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are subject to various perfornance constraints. The
pixels that generate signals upon receiving light via the optical element. Commonly used
image sensors include CCD (charge-coupled device) image sensors and CMOS
(complementary metal-oxide-semiconductor) sensors.
[0004] Filters are often employed in the image sensor to selectively transmit lights of
certain wavelengths onto pixels. A Bayer filter mosaic is often formed on the image sensor.
The Bayer filter is a color filter array that arranges one of the RGB color filters on each of the
color pixels. The Bayer filter pattern includes 50% green filters, 25% red filters and 25%
blue filters. Since each pixel generates a signal representing strength of a color component
in the light and not the full range of colors, demosaicing is performed to interpolate a set of
red, green and blue values for each image pixel.

[0005] The image sensors are subject to various performance constraints. The

performance constraints for the image sensors include, among others, dynamic range, signal



performance constraints for the image sensors include,
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pixel.

Due to limits in light gathering ability, reduced SNR, limits in the dynamic range, and
reduced sensitivity to low light scenes, the cameras in mobile cameras show poor

performance.

SUMMARY
[0009] Embodiments provide a camera array, an imaging device including a camera
array and/or a method for capturing image that employ a plurality of imagers fabricated on a
substrate where each imager includes a plurality of sensor elements. The plurality of imagers

include at least a first imager formed on a first location of the substrate and a second imager



substrate where each imager includes a plurality of
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zooming capability. A mechanism may be provided to provide smooth transition from one

zoom level to another zoom level.



zoom ng capability. A nmechanism may be provided to
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embo%u@pﬁlonal bl ock di agram for an i nagi ng devi ce,
8%8’ding to one enbodi ment. [0024] Figure 5 is a
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differigg déimfﬂséﬂnéln?g‘])? lgns § ﬁ‘ﬁ@%‘? s, according to one

[0023FnJDOdI m?ﬁre 4 is a functional block diagram for an imaging device, according to one
embodiment.

[0024] Figure 5 is a functional block diagram of an image processing pipeline
module, according to one embodiment.

[0025] Figure® 6A through 6E are plan views of camera arrays having different
layouts of heterogeneous imagers, according to embodiments.

[0026] Figure 7 is a flowchart illustrating a process of generating an enhanced image
from lower resolution images captured by a plurality of imagers, according to one

embodiment.

DETAILED DESCRIPTION
[0027] A preferred embodiment of the present invention is now described with

reference to the figures where like reference numbers indicate identical or functionally



DETAI LED DESCRI PTI ON [ 0027] A preferred enbodi nent of
the present invention is now described wth reference
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comp@EHOCEAHIRE the §dhséN@erRaMt®int@b ehichf ihlab8f may BOXbbcibtc8 I tAe same
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color filieict i on as a unitary conponent. The camera array may
[0031FﬁSI Zlber! cﬁagﬁel%j arti) rliecf)elglss e eg/ollgeg%slgn fﬁﬁ‘f@f Kiﬁ gecf) 10 ful%ctlon asa
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(0032, 1 "IN SATRIE R ALl Aray LAGITh oh TR AIAIAUE bl BB
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he Tmager, the exposure tlne of the Inmager,
the mag@ratswomtsd weh aswonngoémagm thuerumalgnm}éuaractdmetlcs may include,
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the imager, filters associated with the imager, the exposure time of the imager, aperture size
associated with the imager, the configuration of the optical element associated with the

imager, gain of the imager, the resolution of the imager, and operational timing of the imager.

Structure of Camera array

[0034] Figure 1 is a plan view of a camera array 100 with imagers 1A through NM,
according to one embodiment. The camera array 100 is fabricated on a semiconductor chip

to include a plurality of imagers 1A through NM. Each of the imagers 1A through NM may



I mager, gain of the inmager, the resolution of the
i mger, and operational timng of the inager.
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v RS A5 BR B RS e o R Gl

[0036] MBger $n HBYcrhiatEmet &RhambgdrMAgIhAcl & NRIVIARE & bSini filger and/or
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. i nadi C teri st . .
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Specifically, each the i magers I A through NMor a
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2 ool ain Ui
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receptidreofBanlethepatitcenisibleRpedBa dBdoreart- e iwhidompteesm i sin@geVk signal-
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such asekpbdsmek imeg ghint ynd Hlhek ey élaffset. rithel sengor meay ineladwdiek pixels to

. amgng others, circujtry to contyol imagin araneters
estimalf, Q% sHEGRIAL 5 %F?é@gﬁﬁvg?ref&re- F;Q}eaﬁ%% Ebtzent iRy bearReped for on-

the- I bERMrsEYon Y aPERRI ctdBILN I PRIHIPRE &S sSHENFER.
exposure tines,” gain, and black | evel offset. The

[00385 ensor Imanye ¢middimientdthelcirpiix lrsontolésg imegieg panecters may trigger
current at the operati tenperature. Th rk current.

cach ifGE B orAATS o2 Pop Sl R Dt BT o S B Periods

for thé DEIOBImEEREM thBiméRAArE Y PSfaldols MRpchinbfahuftérMay be staggered
[0038] In one enbodinent, the circuit for control ?,I ng

in an oveElgPPIGE pranasretocha thaagecnes aygsemilad requanigpdly while having scveral

imagellrs;lgeﬁﬁéé]%%géd % hggrht hith@ %E’IXQ ﬁrtr]lreo il gggnv%ﬁﬁgneaﬁ 'Vid-le_g %ar%gr%rsgmpling a
0 Xposur peri ods

scene at N exposures per second, the exposure time per sample is limited to 1/N seconds.

With a plurality of imagers, there is no such limit to the exposure time per sample because

multiple imagers may be operated to capture images in a staggered manner.



for the various inmagers in the canera array (anal ogous
to opening a shutter) may be staggered in an
wor@phisend ng manner so that the scenes are sanpUEUS2009/044687
sequentially while having several inmagers being
[0039¢x posedativinhdgghtandic dpleeatshimdepicndentlyl. rErmir€ onmesttaporasibng
eQ cangra sgnpllng a scene at, N expasures

aSSOC@@gdHHl cach dndiyigudl imaserimay Rrendivigngliee sln|0fﬂﬁietn§ad%=n&/dmlaster
settm?%‘;ﬁ?ggﬁmrﬁé'dtaﬁd‘aeﬁlaﬂ&@h'et YRk dr@@ﬂl T rn B astes s&ﬁn %Ch

he exposure ti'me per “sa ecause mul t
configunedyer sadmaynaper. élii@rdandons)ma)amﬂ%tefuncmgm su¢haschigh dynarmc

sta r.ed ner. [0039] .Each i er can e oper a
range, G e PTG R TP GroC Do R RS g AP B ations
thereof trhes%%blahaﬁd MndahediTBORTa [BRNRE (6.Rd Mgk m:tﬁ@galhybr ata

one enbodi nent, a naster setting is progranned

hlgheﬁl@wla(t: 2o ﬁlf(dre@e in gfefISEx m@mbegalvlmyh fsrtben glu@maﬁmélo'éranslated to
deltasﬁr gal %Ptg%]ia%olg fﬁlc ug ed[h Vi %e a3 gp%clﬁ%(g%p x“:t‘/mag%/er gontrorf renglsters)

for th& partitl@Scamdnd 8L ByJ Ebttlﬂlg'lﬁle%’«isfdr Ralses @ﬂ(ﬂdévﬂitlons from the master
processi ng settings or conbinations thereof. These

valuey dighst leuels of sontisd absaetion e betachicvehol fagidfatq wimgler programming

modeﬁlﬁl @%ﬂé ggeeﬂa?%ﬁsp ﬁré gﬁ%%)nbg%%ht ﬁlm;Bagﬂﬁ&etlst %rgl.{l]le (tﬁaé%rs are

arbitraily dixed foral tl‘n}get apphisataine dn oot el dralso diraentgihic parameters are
integration t therwi se as specified by
configugstt @l lPwerslie E%ﬁ? P%ﬁwla&%%@rpg?grﬁam%bﬂéypar ticul ar
[0040]: amer a1@5ﬁeaéfnb&)fm§ﬁt fnle réngﬁeaﬁﬁg% 3551%4?&1 Ues d 1n replacement for
deviations fromthe naster val her el s of
existimDerntard inpdepstseaors wved clanelbpahamh agl/ettert roolﬁlbacddvmeat Bor this

rogr amm nodel perat| n_one.
purpo g, ST ST DA Y ARRETEH40 B P R B USTE it B Pefional
1mage%reﬁé0tr§ &f aﬂpyoﬁmm@ thekafe tAbEEbn AR UgRahd Alhicvel r@@ﬁftlbﬁ lof the
nbodi ment, the paraneters are configured to allow a
camerﬁuagﬁy d@greéeeadfcommtmball lmage aﬁmsorp ndgraayvhetogiaphic situations.
Taklngogva I’% neelnce:r%bs% e 0 nce thg AMELA /5] aythlesem% alngen? may
p-in replac $6r exrstiig damera 1 g

include GBSO [six&ls &dobtﬁln(éqhél o@lbsms]uan@ il p& cofilatddao d&ﬂ\l’e@QSnal image
For this purpose, the canera array may be deS|gned to
sensose Adfpyrativalyl &eé&?ﬁﬁfhe’cﬂ%@ Iiin the dppges maydiwdrdycsd gempared to
al t hough
pixels B S e A BB e ecosed
[0041¢ onvenii odat toi magle tieaas @il countefiy cpinanagndpinage sensor without

1ncreagllé1fgf% ]t,clﬁg Hﬁe@ ahi $ advaqia{ta? %?%qltv@ﬁ%ﬂ 1@%%3?_;%'&}{&%% constrained
in theisiMebi dRal €1Bfe &hﬁ@dlﬁeﬁtonﬁt?ﬁ 8f ﬁle AR boRfol RSFid Bra GMAE bdl¥ection

I mages conpared to conventional | nage sensors.
of funAtiorsravatmarefoyall driveoss pf e @rﬁlagdmwphﬁeilnsﬂlﬁnsdt béfunn’acgtsrapphcable

cach e T S PEORRRIG tcririon Py B AR ol gmager may be

used U@kt hd dutObEIBHt doRs ABL AL ch RS gnRMC AR Fbr 16O Hﬁzﬁge@dc . a
conventi onal | mage sensor w t hout i ncreasi ng Si i con

[0042%r ea, {mend @gqulmv@r e gamerarrayangluding thpuglagetvagdaces ps
ferabl t |I| on, ar |
COHVGB{‘I@IIH. 1md Cy SG%.QOI‘ O% %péxegls X’g Con ﬁrax %ﬁldes W QR]Q 1magecrs,
singl e coIIectlon gﬁ functi ons connnn to aII or nnst
cach sgpsor el i diagBIRSISWIT 7T a Fwehiimeser detheRMPTATETAY Gt has the same
appl i cabl e
aspect ratio as the conventional image sensor being replaced. Table 1 lists example



each imager. In this enbodi nent, the conventi onal
external interface for the i nmager nay be used because
WO bwodsoes out put does not increase significantP@I/ig3009/044687
the i magers. [0042] In one enbodi nent, the canera
configairitis ofiCdriketh Agaysee combgetd she Bebat as/eati@oiry ROing@dbaventional
i mge sensor of M negapi xels. The canera array
image; s58¥%des N N i magers, M each sensor including pixels

of -- Each imager in the,gaAera array also has the
same aspect ratio as the conventional inmage sensor
Convamtingaliepgaged. Tabl e 1 [@stiaaexayrpicacionf ingigeat i ons of

caH®ms@ array

s according to the present invention

replaci ng cq

nvent i onag,iJrage ﬁgnﬁor Tabl'e Iguper-

Tot&ONV ¢kl Wl ot higage ﬁéljn Effective
Mplx,%fas ?[ggso ,M]!)\&QI’S‘P J T | Resolution
I\/pl er §2Rescl ution Mpi xel s |1 magers | eI S 3.2
Fact or Resolutin8 2855 0 32 3.4 0.50 3-2

2.6 32 83

2 8
3 8q1q32?!;?3n!;!;0;8?)?0219?0!;32

54 4 0.3D 2.4
3.2 1.2 3 4
The Super - Re

2.9 533%.561.92.0 202 3 538 0.12 20
4 019 2.64.2 3 34 0.33.319 1.22p0043] 2.0
psolqution Factors i Tabl e).36 are espi nat es 2.0

3and t heg JEff e
on the act ud

2ct1ye Resolaution va ues nmuy2 di ffegobased 12
il Spper - Respl ution 4 actorgj@chi eved by 12

processing.

