel.
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69. The method of claim 66, wherein the high resolution image that is determined using the initial
estimate of at a least a portion of the high resolution image in a first color channel that when mapped
through the forward imaging transformation matches the input images to within at least one

predetermined criterion is a high resolution image in multiple color channels.

70. The method of claim 1, wherein determining a high resolution image that when mapped
through the forward imaging transformation matches the input images to within at least one
predetermined criterion using the initial estimate of at least a portion of the high resolution image,
comprises:

transforming pixels from an estimate of at least a portion of the high resolution image using at
least one forward imaging transformation;

comparing the transformed pixels to at least a portion of at least one input image; and

refining the estimate of the high resolution image based upon the comparison.

71. The method of claim 70, wherein the pixels from the estimate that are transformed using the

forward imaging transformation are selected based upon an estimated high resolution occlusion map.

72. The method of claim 70, wherein the pixels from the estimate that are transformed using the

forward imaging transformation are selected based upon an estimated high resolution focus map.

73. The method of claim 70, wherein the pixels from the estimate that are transformed using the
forward imaging transformation are selected based upon a predetermined threshold with respect to
SNR.

74. The method of claim 70, wherein at least one portion of the initial estimate that is transformed
using the forward imaging transformation is selected based upon a comparison of a previous estimate

and a portion of at least one input image.

75. The method of claim 1, further comprising generating a depth map for the high resolution
image.
76. The method of claim 75, wherein generating the depth map further comprises:

determining depth information for pixels in the high resolution image based upon the input
images, scene dependent parallax information with respect to the input images based upon disparity
relative to the reference viewpoint resulting from the different depths of points in the imaged scene,

and the characteristics of the imager array; and
interpolating the depth information to obtain depth information for every pixel in the high

resolution image.
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77. The method of claim 75, wherein the depth map is used to determine a focus map.

78. The method of claim 77, wherein the focus map identifies pixels having depths in the depth

map that are within a specified depth of a defined focal plane.

79. The method of claim 78, further comprising rendering the high resolution image using the

focus map.

80. The method of claim 79, further comprising:

rendering the high resolution image at fuil resolution with respect to pixels having a depth
indicated as being within a specified range of the defined focal plane by the depth map;

blurring the remaining pixels in the high resolution image; and rendering the blurred pixels.

81. The method of claim 79, further comprising:

rendering the high resolution image at full resolution with respect to pixels having a depth
indicated as being within a specified range of the defined focal plane by the depth map;

blurring the pixels in the input images; and

rendering the remainder of the high resolution image using the blurred pixel information from

the input images.

82. The method of claim 75, wherein the depth map is used to perform depth metering.

83. The method of claim 1, wherein the high resolution image that when mapped through the
forward imaging transformation matches the input images to within at least one predetermined
criterion is determined with respect to a first field of view, the method further comprising:

determining a second high resolution image with respect to a second field of view;

wherein the first and second high resotution images form a stereo pair.

84. The method of claim 83, wherein determining the second high resolution image with respect
to a second field of view further comprises:

determining an initial estimate of at least a portion of the second high resolution image using
a plurality of pixels from the input images; and

determining a high resolution image that when mapped through the forward imaging
transformation matches the input images to within at least one predetermined criterion using the initial

estimate of at least a portion of the second high resolution image.

85. The method of claim 1, wherein pixels in the input images are flagged and the flagged pixels

are treated as missing values when determining a high resolution image that when mapped through
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the forward imaging transformation matches the input images to within at least one predetermined

criterion using the initial estimate of at least a portion of the high resolution image.

86. The method of claim 85, wherein the flagged pixels are also treated as missing values when
determining an initial estimate of at ieast a portion of a high resolution image using a piurality of pixels

from the input images.

87. The method of claim 1, wherein the imager array includes a plurality of imagers with fields of

view that capture different magnifications of the scene.

88. The method of claim 87, wherein obtaining input images using the plurality of imagers

comprises only obtaining images from imagers having fields of view of the same magnification.

89. The method of claim 87, wherein the forward imaging transformation comprises filtering pixels

based upon their magnification.