[00344] The 3nunber of imagggs in t§19 canera, »

al 1 ay nmay Ul‘. UCL Cl III necu vascu UIl,  4dllully ot IICI factot S,

10043] ) " G ResirecHissblatibn PR Pey S bl o s res aidshY Btive

Resolbfi0&MudsSmdy G e £68b4 bh A achlap Hh}?er—rf@e%QIMHBﬁ PR ROhMicwl by
view, the preferred nunber of the inmgers ranges from

proceying.2 to 6 X 6 because an array size of larger than 6
0045 T 5B S LT o,
among other factors, (i) resolutlon, (i1) parallax, (ii1) sensitivity, and (iv) dynamic range. A
first factor for the size of imager is the resolution. From a resolution point of view, the
preferred number of the imagers ranges from 2 x 2 to 6 x 6 because an array size of larger
than 6 x 6 is likely to destroy frequency information that cannot be recreated by the super-
resolution process. For example, 8 Megapixel resolution with 2 x 2 imager will require each
imager to have 2 Megapixels. Similarly, 8 Megapixel resolution with a 5 x 5 array will
require each imager to have 0.32 Megapixels.

[0045]

parallax and occlusion. With respect to an object captured in an image, the portion of the

A second factor that may constrain the number of imagers is the issue of

background scene that is occluded from the view of the imager is called as “occlusion set.”
When two imagers capture the object from two different locations, the occlusion set of each
imager is different. Hence, there may be scene pixels captured by one imager but not the
other. To resolve this issue of occlusion, it is desirable to include a certain minimal set of
imagers for a given type of imager.

[0046]

issue of sensitivity in low light conditions. To improve low light sensitivity, imagers for

A third factor that may put a lower bound on the number of imagers is the



process. For exanple, 8 Megapi xel resolution with 2 x
2 imager wll require each inmager to have 2
wokgapswed s. Simlarly, 8 Megapi xel resol uti onP@I/URR089/Gi4687

x 5 array will require each imger to have 0. 32
detectipgaiai-Ke kpectiifOdby bdnsgledn®hé aohiber of dhgar®in tho oahéraiaray may

t he nunber of imagers is the issue of parallax and
need tgbelinErasRd t%qcramrl&iﬁt@épclt BesARIBREYES captured in an

mage, At fy

[0047!)cc udé d ? 1?13 %{Cﬁ%lgﬁ\? ?ﬂ;ew“h%ﬁl%bmg gi%Errgggfré ul%ggcaf P%tmlb range. To
prov1deat3mlamm rngsatthd caNlera atrap, i ITRgeasagaps tmrmotfllde S@t@[aé ¢nagers of

|fferen cations, the occlusion set of
the soggis et PR AFPEn G aonpet ik O RGrEE TG B¢ el faen be
operafel X@iSdifeRhHEGs ¥ ARR1thIRASK. Quk uﬁﬁ’éestcﬁﬁtu&tdhﬁlﬁh difRrent
resolve this issue of occlusion, is desirable to
exposjires migeezpregssicdito gmaratﬁalhlgequmﬁm‘r rmgerrsageor a given
[0048; ype 0 aser%i Oo% tileste 9[ﬂrs g Iplrer]fJ rrgd Iugnéltr)egrrof tll’?l?%ers 15?3;5 g troo€ x6. 4x4
and 5 s;mnﬁguﬂahyns dre nfore pie@hthble m@r 2% 0Rfd 3 kB ddHBigMEiohdWecause the
l'ight senS|t|V|ty I'magers fordetecting near-IR
formez predikelintorpagvises HEGIgBITUMGE OF IindssFs t@fresorréfgwglsrorr igsyes, increase
sensuRfr‘tg%h Bﬁétgc?éa]%‘%{t agr‘rﬁgcdraflg 3 45 ﬂhg%ggfr?% 368{511819‘51“1&(1
requirdé teered veir ngpotution Stonethese ztrh&y dirageal be m@iﬁnaﬁnompme to that
provi de dynam c rang%@%g t he canera agray,

requlrsﬁvhﬁlrr A5k 8UeY-vyTPPIYREENER0 &Y MRS & § UrcHdo egqréde

addltl%llldltf@dptul%él ARhGS BRSO 29 rn 'Eﬁam ctrdTBQE 1n f the sane
[ter type may t perat w th di rent

[0049¢x posuresthst mﬂstcmraewusd; the nfimder uﬁmmensaipdmatedi taiuinta sampling.

oy enfy T PR % oG9 R SRR RS Rauce e
aChle\fe@(‘rEQ)ﬂlﬁlont e iRfoRh i drefoMURPESar IR iMBIBGAS 8dded t& the résdl@idh
X 6. 4 x 4 and 5 x 5 configurations are nore

capturigd dfy éhalyma ltmgrrs 2 Far thisgnap@exatdeasb o @i het imagers beayahgssed for
sampﬁn%gthf T in S ne r- oac/ecf il gﬁlel ed ebosdll‘lr{lgrllt%lnﬁlni ql‘{nnggers ° imagers
ers O reso USI on 1ssues, | ncr ease

samplé@hh&lal; vahgeraﬁbdnpl&(:ﬂi@iﬂk dﬂd&h@wﬁ@ﬁﬂuﬁg Bamggers MmploStwo chroma
time, the conmputational load required to recover

(Red %r@s%lrle} |Iarrn9ﬁherﬁmws@elatrw1§y5 EiSAgwggs) 9 precrogEiesilpma, 8

1mage?§;§r%’@j:lé tsr}% hg atnﬁgltre IreﬁﬂtHLﬁ%e \1/1&61 etr{lﬁmﬁﬁ gﬁ%ornéé‘rfgéadyﬁld Blue).

Furthalthi imogab withahase é‘ﬁteﬁ;unzty bKSaqumthd: a;lrmmemmlhg wathth the camera array

| tispect raI [ 0049] Another consideration is
to address ofelHiien B?toﬂﬁ‘éaglgr‘s dedi cated to | uma sanpling. By

[0050ENSUT i BP9k @RI MAd D id 18 c%&@%rﬁ?qré:@aﬁﬂlf parated
near - | R sanpl i ng do’ not reduce t he achi eved

from ¢agb othgt bpa predeterinmfed dnsidricon Bl'yrlmrmtshg the apatiaRsdpasges, the

ad to,the resol uti atured thelu
paral BB gL PaeSa Dbt B,EF BT OmaY bt Moyl o ey Shased
parall 46 BAd{ Ata&dUPvhB@ rhdi8 abdiiiie ANNRE inT8@MatioR i$ RSrfadt. KBparation
one enbodi ment with 4 x 4 imagers, 4 inmagers sanples

betwep f#0 1magerﬁe@@:r alse harjsiceesserblarappRximate therispatatien pf spaigof human
€yes. Iﬂm%%{rosxn%gtnr?g t%% sgﬁN?atlon O%man eyes, a realistic stereoscopic 3D image may

be provided to present the resulting image on an appropriate 3D display device.
[0051] In one embodiment, multiple camera arrays are provided at different locations
on a device to overcome space constraints. One camera array may be designed to fit within a

restricted space while another camera array may be placed in another restricted space of the



(Red and Blue). In another enbodiment with 5 x 5
i magers, 9 inmagers sanples luma, 8 inmagers sanples
Wo2@pASIY3 and the remai ning 8 inmagers sanpl es RUTUS2009/044687
chroma (Red and Blue). Further, the inmagers with these
devicd.i Farexxsmpryifaaoal 6 22ethgsismnetdquized byt tid dtuilableRpace allows only

camera t o address occl usi on du aral | ax.
a CampPigRLEy o ? xoﬁ)em@ﬁsﬁléd? ﬁ%ﬁ’fOVlfeﬁé?IH %@ﬁresrl C ‘Pﬂ?ﬁ 5 HeécCe B ranera arrays
cach 1ﬁ51{1@1¥1 6}()%[1%%&5 LAl ltbé ﬁgaggé Bﬂ%@ﬂla%[e%?h@@&l%o% 845 ol?xheadewce Each

pred e erm ned di By increasing the spati al
cmnmsepaya@ydm1hbﬁmuqknmﬁSubmnbeamébn&mm@dnuagmsh@hwﬂdDedﬂwrpaﬂs

ers e inc sed. The increased

of a d¥pc TiTeonch/ e Gt B lies it B ek Ui peb greahipeeenerate
imagels Bf Q&MRY B Lt niaHB PEifGMancSepar at i on bet ween two

i magers nmay al so be increased to approximte the
[0052k epar athi dnsignffona piaglre lmgmmbeeqpeéted Bydifgpenbsamane raﬁgys each

e separat i rea i stic stereosc |

1nclualétt§ otﬁ Ip tgp%ofo 161é1ger§ oBﬂlae afa aetﬁé&rles en(%an%eﬁaé argaéys LHC a% 5pa?1a
distanc &R GSoPAItER afP @dﬁrﬁ@lhhtadtﬁwﬁﬁ)tlw Spledy otRY k&Bors[rB53d mbdified to

one enbodi nent, nultiple canera arrays are provi ded at
produgg § FERUTARITR Al B ernhimpee sheectesisipe le die Wapadverse mix of
camet%%ﬂﬁ%sr 1%59 be rogﬂ%d:\@ﬁq% ﬁlaﬁﬁe\[ﬁ%g %yb fgqi%ng cho‘ijlohl(?esfdftscale

within a restricted space e ano er canera arr

may be placed in another restricted space of
Whﬁwﬂh@db@bmelnﬁgnnmnanple if atotal of 20 inagers are

equi red but the avajl abl e space all ows o
l0053eray 3 or gy g e CAMGraEray SRRl PV R el RefeuriEo)

techn@bg? RO &S te&ﬁ%lcfg%rfﬁzf@n@lﬁ @p’tﬁss %ﬁcgﬁ‘asb Rk leE)WEQ by packaging
I megers may be pl aced on avail abl e space at both Sides

of the @mtwm@r@ely VG th theamitgea: ante aamtainlayc tmqgrtted fredniec dthe dW bﬂ
st.rat.e and secur

proceffyf P 1,300 a8 SRE BMeRRbE Dol R FRaRF Srelimaft prgate coch

plasti€ RABERMBAT GHYS glABYsuBSrg.0ocessed to generate i mages of
desired resol ution and performance. [0052] A desig

[0054f or a Eigwed %Aulmgerﬁpwaye B WaSHl Gagnera ray gspenlklp20@ a\ﬁ@r\aafer
level @%{cggz? gtgd? {Q rc}érﬁ%g ldc aﬁgw) ta@@&rdﬁa&% %HQ é%lb@%glt%flg I Thg\Da%%r level

d array-suc
optlcscﬁ I8tingicés,a [dalabity cfﬂléﬁseerlanammzm eiihniahd dementt220tcbecrigame of
ot her sensorE may be nodified to ﬁoduce a canera
twen%fwsynwetrﬁ W 1mrtee PHBCTA HEEY %0 chaiedbatdhs eamera arrppasgspnkly 200

has anzﬁ%fy & sHaYiBF Bfs 5[51’1‘161%@ E c@rl s@é adBhniMarddt8 qgﬁ{%@e large lens

e maintaining t econom es o
covermgaheentibtendrevwehy Cpd.i cs Integrat|on [0053] In one

nbodi he came arra | oys waf er
1005507 o< PR B P e Bp iy oy e YBh APl Safytecording o
one erﬁ’%diﬁleﬁptﬂféscaﬁﬁragésmmp@%@ﬁl&lﬁd%ls |a%ﬁ fnbwaRrackaa Etgto%{ lens
the optics directly w the i mager into a nonolit hi

waferi268 egyudsieac 28 wiith muttiplewnag s foewd rteermtyandrﬂp@mye%%% 264 270.

anong_ ot her i&j u di anon

e TR ARt A BT P line YNl SR b ST, pBb S 258
is pladdd @ cchit@iéRapldtonR SPRAS ﬂeqbp Velhis i oY 280, aMIGRIPRS @tical

arra§ assenbly 200 with wafe
clements 288 are formed on the top lens wafer 262 A middle spacer 264 is placed between
the top lens wafer 262 and a bottom lens wafer 268. Another set of optical elements 286 is
formed on the bottom lens wafer 268. A bottom spacer 270 is placed between the bottom
lens wafer 268 and the substrate 278. Through-silicon vias 274 are also provided to paths for
transmitting signal from the imagers. The top lens wafer 262 may be partially coated with

light blocking materials 284 (e.g., chromium) to block of light. The portions of the top lens

- 10 -



| evel optics 210 and a canera array 230, according to

one enbodi nent. The wafer |evel optics 210 includes a
wpLwpasionyy of | ens el ements 220, each | ens el ePERUSDRY044687

covering one of twenty-five inmagers 240 in the canera
wafer@62 ayt @dfed Wai thetbhadkitdhaatedne 284 a¢rvays q&stﬁfﬁsltb!roﬁgﬂwhaﬁ light

an array of smaller Iens elenments occupy much | es
passe%fﬁé@%ﬁe%%éﬁnéavatf% 248 apdh fedmageige In e sribggment gt Flare 2B, filters
282 aRMbih&l &ﬁﬂ?{@ 'B@tt@rﬁrléﬁé et 2480 qggllt bﬂ)&'ﬁ{gemg@rlhl% 280 (e.g., chromium)

sectional view of a canera array assenbly
nmya&mdmmnamgonmhmhﬁummhmdQﬁbmuhhﬁbebmmuﬁﬁﬂataﬁsenbhysQﬁﬁpncd

solayog ROt PR 30 G eh A ETEIE ] AP Qoo piion layer

(“RDINeh8QFIdaNshiRPa6eer s 258, 264 270. The canmera array
assenbly 250 is packaged within an encapsul ati on 254.

[0056A top $pereemixBRmEnf, wle&@@grakﬁétwewmhhe%mmb@m awiSonray of

and the to ns r
s Sk e DN e S e T
1rnageli’fhﬂﬂ1b RaRBRAGEFay 204 Hase Rlvagds bet. Mhﬁﬂ THetotad ﬁelgﬁﬂs off@{eedptical
262 and a bottom | ens wafer 268. Another set of

compeypinfsdapprpEmaiely | 268 and betefal kpight g thsepmsr areyysssembly is
f 268. A bottom spacer 270 is placed between the

kmSﬂ%93?£n1lens waf er 268 and the substrate 278.

[0057Thr ougRiggirdsi Yoand/3Bare2iidgrame ilalsgotipy (chang@dntthb lpAghs of a lens

for transm tting signal fromthe |nage . The top |ens
clemeppppuassty Ghapeesdn JEREISIONS 1 Bt Thlops gheni kinrdgeure 3B

is scaldBbH§ At sn Olf%%&}]{eoedt I%IFI)S Tl&lﬁél‘&r@ 197 6%11@@1@0 Ky sQhe hwﬂﬁ%er LTID@f the

portions enswaf er not coat ed
lens cleinpok 32{yiswetabern thius th28Uarseene bus fagierdfur, € h:eltghd.) ltfgh)f the lens

i.ch |ight to th | 2

clemefi\ s glsEstnaRERRGE o otedfs b Wb gl ol Oy Pl s, Honce.

by us@lg 4n @ﬁﬁy bP§Rr Mhsleendifl tHRMABNSF M@fcsﬁlel?a@&raylab@latbly can be
ocking materials 280 (e.g., chrom um al so be

reducab&g@ﬁcwlyt ﬁélew@dltcgdrhtlghtsofm@cma airay wb@gl’yamy berased do

demgt% ‘r‘iers]sC eté%!if?sg%é lel:angsesc oa\yé abdattlers {))Ilhtlactap%rog Trlgllg% sguo&lteom Slyorvf ?h efo | ray

angle | ra@ed diskistion, aat dmpeiveé tolonhbesraié®. [ 0056] I n one
enbodi nent, the canera array assenbly 250 includes 5 x
[00585 ar r ay19¢ P Gralfjestrates TRRroy ey el ngn s (- hAL by reduaing the

thlckn%gs JrthBAm &Y er% laﬁ@l%)ﬂr Q ] ﬁﬂ@e E%flﬁXnﬁgg%% 4 Eﬁoéllgqens

anera array nm ave

coverimglagh:htlte danmfa dresy. oafithoﬂzlgh tl&aﬂmnfme;nmﬁgle sanalgpre duxdeddlyeéhgreasing
and he total hei t t2 %he canera arr.a

.
the dl%t%%@é%]rwng ¢ EALRCTR ALLRY thielgigpreonsiraigsgmppses

constt@fn%s SH ARFalRg kld HSIARL IHGcE rﬂﬁ’@@ﬁ%l' fBr tSerD Sl having®) sifgle
| ens elenent pursuant to changes in di mensions in an

lens elemenpisdarge, rasulemsingtduned bpB80 peroreiapae.eCBB2iis theghlad day angle

by 1/ n ared to | ens 310 in,Fi re,3A. As
forang i B8 GED H 0 (e Ao aT Bkt 2261 PR OEgfignsio%s. The
CRAZ RafidshBe SHnad®RHtBE CR AYofahé asiventidifal Bamérh@r@ b@thestitsin no

of the lens elenment 320 is also smaller than the

improengitin thegthiaf ey anghes By evediying 1l digtancd baiween T(hﬁ ijager and the
lens ei_e%pe%? as illustrated in Figure 3C, however, the chief ray angle CRA3 in the camera
array assembly may be reduced compared to CRA1 or CRA2, resulting in better optical
performance. As described above, the camera arrays according to the present invention has
reduced thickness requirements, and therefore, the distance of the lens element and the

camera array may be increased to improve the chief ray angle.
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by using an array of smaller |ens elenents, the height
of the canera array assenbly can be reduced
wae@nisioenant | y. The reduced hei ght of the canmePEI/HS2088/044687

assenbly may be used to design | ess aggressive | enses
[0059havi ngIibadditesn, tpt lesadlcqpemtp &fetsiubﬁ:ctstbdéssagoircms tdesignl constraints yet

chief ray ang duced distortion, and i roved )
produgesy hg}teraqféquialeahper NeJelsi ‘M%{W tQGOPY?“EI‘@P’i‘ Rselement covering a

i
wide FIRARL L TS o R SRR BT %%5@.9‘“%%%?@ iy band of
light. dHoir ekamgaly, anglagerf roceiuving ivivgihle ot revs-1Bopestiungmap hent & teas element

specitf B P Aer g PHE ol B nE TERB SR W Qi

spectrahd, 8% 18Mk1éhént hshavt BET R TEOE Fh oBRNRS Ak f%cél"ﬁ%r%@§the
constraints on increasi ng the di stance. Hence, t he

same toRAliffgront spetent hangsrodyightay Thgmatchinggiféhd @ngl Iéfh@m@mss different
wavele%gtﬁ%%f 11 Cgil% 11%creag§s t:%% 51{121%'*1?6%? g% 1?] ggﬁég%t}lpe%r I 1rna§er angﬁ?)eAc%uces

1ong1ta¢11halychtr(hﬁﬁud dbemaaded I n thickness as well as other
i mensi ons. The CRA2 renai ns the sane as the CRAl of
[00601 he cofVesirrdvinigece afpallesdensyloment medigder ameng @fbers reduced cost,

reducécfi‘%)ﬁ%ec‘ WB&térﬁls HR&luclidy in ﬁtﬁgt nuﬁetum SRS ygrb%ldlng

tance between the inmager a ns
n” lenkds| tHtal @1 Bcthe RizEi HMERd B GHmARIRAV B thiuh @/nCtBicﬁﬁes@ﬁYhe&ﬂ%ﬁsme
CRA3 in the canera array assenbly nay be reduced
for pradlrmﬁgthd ldne eleRAINt nmay @RADe redilseldl t Ting r¢ductetht eostapd theadmount of
ra ar

matergisc éﬂaﬁ@g]tyo tuﬁtg o b%el‘r A Hf §1g):§prgt§gsa reducrdey Iil results n
reducéﬂ&ﬁﬁ@%? n{aﬁEifébfu‘?lﬂE fe?s afPR AL ORI 8ERAR yicEcdllsS tﬁ%‘b@ac@ﬁlent

l ens el enent and the canera array imay be increased
accuretqy rﬁqlpred\le r¢ghderdhe Bhs pogy mge m@@%@]typlcalbfdm mpiersfringeet than
e su

d
in the GRS ST S Da Bt S sg i RS LR ¥ according to

the pr@@hf DK BRI SOPPALEEnN{i 01yCAMERR tal BARINtILANS AL E §RRGr
overing a wde |light spectrum because each | ens

[0061]3I enentn W%@dd@gmgﬁ]é LO fabrication prasgssigolupem 6) gicorporating
lens e en%m ?tﬁg OISF}I eﬁlié@%h% len%rélénq&g gﬁogg Sﬁtgltﬂé pl%tst\ﬂgg 'ggtlof 1%{1? Floldlng,
and (19 &tdhﬁﬂgﬂ&ﬂes‘ iarthd iiijtrﬁB aﬁd panrhﬁngItwﬁ-muecgﬂlbldlﬂng@f lengRy eh’rSugh the

etecting other light spectrum the |ens el enment nay
Substrﬁf&v dhgictahing qfgrofes dthe) suhgjtai is e varageophecppredndgy lawaﬂatch is

not ca'u§edt%@w§eqlgl?asft@ran? sﬁ‘tgsﬁrafen n $REGRY Al ohP Ql?kgﬁblﬁ% shse e that 6rms
ocal plane across di
naturalatoeh ﬁngtlhmscn‘lemetgh(mmm:rrte assng toas stgas ety maf b negk
aptured at the.inag and red s | on udi