90. A method of fusing a plurality of input images, the method comprising:

populating a high resolution grid corresponding to the pixel locations of the at least a portion
of a fused high resolution image with pixels from the input images using geometric correction
information using a processor configured by image processing pipeline software, where:

the input images capture a scene in which depths of points in the imaged scene vary and

each of the input images differs from the other input images due to:

scene independent geometric distortions inherent to the optics and manufacturing processes

used to fabricate each of the plurality of imagers; and

scene dependent geometric displacements due to parallax experienced by each of the

plurality of imagers based upon the different depths of the points in the imaged scene; and

the geometric correction information comprises scene dependent geometric transformations
determined with respect to the input images relative to a reference point of view based upon disparity
relative to the reference point of view resulting from the different depths of points in the imaged scene;,

assigning a depth value for each pixel on the high resolution grid, using the processor
configured by the image processing pipeline software based upon the scene dependent geometric
transformations determined with respect to the input images, based upon disparity relative to the
reference point of view resulting from the different depths of points in the imaged scene; and

interpolating the high resolution grid to obtain filtered pixel values for each pixel in the initial
estimate of the high resolution image, where the depth values are used to direct the interpolation of

the high resolution grid.

91. The method of claim 90, wherein the geometric transformations further comprise scene

independent geometric transformations.
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92. The method of claim 90, wherein using the depth values to direct the interpolation of the high
resolution grid comprises:

assigning relative weights to the pixels that are interpolated based upon their depth value;
and

interpolating the pixels using their assigned weights.

93. The method of claim 90, further comprising:
determining a high resolution occlusion map;
wherein using the depth values to direct the interpolation of the high resolution grid comprises:
identifying a pixel within an occlusion zone using the occlusion map;
identifying a neighborhood of pixels around the identified pixel; and
performing interpolation using only those pixels whose depth is greater than a threshold.

94, The method of 93, wherein the neighborhood of pixels varies in size based upon the number

of pixels populated onto the high resolution grid in the neighborhood of the identified pixel.

95. The method of claim 90, wherein interpolating the high resolution grid to obtain filtered pixel
values for each pixel in the initial estimate of the high resolution image, where the depth values are
used to direct the interpolation of the high resolution grid comprises interpolating pixel values at pixel
locations on the high resolution grid on which no pixel from an input image is located.

96. An array camera, comprising:

an imager array including a plurality of imagers;

memory containing parameters defining a forward imaging transformation for the imager array;
and

a processor configured by image processing pipeline software to obtain a plurality of input
images using the imager array and store the input images in memory, where the input images capture
a scene in which depths of points in the imaged scene vary and each of the input images differs from
the other input images due to:

scene independent geometric distortions inherent to the optics and manufacturing processes

used to fabricate each of the plurality of imagers; and

scene dependent geometric displacements due to parallax experienced by each of the

plurality of imagers based upon the different depths of the points in the imaged scene; and

wherein the processor is configured by image processing pipeline software to:

determining scene dependent parallax information with respect to the input images based

upon disparity relative to a reference point of view resulting from the different depths of points

in the imaged scene using the processor configured by the image processing pipeline

116



software, where the scene dependent parallax information comprises scene dependent

geometric transformations;

determining a total shift for each of a plurality of pixels relative to the reference point of view,

where the total shift of a given pixel location is the combination of a scene independent

geometric correction determined for the given pixel using geometric calibration data and the

scene dependent geometric transformation determined for the given pixel location;

determine an initial estimate of at least a portion of a high resolution image from a plurality of

pixels from the input images based upon the total shift for each of the plurality of pixels

relative to the reference point of view; and

determine a high resolution image that when mapped through the forward imaging

transformation matches the input images to within at least one predetermined criterion using

the initial estimate of at least a portion of the high resolution image;

wherein the forward imaging transformation corresponds to the manner in which each imager
in the plurality of images captures the input images and comprises applying geometric
transformations based upon the total shift at a given pixel location, which is the combination of a
scene independent geometric correction determined for the given pixel location using geometric
calibration data and the scene dependent geometric transformation determined for the given pixel
location; and

wherein the high resolution image has a resolution that is greater than any of the input images.
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