100626 2P ot B RN PO BT (LB T Ent e cpprmbodiment,
filters2P@pdredr 4 N0 §lRYREL. | ncl ude, anong ot hers, reduced

cos reduced anbunt of materials, and the reduction

in the manuf acturing steps. By providing n2l enses that
Imaging Systéve and Peodessing Biwdlige di mensi on (and thus 1/n
[0063Lr|e?nl§2 1%e4t1ﬁhae fu\ﬁlagéoerlgaégfo%:l? 8Ia%1r12h {leHrm ! t?n%%ln%%?%tem“ 0,
accordihg tcammﬁbdblﬁm&ﬁt @hb ah8gif @ BystEe ﬂ@@ hMy 11|r_dlﬁdd‘l efong Bther

nunber of |ens substrate Is reduced, which results in
components, the camera array 410, an image processing pipeline module 420 and a controller

440. The camera array 410 includes two or more imagers, as described above in detail with
reference to Figures 1 and 2. Images 412 are captured by the two or more imagers in the

camera array 410.
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reduced nunber of manufacturing steps and reduced
attendant yield costs. The placenent accuracy required
W@ 00098t er the lens array to the inagers i s RYPUSADI/G44687
no nore stringent than in the case of a conventiona
[0064] mager Thecentsdict W40 Bived wat,zeftivare, fiawasn®rascoattimifion thercof

acg@fding to the present ing@htion may be
for coafypliing Yerioys) QpeEbind PARMEtE Al BA CrBRR 2Tadd e JBegproller 440

receivied ¥Phls 448 RN 2 GO OIRP Extefil Podl Ok ARh & 8EddQpRLAGE SiBnals 442
|ncIu§es: (1) incorporating | ens el enment stopg by
to conidohthicrngmetvenrtagrid Oe [Thneontradico g40 onay alspsend nfstagive 444 to the

: before | ens..nol di.ng, .and (ii) etchin oles in the
imageJipGnag STRHA BERY LHAD Hy thbPereRa et Htst 7l bnses
[0065] hr oughrht RRagURSELGRE pipElRe Bboatled20 & hAr@h 82, fifimk A8, software or
Substrate i s advant ageous because index msmatch is
a comhiption (s @dodsetivgthe iphgestreesi eatdrern st qaatesa aray 411 sThaeipage
R T T S g i
belowhih@eta)l wigyrcb@cnizad Fidubd2Thé Proos c® hQ@di4TBRE theh isérit€61Sdisplay,
are part of the imager. |In another enbodinent, filters
storaggr gansaiifal of fther yosewsigst em | magi ng Syst em and
roces : | [ -
10066[T 00k 518k SPHE oD BRCk o op Al Bk habing MRG0 sine
pipeliacmodulic 4901 a@condéngetotond icmboadimchh eThaiagigh prayg sdtienpigllthe module
may i nclude, anong ot her conponents, the canmera array
420 may anclugs. ARaRS OFLELBRANGRIS piTEISITREM RERSNe PPSESSEigdmadulc 510, an

imageﬁgfélrceﬁbﬁﬁoﬁl A dulk 49@?%&13&1}42{)051%%5&(91 iﬂa%?@%%{ﬁﬁﬂpmgﬁule 518, a

re i magers, as descr ove I n detal
parallpef@npmsgianonéduwje p2S akuperereglutionageduld $26,anexddmps conedrsion

modu by GrtiFe-tad B B av s BRERdudr w L Bfgeam color

procedsidgdMBd e 964.2 conbi nation thereof for controlling
vari ous operation paraneters of the camera array 410.

[0067The corhe eddress and Phasscdisgeenlibrpign snatlpg o atoregsrdegice for

. ot her ext&rnal compppent s and sends operation.siagnals. .
storln%f 2 1gration atta %Liod cd'durnng camgra array Af 6rac Hza 1on 10 tHe ranufacturing
o contr € Cangra array . e controller

procedb4 arsalscglisn r&@fibrakioh rovesds. Ofhe44lbraton Hata in@kes mapping
processi ng pipeline nodul e 420 to assi st processing of
betweep ghej addpsses 21 phyqigd aElstre in thegeagets ¢ad dicrgeisplpddrcagss 546,
548 of Rl £.420 is hardware, firmware, software or a
conbi mation for processi ng the i mages received from
[0068f he caiTae addtssaypnddion hinelul dBfepcpfooae asintdizatigebasedon the

.. modul e 420 prqcesses nuj tiple.imges 412, fqr _exappl e
calibraf@onlade P5adh B AresharfeRps olipd! Rogs et s _89  goedically.
the addresd BE1RERGTESS8Elc 5T OEAERL "fgl%lskla?’rhdﬁf‘é@ﬁe_sfo?'Ehqu%igf%c?ﬁil pixels in

storage, transmttal or further processing.
the infaggtar ‘Gogicald addressas b4 ofthe ldvckualipaxpl saimthé {noggtersadrivingg versa. In

he i nmage ,processi ng pipeline nodul e.420 cordi.ng to

order [ QuRSTEEa et ros T R B ARG EOBSER O B Br G HBT Lie Phase
differd@ beB¥ech REH BN diA I PRGITh fIRS ingRIRAN R s RRdIHRY 18R ed. The

pi pel i ne processing nodul e 510, an o '
super-resolution process may assume that for each pixel in the resulting image the set of input
pixels from each of the imager is consistently mapped and that the phase offset for cach
imager is already known with respect to the position of the pixel in the resulting image. The
address conversion module 530 resolves such phase differences by converting the physical

addresses in the images 412 into logical addresses 548 of the resulting image for subsequent

processing.
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i mage pi xel correlation nodule 514, a parallax
confirmati on and neasurenent nodule 518, a parall ax
w@eawpesivat i on nodul e 522, a super-resol uti on nMRCUUS2009/044687
526, an address conversion nodul e 530, an address and
[0069phase ahé Srﬁige@ alp ba;atlﬂed yeimhae B0 addproaidd 0w ghicrupatidam
col or proces g ule 564. [0067] The agdress and
plpell%a@ée%mgg%? “(1:%1 1%or Bt BB BINS PSBst1RE FogYigPdfanay perform one
or moFEYA BI8cH Plve? EQE]!IIQQOIPQM PR &ﬁs,qﬁteﬁ nBIsLAHnEEh A8, BBtical PSF
canera array characteriz tlon i'n t manuf act uri ng
(pouumpumé§mummnhd@mbsﬂqunMOmecahmhmamn@nnpﬂdkeahwnwmeAﬂﬁrﬂm
calibrati %nlgata |nd|ca’es ma q§ﬂm§ﬁﬂgthe I
imagegy amsg%*s@ BIPHPEFER P IR5RePOC Elg © Hémasshiye
correlﬁtlikﬁl hediie 3l 4 peldseRIeRubABn t04& 0kt BPpArAMBEhal ROESEs HBR
dress conversion nodul e 530 perfornB normal i zati on
appartmge dbjests bhagcaptutpdappiachiatia thetcomsr arrmyt Hweeifigals she image
hase of { calibratio
pivel e AR e SEL wfdh o R S Fu Ry Guited py ARGy dfiflre o
comp@faic 5SS parfallhtielnl didicvitidddther] thelrBadebikd @otromRben fn@dule 514
'| ogi cal " addresses 548 of the indivjdual pi xel s
comparget e@afé@pgcedqet\we@éh@ ayssage vaes o seighlpring pixels with a threshold
and ﬂg%éﬁ BBtgﬁt?a{l sth}sgxg‘cle%f%?aﬁg& gisl glegd ﬁ?&ﬁgen%%e%déﬁgggﬁéshold. The
threshom me pleamgt dgngnixalysas mfuhbtaaon asfdhee/ ophjathng' somg@eions nethd camera
to he rﬁsolved The CﬁFfer resol ion process

y .
array gRuiliee theaizhbsirheoskas cations may e bFédeﬂ’ tverigd .r%éthew&mcular
f | ach of the inmager is
opma%@%g?@?gﬁgHfﬂ%ﬁ%%g%dg%%ﬂ%ﬁat t he phase of fset for each
[0070] mager Ths 1raageeadgcnm«mmsednhyhh¢ papbftxt co:nrﬁirmh@otpamii me¢agnrement

modufs1bas gPst ndeatihety Be Sl D SiBRaitAE TR SRieriayis

acconfisEQIMAEL ﬁinﬁﬁlg Lol RBMSlafid m@ﬁﬂ&e SEESoptatidnQak ¥BRARS i loical
into Ioglca addresses 548 of the resulting image for

pixel snabs eajoesrthe pagseswithginfido ﬁg?grw@ ﬁlm g@tyimcm c¥penjthedcenc is at
| 540 are RLQY eam
practlcéf 1nfh nlweﬂlge%%lé e%%rfl(r%]%e imiagt Rl as E}fgpy al‘ﬂepds 4K ea n%ect only to noise-

based&aﬁ@te&ﬁl Wheiraslgbectad GloB@ynd@@hft@ﬂm AnerR) hoWeve, @ﬁarﬁﬂaa{(?dffect is
Level cal culation and adjustnents, fixed noise

introduegfypfschanes hogrekaionbshvqepdhamagsise ddhertania sghy! layout of the
irnageﬁj M%EBT%% pa?acﬂa% Sndfedy Eflé %@ 1S @({ﬁgls&ﬁpéﬁéﬂlaﬁ Jmagers. Within

e 1 hag rocessed
the hrmpmﬁthamepsmehernac@rrmeﬁm dmgrermdu defddite batwdemage pair of

pi xel corr tion nodule 514 perfaorns calc Iatl nto
imagesedsiare ﬂ?ﬁ‘oﬁ? %%ﬁna? e ey PTG BReTaBhIe i Tegnces across

the otﬁ’é}l iRaL&s Pehid Qecﬁﬁﬂﬁﬂ{fyecﬁ iABRhARNESL hfgh?y &%Hﬁf@pa@él[a%y
Specifically, the image pixel correlation nmodule 514

confirajarigm anquetisimem nylpmafgrmlng dpt sanecbrisimidiirfehlenations on other pairs

i mag ensat the parallax. .In one
of imygads Rkl TESFRA Bl el rifar it pae s el Goratgouehly the
same ﬁmm[ RRafidifofhé §@he RlkendoiatorResurt iR 4RIoAg8f MRlim@ser®f The
nei ghboring pixels with a threshold and fl ags the

measysenenitof she prdbanay b aosgmalmh@sé apyiesamp A yf leaepingdrack of the

variods’} b ﬁr-evgl e ¥n utrgrglgﬁct gndj calculae[mg an “actual” parallax difference as a least

squares (or similar statistic) fit to the sample data. Other methods for detecting the parallax
may include detecting and tracking vertical and horizontal high-frequency image elements

from frame-to-frame.
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t hreshol d may change dynam cally as a function of the
operating conditions of the canera array. Further, the
wozioghdioohood cal cul ati ons nay al so be adapt i VRCHES2009/044687
reflect the particular operating conditions of the
[00715el ect @dle pamier Sompdfatitin mbdulé FEDProcsssthidtagpy mcrEaERbjects
by tpe aral |l ax confir t| on _an asur enent nodul e
close enaaigh fo ﬁ@p@g}pra&aﬁ@yﬁgﬂ C§ H%ralé%, l]ne rspcey lgrggp than the accuracy of
the pHARPAAHERE omAPBh 3dud® § drr QB 1t I TRRGIPK B fi
© P unni r?g {’% corie l'ati oﬁﬁmgnl tor n%ﬁ(%gpoper at?on HpEnSEton
modutegil@aised mc ecanplinedgisehparpliaxahfematen gareodsd inHbe paraldrer detection
wWith simlar i ration . tine condjtions. Wen the
and el ot SRS R A g iR P PP R addresses and
logical PREBERIrésSes bt YhCOAPELFRS@HoRPRHCSIPITREe #OWo ERes that occur
noi sebased variations. Wen an object is close enough
during dhig precassingr # a howecanmon cirgr addresgingfangd offs¢ting adJustment are
requlrle@,tglhgdﬂ{:ed \ hatel%: Ea%%%ﬁl%‘%ed £P51ans reia%g{—; ?% Egelrtnvn\ge 1s§ t he
corres@@ﬁdiﬁ@pﬁfelstlﬂ@tlﬁﬁ[rﬂéée@sx Ihrﬂﬁib'@%é 6HARGRr pocERMSIVeitIEREpect to
across al | |rragers Wthin the limts of the
parallap g equiredbeioae Beferayng synsr-EeplugPat ibhleas ﬁqr@meﬁ g@se, a pixel or
[ r
eroupp IR A AER W th S BARE A0S Mechfn Sl TREARE R he
parall&c casgentdtonqirberss gdfmmestaggddl Exdl @dtaniddinatihgahat the pixels of the
i.nformati q?n enabl es hi ghly accurate. parall ax

occluzigpsst shemld 8ot Derf@npeerst e RtP BB HPHESt he same or

[00721SI m | an reatfefaiifaQ RRarf)3 h% B&tn &@hﬂa&l}paeté%ﬁ&f for alpfartlcular
parallax Is present I1mthe other pairs, the parall

images Hbebdabeocuforatatipo Ggrhisyschtte thamdsirgi yem\(mi»lom oodulic dﬂOOfF he
t he scene t

addre§srfgagﬁ:r§10nﬁp k#;g%&lﬂ%tg%g)% nt th %231%?1: i o %%g} the calibration

data 538 GRAPIhe 2082 s Pdndt Phas SRt bdlFRath KERDE 594 o Redm@fc thbe
various pair-w se nmeasurenents and cal cul ating an

appropaate dednd Yoaffasts wbajaqpﬂled tmlogicakpizel| aéé@tss QajuslatemS( dhe address

conversu?hrlngrul]c tS%E) 8% C‘%err%lgnt6§ Lge atrs)%;lor%%jl (fTﬁllb y | nCthar d partlcular 1mager

pixel Q&h esspedtgo @i’x@lstlﬁ Aekdcngtiveinhdgeal2 8 @E’(ﬁﬂub@d by tidtsaper-resolution

gw@f requency i mage el enents from

processy ghs-addrosy eomepmameduls @3 Giskey intpaceomy disparalby ipBwapion 524
| cl ose enough to

and pl%ﬁéieg Eo%c?agﬁgcfr?%sg?%adcgﬂtﬂ& fggta %&? gz?f ferences | arger

[00731 han t Izhéteapatﬁmmnyg thic platedlap hampercxhﬁsretthe infage neproosssed by the

i red by super resol tlon rocess, The Parall

re
SUPCT-EePHEIRE AR9 okt 3512% ssalyfionssynihepized %é‘&g Trom low

resolubiBh &hh@x, ésrlfe%rméh'b‘éﬂmgﬁ%’fé'ﬂt eﬂle' sInthR&zRAMBE 8%2 may then be fed
det ection and neasurenent nodul e’518 to further adj ust

to the dappstngnbetloeEncephing nwalulqpioded paddmesses: moe dfdlgi oabwing

i X addr esses, befqgre th er-resol ution roc
operaie locl Befig RulShis: CalPRbicT damits ShsPide &g, vuv
corredtidn SedFBLaf abPIHARIn H3S Eont AGHNBESd chidn ANl @nipr&dsidnng

adj ustnent are reqU|red when the input pixels have

[0074khi ft ed hg H88g0 ypecssiag ameh@e medulgel20 may include components for
addltl?lﬁﬁg?ocess‘cf gcoofr t[l? ?‘18%16%%9 ¢ 91I Sthe h teh ocesg'gg ? %hne module 420

processing W
may ipaidd 4 etrdclon epduleedr brfwtifg @lﬁférmamld‘sgn images caused by a single
super-resolution. In a | ess comon case, a pixel
pixel defect or a cluster of pixel defects. The correction module may be ernbodled on the
same chip as the camera array, as a component separate from the camera array or as a part of

the super-resolution module 526.
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group of pixels are shifted in such a way that exposes
the occlusion set. In this case, the parall ax
W@09pesivat i on process generates tagged pi xel dJde@EUS2009/044687
i ndi cating that the pixels of the occlusion set should
SupertRdsoln@or Pnsdesléried i n the super-resol ution process.
0072] After the parall ax change haﬁ#ﬁeen accurately

[0075_Let er miTheRf FBromBRlr tic SUPHrroIEiErmoq e S phgaIcr4ss @ higher
o SHIRL30 B LapBEkikol I PR FARLEER Bl e
540. bbe avdrakinmageauattyiod thesSathabiaedyimvgehs higberahan images captured from

data, 558 fromth ddress and se offset calibration
any ofSfng TResy B areRi HEOTREV Sior B IO Rs gy opetate
syneréigtﬁcsaﬁ?,seakﬁ cOarisRRld ©thidHer Legite haddls %8s AELGF 838ty to capture a
cal cul ations. The address conversion nodul e 538 al so
narroy gred ofitheespcetiien astboet sabeampling. pl keimagt feraatipp assgciated with the
supor Pl B! Al TRIEE B Xehe ok s FGRRECT Lo pixels in the
p re§d1%|ng iﬁ%ﬁe 4% Br%SUS%S y the super-resolution
process. The address conversion nodule 530 takes into
account the paral |y inferreatian, p24 and provi.des.equation (2)
| ogi cal addresses 546 accounting for the parall ax.
1M ng,.t ral l.ax: ensatj.on, th
wherg oites it s BRLLANE BuE 1k BhE LTSGR B AL nad 8-
sampling) eb¢ahf thd LR imi@s ¢)) tapdinrcd yhatchaso 2 k immges 42Pn fis M noise
Jow resolution i mages, as described below in detail.
contripplonsy nt hesi zed i mage 422 may then be fed to the
ownst ' f
L R e e
obtainniy 4 Bighatsahd®n imagothraghretipeeresolgaomproc oy acdtding toRGB
0 YW correction, edge-aware r peni ng,.. gontrast .
embocilm;?gﬁcoé A preseng 1né/8p[t&ng glgﬁ:égﬂresl %&%ﬁu&héglgi IIF'g grgpresents an imager
havinga%@ﬁ%ng@me?ﬁésbﬂ@ a TRGr fa¢id0 aRYen! MEd UEL CHRBREM Snager
~for additional processing of the inmage. For exanple,
having hélierfitee, ‘B oeprssintsp puilpehiromatiipthgeeha 2@z senyitivity herdss the
. _corr.ection dul e for correcting abnormalities i.n
entire{ RIBE PR BNy TR SERGHE Bkl Rabrett pimagcERedpep ngyrIR
filter. PTReSol k@B AtE imbRer BOY AL @Raddfsth all Fadts Bethe Rasle §pbctra and

on the sanme chip as the canera arrgé, as a conponent

the negePhregian fieofiorhes toantor&d0am afn e cabogdingar of BigureeA, the center
columpy Bird fd’v%soql tﬁ%h‘%e@ﬂwuge Sglg%lggﬁl%% f%%?’g{%ksgt"f‘h%r}emaining arcas of the

F ocessi ng one' e
cameralap@y areefBltddut/itlo imapechil @ ifp2begefilesratbdse @ltdis,gindtred filters. The
resol ution synthesi zed i mage. by processing | ow
embodigieat of FigweiGrndess nebimclnde anpimigss fordgfertdizsper-IRpgectrum alone.
voral bui ' b . ‘. . '
100778 Char T ham SRl bf e AR RS bR R fohventional
Bayeri fitteg @rappingd iThischnathddymertrloet ennclodadsy pofyechirordatici ichagérs or near-

. i magers operate synerqgistically, each contributi to
IR imgdEnchs GSRT PR SrovRgeeil i TetineS Bor ey fis sipidpet of
Figurd§B 1 Q¥vfRANt ifh doRfetRast B b QakigStdRo S aMhi Gh cdiBE filter is
i mage formation associated with the super-resolution

mappeciotnariyineagentngtebé obkging swippcdi® anohdivideal pixel.

[0078] Figure 6C illustrates an embodiment where the polychromatic imagers form a

symmetric checkerboard pattern. Figure 6D illustrates an embodiment where four near-IR
imagers are provided. Figure 6E illustrates an embodiment with irregular mapping of
imagers. The embodiments of Figures 6A through 6E are merely illustrative and various

other layouts of imagers can also be used.
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y k =Wk x +nk ,V k =1. . .p equation (2) where Wk
represents the contribution of the HR scene (x) (via
wWhbwensied notion, and subsanpling) to each of PETIES10M/044687
i mages (yt) captured on each of the k inmagers and n is
[00791 he noiThe usosk pol yathtdraatic iAQ#E hnf g iBsinfadeits iy adhghtagéous

illustrate various caonfigurations. o ers f
becaugpthgseicAPramaY GAPHEIBER ATy IThRgse it k%‘@%mg conditions. The
image3 %%ﬁreﬁ%@%@#dﬂg&@ﬁl‘aﬁ@ FRagcREEAE AR &a%@?&‘é 'u§%°d bJosclei%lfnse the

he pres ention Fi gures 6A through 4
images ®pragsditsn aagularegler 1rh@ncrsng ared filter, "G
epresents a .i er havin en filter

10080} ob " csdht Bt Tagira s oo ot P Aegrpya B mulfile low resolution
imagek SPFRSEBH ThcXaBAhM Y PR ENE IWRISti SR MM s @@@@slehﬂ Nighdly different

across the entire visible spectra and near-|
viewpopec el thersaranspeng.” Ifﬁb@kﬁs@lﬁw aanail seiged b awbg@g ugits of a pixel,
then eaghalma{ggrc]éntalqs esseng%el 5§P t%]e %%rﬁé?&?y i ogng%gre{orgythe gn%)rﬁo new
1nfornﬁtﬂi@h-u|1 Berﬁ@g@mthéﬂ caf-be UséD HEAO AR FADYNIn thdinidders according

enmbodi nent of Flfgur e 6A, the center coI ums and rows
to embgdigts; the fepyt ofribe WerecpdNgebe Bivsttiaad contepbicd so fhg cach imager

C t

ina s 3P4 B R PGP LIARCATELR i 2 pbfhodrre SRt The water
level 1fna]|111f€<rt81:1ng'|' el eckaghgprocewfallbivg acairgd fdamsionof imapetsiudattain the

a %p,t magers for get ecting near-|lR spectrum al one.
sub- P‘[XG ?TIS“PH%TGQH’S% Orrrét?‘FtS“BFr'rﬁS UHen Bi8CEZa conf i guration
[00811SI m | anqt 195u9%?¥§ﬁ}dtfﬁ@%ei ¥4l sEh;Jlﬁ?éleﬁE@ﬁ)tE idg dlffé?én?t imagers is

nbodi ment does ‘not i'nc e any polychromatic i nmagers
parallayr causedt by thR phyrsigd sspardtgondesbe inepgrsa Ryvensinngithiatihe imagdrs are

f erence re.1, the enbodi nent
symmFIeE Y BREed Pl kG it m e Bapes TR ety erouf T s po
foreglolnd B&ikctedg this RhPrthé bﬂx%@ arduhdTRPRER JFQ BREAHULIBIRE may be
i nstead of being mapped to an i ndividual pixel. 078%
aggreg&tgmoem@@selrbi@éutmaéw@lmsm@mwtocmmes t Keother issue related
to pargl?alt X g ! Leosgat ﬁ“l{eolr s?fg?oé zé/rggle 88’1h e%}iﬁ? beoac{uced by using

parallﬁpomlfomet&bn hIRhle @%g@hﬁmw’ue iR @dth eteidhprbi it @cdiracy of the sampling of
i.llustrates an enbodi nent wth irregul ar mappi ng of
color ﬁﬁﬁ’g‘@%o orflcredBeaSent s of Figures 6A through 6E are

[0082{nsr el ypi Bﬁ&&ﬁl?cg%ﬁ%rgt, fg%ggﬁ?%ngg%% 1% Lﬂg& td @éf@%r?e I%Eatlve luminance

gers can a
differqﬁﬁ:les/ cimpared ioca vikibipespsctenighagear ObjRcts It[a@eahﬁetlﬁg rnaterlal reflectivity

advant a eous because t hese sensors may capt hi
resultwaff Pf ?%@&? lrrﬁg%%pmr@fﬁ?ﬁrﬁ@ Valgisp C&ﬁ@nd qa aRectra.

At low ﬁgﬁt‘ﬁ{ge&neﬁloh@ ShPRLY IRRABL KhibIRAHiHRE si %ﬁ'eﬁ to ﬁ@lfse kdRos.
I mager are used to denoi sé the I mag es obtained from

Theref@guhaslgmds tomi thagea'rsIR s[eﬁ@ﬁ@}ayﬂhas,lspd enérdengf the luminance image.

he v BSFRRL S b e e AR DY PGB b e pertormen
beforedé%gfr@aﬁﬁg spRWal &@LU Hrb AN freRRaEit A R IR BLH th%lsu@éitrhsblutlon
ferent viewpoints of the same scene. |If th

processprap dys wep, oligh infhimation abgut the eepae mayibegmpfovgd m mstruct edge-

preserving images that can be used effectively in the super-resolution process. The advantage

of using near-IR imagers is apparent from equation (2) where any improvement in the
estimate for the noise (i.c., n) leads to a better estimate of the original HR scene (x).
[0083] Figure 7 is a flowchart illustrating a process of generating an HR image from

LR images captured by a plurality of imagers, according to one embodiment. First, luma
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then each i mage contains essentially the sane
information. Therefore, there is no new information in
wQORwHsIges t hat can be used to create the HR i PEDES20091044687
the i magers according to enbodi nents, the |ayout of
imagek heeat-R gadges aaY chenpriengts aodagort 700 Ibgdmsagert ethe eaabra array.
inargwor a colgrm is a.fixed sub-

r X
Then a@@tailﬁ%témflﬁ sRtoedyditorBe Fanjuredigages o mae pﬁw%ﬂl afldrggses of
S t
the 1%%%?%%21[ Q&ir%gselrragﬁ%(%gig?t&ggn %ﬁ ef’egﬁh%wp e}?eqﬂgéffoﬁ i€then
perforpredci28ito nsolvequy detrémmes ttbe ﬁahﬂewf-‘rlewsbﬁﬁm amagers due to spatial
rocessin [.0081 |ssu of separ.ati t he_.spe I
sopar RS By B HeLOLcTh i PO BT ra e & e BERETEA2E o
obtairCRipSLRsOYed REnPIMASES 3lp S BRI RAr-BY ihd}Rs,| MBIBP&-redMved
ensuring that the’i rmger s are synmetri cal 1Ty placed, at
chromadages wo i magers can capture the pixels around t he
[0084§?gﬁn8 a f ®L cge%r%ﬁlqedd rlg %%reol{%%lgn% Bondl‘%lor%/,g beﬂeér tBan a preset
param@&gr ehé ﬁghthig dongitidasebdtes eladtthpar@nicter Iﬂhe ROc@Y pratead to
ny occl usi ons. Anot her |ssue related to paral | ax is
normatlﬁé 730 Aphpdigestvedgicar IR rprgei wigheeseict oampincr s hed dnapimage.
I r
A fooliBebfery RHGE SOt b TR R R B RNl by e
perfom&ldﬁMIZ ngingfPSEqlpoint fproad mhetlmgldebluMﬂgImredch ¢hagesl s Then the

IL.n one iment, near-IR imgers are used to
supera%@pgmflﬁ%prpé?%ﬁm ‘&d basadl Al Reas-1 Bﬂ%%ﬂ%é BRI ARAEES t%
synthé’sﬁz%ﬂ%g%esf@ o @nbthRY&S 75090] ects have differing

materi a ectivity results in differences in the
[0085] mages Hi:la;stdﬁteenhntwl T2Rehay itlsd lhglmng pecditian smubt betéer migarthe Rreset

spectra. At cond tlons t he ar - |
paranRfig bt Singfireso R 2ol ok afheEs Bk P g Ce Pidg 3. Then the
super- T&s%wéa%rﬁa ihflRs 8t OabRed vm&@ﬂfé%ﬁpil&ﬁnﬁablv@am@@s Then
used to enhance the | um nance inmage. The transferring
the pr@¢68@9@@¢¢d§ t¢ p@rﬁ@mheg frsas rdcRvirrd g andraphats therfemgmeeccss as when
the hghtlng r%n rﬁs etrﬁen %pkl)e%fe eéa%arfalg‘%ou at Itﬁgp gs%ttér%lnnates
super - resolutlon process. In this way, edge
Imagd Riseomat(dor bhgut wiheveacéRénagy be inproved to

construct edgepreser vi | mages that can be used
[00864¢ f ect il %PRFC%H r@ﬁ@ﬂéﬁﬁﬁéM@%@%ﬁdﬁ DY Gty gapd in the near-IR
r f
o SRR Bl DB PR o R (8T,
Althotglenqaoil R emg gesehaying noehdsma mfta’ntaa'bn,einfoesmtwmmethmfspedtml region

s usofi lopy i B E Rataibicat heter A maeshar ity traBenes drpoise
Hencd; thd ARBER AR Wi hdse@tPUMORE ichdr FhadcIRE&Ihe low lighting

accordi ng to one enbodi nent. First, |unaimages,
condipersr - | R i mages and chroma |rrages are captured 710 by

{magers in the camera arra i.zati g
1008777 or RS P B i PR aR. PR ] alBgnother
imagesth @S865le Giight 1|ﬂﬁlgbﬁ®ﬁbfe précde@BigGath B diess @Seglﬁrattiﬂ)ﬁ is
enhanced i mage. Parall ax conpensation is t he
perforﬁ@dft@fvn%ea thoneardR iwaes yd hpyisihle Hightdmegstq ﬁ@sqlh%dufferences in

viewpd s Ofhe r\égﬁwg %Ch V\%)eibpe%ts hﬁ?%%r RrfdHfed A a‘ﬁ%%hfn% ne-tlrne processing

sep ara ers. uper - Feso on
step. Alfmf: ﬂ&seglgratﬁbntlhﬁﬂfqrﬁfeﬁptﬁlﬁﬂiﬂnﬂlﬁrﬂcetlﬁformatlon on the near-IR image is

interpolated to grid points that correspond to each grid point on the visible light image.
[0088] After the pixel correspondence between the near-IR image and the visible light

image is established, denoising and detail transfer process may be performed. The denoising
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obt ai n super-resolved | uma i mages, super-resol ved
near -1 R i mages, and super-resol ved chronma i mages.
WQ 0®84319Then it is determined 728 if the |ightPCUS2009/044687
condition is better than a preset paraneter. |If the
procedsi adlotvis m@ncfoneli di grah infsreioh €rfont thamehR nﬂergan@ﬂ&rvmble&ight

imasdfaamPIoRe LR 4l FNR B Bbio gmss Ui (B BT B8 CTfes that edges
in the n@ﬁgﬁ'{ i r%g QAad'he" \gﬁgﬁéq oht irﬁ‘a\% :&ﬁ@?&@&f aﬁ‘ﬁdacZ&%uatéd"toq rove the

nbodi nent, the focus Treco s perfornmed 742 usin
ovma@gﬁﬂﬁm@uﬂbbgpmeadkﬁhnﬁhnmg¢ debl urring per each

ool TR, L Superc ESOLULLER 12 B SeeSAER TS e g
captuﬁﬂ@&ﬂ"ﬁﬁhﬁ%g bl MRARal-IR ‘irﬁ@%&@ on§ihg HetRdr- 10 Qast i@98wintddeous,

is determined 728 th the ITghting condition is
arnong] gthebeas@s bd@&lnset(t)éhmhzeslehglpmgmbe@cts efriaterest may be prevented,

(i1) amsqlgn“:"[ ﬁzgf g A{l\éeo%h n%traﬂllej g(zmé a&f %n%e§ g%g Iprevented

[009oplen0| S @lonS3Embtsdimentt melsnﬁ@ﬁgﬂtFﬁﬂfeu BRE all @B elearrmga;ss to pass
Then t he ocess proceeds to perform ng focus recqver

throughvip ugget ’“gﬁlef‘ét%’tlﬂﬁ@ tha pptigyfocecss-IRdmagian. The visitdhiighidilter

1mprot9gsgtﬂe E%%ggsocpt&eaﬁ#ﬁga IIIJHR& ottlrb%cﬁ]éUSI A ﬁ@?ﬂg{eﬁﬁlw Jhsﬁeﬂ‘ger details

in the \mieﬁﬂillRNerafgeJ Rhé dﬂgﬂ!ﬁm@@ ffl&ﬁ]beThﬁsfep‘ed: ta the viséidp hgbﬁmages using a
CMOS i pegers is typically very. good in the near-IR

dual bylatsrad iR a/iﬁsﬁlﬁlgedegmﬁﬁ%les R Wlwsﬁral Video

F @ebéﬁgﬁté%%} AN\ NIPGAR Ab il OSBRSS (1 1R25 "R which

usio havi ng no cgg%na I nformation, inf ofh%?ﬁon§ﬁn th §‘Nlc ®

incorrepeed bakeferegiaderéis iugeéntiretyn | ow | i ghti ng condi t | ons
because the near-IR images are relatively free of

D . E?nce, t he ne r-IR‘knaoes ay be used to

nanic ange ou v iffe A ng
[0091FONdi t iA@NSito- E;%%Jﬂe (AIE) @Fg@nﬁﬁi@ adiipentnt taBbialBgCat iFdptiate

near-1R imager is fused wth another inmage froma

exposyiedppihe spengHe be segeicd. Bae depsgpeibeddi Hgomihihaffasts the dynamic
range o 0?' &p%ﬁﬁd A ma%eg' gtinlg %}E%qegelg%t:ltzlfxﬁ(f&é@{ rﬁ%%nke n%éé@?&?\é&l?egglg allows the
acquutédﬁlﬁl&geemd&lﬂs inl the linemrogioh & th'ElmeﬂgirEatyfsadenﬁt‘lVW 00gs. SThe lincar

my be p ormed in an offline, one-tine,. processin

regiorgis @fﬁfﬁz\?qe @?@aw@ gaogisignalsiorpeisq tip ét ¢ipinediin thisgegion. it the

expos{lférﬁ BNG& Jthgfp%t{fi%tﬂe%hl%ﬁd%fe Galed Whil STRER dx J:' ?osure is too high the
Interpolated to grid points that correspond to eac

plcturg beebnpmiovtr-gaturtited. Vi sorbicatidriay ha:mei:rmage itefa(ﬁ@s @}ocAistle taken to

er orresponden e ear - [ e .and
reduc 1 QirSFRI-DH Y GO RAGE Qe Qy ZBITeSTEd PrHURBTE g e Ehness
belowdethdsho il GM&S i@ atRIcQRESSs FRMir&ea ﬁ?g’efé?ﬁd’[ﬁ@of tIR€ for convergence,
denoi si ngprocess al'l ows transfer of signal information
and sdmasimastresule air an Mdcaergeble shuttsedelrgi bl e i ght | rrage to
nprove the .
100520, 2% o DR PR oo B B o Uy o pusaity of
imagerd® g@de@&(ﬂddhﬁ? niaiirbd.eSpdcdival li reglaradityeo MhREers wedsed Rfcapturing

accentuated to i nprove the
images with different exposures to reduce the time for computing the adequate exposure. For

example, in a camera array with 5 x 5 imagers where 8 luma imagers and 9 near-IR imagers
are provided, each of the imagers may be set with different exposures. The near-IR imagers
are used to capture low-light aspects of the scene and the luma imagers are used to capture
the high illumination aspects of the scene. This results in a total of 17 possible exposures. If

exposure for each imager is offset from an adjacent imager by a factor of 2, for example, a
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overall visibility of objects in the fused inage.
[0089] In one enbodi nent, a near-IR flash nmay serve as
wa2measdR | ight source during capturing of anPCTHEE0NY4687
the near-1R i mager s. Using the near-1R flash is
maxinagh auyhagreawﬁge dOhegr 10CHBrear basamsied b@aauseifign dyh@mic range is
h ]igh on Obj ects of jnterest may he ) )
conw&ﬁ%éﬁﬁé hieder tth %%%ﬂé‘ﬁfiB@étﬁl@ﬁtlsﬂn g ﬁ%n‘é?ﬁfl i crmgrapygth 8bit
1mage°chf(i)‘—%ﬁ ved, and (iii) red-eye effect may be prevented.
0090] In one enbodinment, a visible light filter that
[00934] | ows Adbehch teamstaRt, rtlw@spwsgm(mdctrmxpu@d d)‘eerwsp«ﬂseti@r optimal)

t r o ze the o CS r-1R i ma . The

from GAh b1 TIGRE PRREraers THEGoLRREH B JRRIT I GPPREes o Recded a
the suBﬁe%lﬁ&{thmé‘ ASGhd. OMmehBaay %@qﬁ niu'ltﬂﬂ& cpdstiRE si@iahécusiyin the

sharper details in the near- i mage. The details may
range tOﬁ ewstbée expeaste acrcebl:rett@s thi eeay¢ls¢<b111@ar¢d @Hhe pmg’@@rm@ﬂm gne
exposgre 13 ?el_s,tegge altﬁcget {2, Eed%cflng thaasl%(]()jcie SSS%%B{HFT T c%;te&mmlng éhe’oar%fequate
exposﬁ&”ﬁﬂitt%f d&R@hid GRotBEb Sla be REdveerdi ngs) (July 25,

2006), which is |ncorporated y reference herein in

[0094] ¢ s eni pra gMbadjmant heRHMgamees issiithassedrTay nylnle expryures

vy o RGBTl RO AN A XL

images Xipas theémbgdrs hiag bs caristeited bbfore aghbinang. to Ab@udefor gre difference in
the AE ?I gorithm affects the dynam c range of captured

the vigwpejals of #ifdMAEStSY gor i t hm det er mi nes an exposure val ue

[0095] ha,t al %Iﬁmlﬁgﬂuétrl%t bﬁ@ g(ﬂomfcﬁlldbs HBR [ﬂﬁelk k] é'hrerate HDR
region o e canera array's sensitivity ra

imagelsi hid¥t pixekyamlspeslapz@fmmle thabeardurs diigh dymethic range scenes.

0-.noji se rati o is obtained in thi
Attt BR S SRS strfior pifortblis o Bayofise SRR HOR pixcls
show PoSIgfer®ahaicdtae hw\ishifgl cfonalﬁenﬁﬁ%ﬁﬂfaﬁsmﬁwhﬂgeammhn{a@srs To
pi cture becomes over-saturated. In conventi onal
improge perfermangnati lpwrlghtige cmwsmg@als fikerthe oearéau@@g@h gay be
used nqlcfof iGhe n%evvlgh thvevesen a r ﬁeﬁ]ﬁi & WLe tobart la er‘gee? Sudtitimages
previous Ed%prrgnthess: belssw reshof ¢, 3ﬂn o
acrosd diffegtht Nghtigeogsisionequi res a | arge am)unt of time for
conver gence, and sonmetines results in_an unacceptable
[00965 hut t efn efed &yt od[lme@zim HPRoimenge inehininghby prasessyiecimages captured
by e o AR B P il Jh Pl BRvco tal,
"RecqsrlennthegDpﬁarmlmegsRaatlen(s:d‘t/laps:frmMUfolngphs i‘rﬁ,‘@ﬁq)uWrtG’raphics

AV Bl Gh SRl FEEE Sk (At I aBahb aicn i ingomerera buetdynee
herein¥hlifd cRtidety THRARHS YR8 BnlIUPR e&ﬂ@&%s%uﬁﬁl@an%oﬁk@@ﬁmhéqthe

i magers dre provi ded, 'each of the inagers may be set

1rnagewwst dlvdithg@ue htcasxq)wfacmauﬁdéamameﬂ & abpergreinghaseene sadbe
ot cﬁ ure (Iiovv-l i ght aspects of the scene and the |uma

mllga}?‘pa%r WIRRtEd-sed to capture the high illumnation

aspects of the scene. This results in a total of 17
HypeRPESIdD IiBa@XPOS WRSple lihagkposure for each i mager IS

of fset froman adjacent inager by a factor of 2, for
[0097Ex anp! & ongmembadimeaty . AV tE-spegglbingze ss1rpndired b arltinin pagers to

facilithfd Qﬂ@ge%fhenfmbﬁ ombgﬁi%rggp&ﬂ%c(fs [3NG8nd SBecause the spectral

reflectance coefficients vary smoothly in most real world objects, the spectral reflectance

coefficients may be estimated by capturing the scene in multiple spectral dimensions using
imagers with different color filters and analyzing the captured images using Principal

Components Analysis (PCA).
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consi derably higher than the typical 48dB attainable
in a conventional canmera with 8bit inage outputs.
WO 209351948 each tine instant, the responses  PCT/US2009/044687
(under - exposed, over-exposed or optimal) from each of
[0098] he nulii b @nbodagertShaf ef theahygeedinlras egnan afraywarsadeyoted to

exposures. are needed at the subsequent tine instant.
samplifigein s lpastcysp@%}r% qupshstns (R o eanhB g tae obieipalt %ﬁ@% {jaggprs are
devotédtolsBf

8fa inft@cpﬁé?si%p%ct?ﬂ RARsFohs TR G @',%5@'1@5 ThEshifted basic

searchpgo ared to the case where only one exposure Is
spectraleditredsians onskifte@fronettio basig spdegaldiocesenny 4 cearif wavelength

gﬁ%?rnining t he adequat e exposure, shutter del ays and
(g, :to-shot |lags may be reduced. [0094] In one

[0099¢TDOdi MRHo crhtifBRR, hiBIOR ricSpciBARESI 28H- 1t &M idld1dtRIngs
exposures by conbining the inages after |inearizing

perfornted th pegpant toe dipowbeita shidlad Niessspd she senerHBhdnthg epsctrrlom

he | er be registered bef.ore combinin 0 .
reteclife e Phbeafor SPeRugisShod Rt Sl okl fgtrat busis
functibh®Gelisclosk§ 03 Exanipl©ne J @) Pdikikeith, J dHallilemsdn LA . JMREEhinen,
. i ncl udes HDRjg&Kels to generate HDR ina%es. HDR pi xel s

Chargeterigiseyesirs oeMupsollefalotsnat Qpapiogr &mhi 4yR:d§raneest d dkgewhich
is incoﬁ@&ﬂ&%%i-b eFePé%l‘ég ﬂer’é‘%'n%sxe%hﬁgah% 1§#%%h8{on9 afd QEIRBGES
conpared to other pixels, pi xel's show poor
derivaeryf RE Areifi g @omtlatianmhbirixhdnidnbie cordationangtrik s deived ifiosom database

.With near-IR imagers. To inprqve_performance at | ow, .
storing ﬁ@qﬁfﬁh@ﬂéﬁﬁ%%%%‘;’}e“& gersbeediye fAr eRaMAlg alMupsel} GRigfehips (a

total JEFD%SJ@% e§é¥1tiin§ HEROPHRA i @owoh b Fh RG4S taBa L FaPRLIE Snaterials to

r to attain better quality I mages across
recongfiufct theepectiuingsttdaply peiohui the scese. [ 0096] 1 n one

nbodi t HDR i mage. bt ai ned b [
10100] 1o es ALLH e 6 PHIRE e Pl mageep Phibsesisg Trogh
differélit $8h@$ e th thE @imE4ARRY Gppdaks Bakldc REBRYBA f&thigher dimensional

"Recovering H gh Dynam c Range Radi ance Maps from

spectrphwsmadingp lloweve spne ef thalesp rsektipaany Se@aRAPrdd. The multiple
masch] SFREAS o LRl it B pal b D bR Rpgidor
cach iGRARELEK 61RatIblyi apduB-axd aBit fBsm $thdbthérg N &ooksd dmbisiiment! ietwo

i mager i s advant ageous because artifacts caused by )
samplifg grishoighe Bpgese pxcrian. tThat iscldpsurcappsiionmfallghs enniing grids from

11the%g'% : [REG Bh-UnRE XJ{%‘#&E’[? It

ol th gl BT o AR BRI BB o e L iR SRR e

interpolatioe mechody nemtbeiupt detol duagmise tho spaaanl ddnaityattdaeh sample point in

. _Segnentation or recognitiqn of oQjects in a scene._ .

this nggsHp @ﬂ%tagﬁbﬁo&teﬁ el doest & bSebtd e 3/ Shiaofen

Fang &@.Ot“blﬂﬁn{er}\/l%ﬂnfgﬁ@@ﬂhomolr q aRiRh £k Eascd BB 18REC DERrmation” by
reflectance coefficients may be estimated by capturing

SPIE vdle28lde pwci WIOSRIEJhe Sypposinml ondMpdingli loragings pawg 404-415,

Newport Beach, CA (February 1996), which is incorporated by reference herein in its

entirety. In this way, a certain amount of resolution lost in the process of sampling the scene

using different spectral filters may be recovered.

[0101] As described above, image segmentation and object recognition are facilitated

by determining the spectral reflectance coefficients of the object. The situation often arises in

security applications wherein a network of cameras is used to track an object as it moves

from the operational zone of one camera to another. Each zone may have its own unique

lighting conditions (fluorescent, incandescent, D65, etc.) that may cause the object to have a
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imagers with different color filters and anal yzing the
captured i mages using Principal Conponents Anal ysis
W@ ROMI510098] I n one enbodi nent, half of the |PELES209/044687
the canera array are devoted to sanpling in the basic
differapeppdagdncdimenbiimage (dprur€d bpdidfadnt andetabelfahdye icaimatab capture
the m%fggqt 121e | gg]?_%%;trgrrﬁ%‘%seg &fgggetﬁ%lasy%ncﬂpclolggqgﬁe{gr}? ahesrqrﬁ]llgfetiﬁgminant to
enhmé@b&%&Qe hﬁ,ﬁggghﬁgkedlnen5|ons are shifted fromthe
basi'c spe I mensi ons by a certain wavel ength
[0102( e. g. Irl ﬁim'@mb({dimglﬁ] cdmere aga gl immiiitls inpigeed are used for
orre ence.and non near Jinterpolation
oo RS Do el L BB L gamotes
contriBlite td SccBFROGiagd @b dchR e B8O Ald h&fitL $EBB/R can place higher

coefficients of the scene are synthesized using a se
conﬁdwncqamtth@gasnlélm dpeoosial Tbealsmagersun ¢ha @nyr?ammsmyd@aﬁowded

with c??or ﬁés{glpmw%e fu‘fl. seﬁcglrraall gfl £N :§§1?he Sanéer %ma%llf) %?ﬂ* ﬁ on cell
phoneS@d Edpture add traﬁ@ﬁlt di2gkostidMforriatndd 8er(1¢9tld dottioddBYescribed, for
which is incorporated by reference herein inits

examplptip Agidyes WhMagtingzet plunStmpla d chaneedigingeior Bevelpping &aginsy:
Carnepay Pﬂ:’% QI{d %9 B déd%ﬁc?@ﬂ tcrﬁ i@ %III&%J S9hE e(bﬁtgngrblagnosm
I'X I'S r ved from a ata ase storing Spectr

Analyltleill Eendastee( Aneidan dhentical $veisty) €Apitily] 1 QO@S)ﬁWhmhh@mcorporated

Munsel | cql or chi &;a total of 1257) . ?presen qg,the
by refgisaes hapingn &8 PRIEDT SHTBFT GaESTe AYe T UGBGMUAES gnagers may
prowdEBihﬁgésa\lvﬁh ta@ar%@ Sfﬂlﬁ bf HEld tb Eﬁhﬁ@@%%ﬂ‘{ﬁtﬁ‘ﬁ %’i“ﬁﬂ d%@da@%uré Bt

the Scene At first glance, captu i ng rent
wmun@peﬁﬁcghndnmgesmuﬁmmhe scene through different |nagers

n the_ _camer rs to,trade rgesolutio .
10103} ghor TGP HSTer iR peD anadshior Piige £ fetip® ubRlo girels
with atﬂa@rolwo@ecthﬁ%@hagaﬂs@ﬂuéms BRd epRUeELHsigdN@reMhitd hiSlent and local

I mgers sanpl e the scene over different spectra
light seireen i DspsnevhBY 95199(9114: sseatpimiager, ¢ro akposure MWhmgéanqes
shift frao aoth

characqerls%e § rn% b% &2 Pe Hle)é more ccuratel ) a'f r Q ee%r SI‘he spec?ra?bandpass
odi HEAL, WO TWS sanp V 4% 6P 1 RS

ﬁltersQNa@r ‘tbeﬁtﬂdlnﬁﬂaéoldnsﬁltdri‘l@r @ﬁb&hp@ 8lchican obh bahdlpatsi’lﬁfldth adequate to
npling grids fromall the imagers forns a de
allow ﬁtﬁs@nbbey Of BHDRIA RFT8Y 0 %ﬁtta@@s c WPW@ of sE@ttHQP@a These
N t
1magetg%[é1§% El[ehg ‘?r g—ﬁﬁ Hl try'}ﬁ%?qgtg < anp H,‘zﬁg gwfngh Iglﬁltye* %alglenot be used
for itsrpactetidli cooten) Ifmnjirag@smg inte acthrisgeatto abntm‘hilg@cxp@Sure and white
descrlb? , f.or exanple, in Shiaofen ag&@@t al .
balaneogjjofys Iagsrrimeses Ikt oaRe cmciaidar ke aRal dmagsty fpayalso be
mters%@géarmlh% ca¥erordy vol . 2710, proc. 1996 SPIE Intl
ynposi um on Medi cal” | magi ng, page 404-415, Newport
Beach CA (February 1996 whi ch is incorporated by
Qﬁﬁgﬂéﬂﬂmehﬂéln@ﬁ@ibkmgﬁﬁﬂﬁveﬁmﬂgﬂﬁy In this way, a
ertai n anmou

o104f 5T = T SRRl Mt ilmad8h id Bkl 265 R es tetephoto

lensedTEbhelR@bdce 6 PRt mdHO Lot itlesiag chetktala¢s sarhd®ignagers with

segnent ati on and object recognition are facilitated
non-telephoto lenses. Images from this subset ot imagers are combined and super-resolution

processed to form a super-resolution telephoto image. In another embodiment, the camera
array includes two or more subsets of imagers equipped with lenses of more than two
magnifications to provide differing zoom magnifications.

[0105] Embodiments of the camera arrays may achieve its final resolution by

aggregating images through super-resolution. Taking an example of providing 5 x 5 imagers
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by determ ning the spectral reflectance coefficients
of the object. The situation often arises in security
W@pEbAs@0i ons wherein a network of cameras i s BPGEHUS1009/044687
track an object as it noves fromthe operational zone
with a0¥X opiicat asaah dedre Al 07 hradgerEae isabiosanmple thatend (&) amdig imagers
uni que |ightin ndltlons fl oresc I ncandescent
are uspgs g)qsagt e gletchlé&%nq.,é/ and B 47 é{ga g}gﬁg@ Foav fissel u‘plon that 1ns four
times BfPhES BEEWhaARABRE d DirhJROH RERLYTEH iRy If th
mes d% %er ent garrer as@&%g’ t gggcgrégréas capture t1 egﬁir?na\gese
numbeénmpfahdiynmerr speatasall fivod2x 5abl6 ¥ fregeddiimy offé 1 eximay endgets

to th i 11 um nant ance obj e n|t|on
becorS ok blinc8 CoPwOM ¥ ih v DRGOaTHER ol B e fired
with 43¢ Bod liddsPd RsblBSS IRt RIGBIMSCHC E@ﬁveﬁfl@ﬁdl T s@ﬁgﬂr(@échleved
di agnostic i nmages. Full spectral gl tized i rmges of

when §|0£@rﬁc%1mtt9nghlﬂpm@getsm¢ ¢ Qﬂt@,d tosarp ulg hinea ({1)agA dled rwmaining 3
Qelons. an nn can ace hi her
lrmgetl“zsoanr gﬁ% &l Cl{rﬂma?% ?? 5 ?aéé% Si ghn%' ﬁta% ger sﬁll h
considdigbl ¢ BsRES tﬁé Ei@ymalkamphes Wr@%ﬁﬂ@saﬂﬁlﬂﬁgﬁ@ 1@fafshinpBfigratio. The
to provide full spectral data. Such canmera array ma

reduC%bChrﬂ@ﬁ &0 lusep BAPHBE rationis ﬁ@@ewbat%%@&hwsmdt £ pefsHesolved luma
s JUSR0RGILS | AL AR TR Ra QFFILPR) Beg o o
chronaSimapt et ail]egberr&elqod:mtnm for Devel opi ng Regi ons: Canera ’

Phones d Paper-Based M crofl ui Vi ce for
[0106Req) - V\%@ﬂ EOFIMGEEIS, HCAIHBRT %quwaiﬁaﬂﬁeés&o @it sppyentional
imag e(s'%H&J’r'lsC@dﬂleQa&Hi P)@lz?§ﬁc 'AQ%)’() 2dofP ré'r!;so”ﬂon%@ﬁ&lﬂen%‘ BBut §0% of
i ncorporated by reference here'n inits entirety.
conveRtonahe enggd seasae @uﬁ"rtaedavltlaqulznomddlsng obtialntet ply ¢hd smgaenslgers
I oyi de| th of fieldt
Atso, [tk Riodlepfifoq Bitig rvpliof el S aeneBibard i eRyittional image
sensofs%ﬂﬁl%solﬁﬂ&l APELootY MPhOITredsOd Rdla refol@tish, BRI NBREfsct by the
a small imager (including, for exanple, 20-500 pi xel s
fact thag th|¢ oatlnwfr@wvgp@@@lrlalagba@mm reduceé eHficiancy sedX reom due to
crosstglﬁ( tlgal%Be%a fure of the anbient and | ocal I|ight
our ceg i'h"a’scene. By using the small imager, the

[0107px POSUMae absh Whérato adhadiee by marlepl embgdrs Bss tﬁ&!?olbﬁvmg
determined nore accurately at a faster speed. The
advangggent Figit, the Aupx of ?helap@ﬁge%wnb@ cemaiiﬂal?ly heghethan what is

achle\te'éi ih &S co?l(fetglolfn I %gh g&s@#{@%ﬁt@%ﬁe ﬁfct t‘ﬁatbtﬂg %@%ﬁerﬁ@n&trﬂa@l be

equate to a e nu canera arrays to co
tailoretdrfer vachi olhhlegapécctaﬂ lompthf TalkonteniO imagddeasors pgedlsabomytions

ryn at a nuc h her frane rate_ and obtalnd whi ch
and ﬁ?ﬂé@@fﬁ%@% eﬁ&@é&%f thepghalg eRGAting rapgig éﬁ? §enﬁ grhich is

conmd%‘%lﬁ? f5rdBGini a8 nd IQEWHHMOQI%gt QerhoNt itRh it BEixEX RAS Ylcthent where
d white bal ance of other larger 1magers in the sane

only a(balnm(ms dor eai}xedﬁbealslﬂgtlh n¢auetg de sonagte(hl Addibenally, the fixed lens in

i nte e hi n th caner ra
the inp S BROE FRET b Y Rt Py i Y e e 789 Wien
conveBABRM iR sendor SHASLI 00 g1 -0BAQESs. IR cAE tHARREEs %ﬂé@)élmulatlon
i ncludes tel ephoto | enses. The subset of inmagers

of zoomaleasestwidiout prgpifisantbhiactsesing thetaptisaldeneh haight. péuced height

allows mIlprlementatlon of thin modules even for camera arrays with zooming capability.
[0108] The overhead required to support a certain level of optical zoom in camera

arrays according to some embodiments is tabulated in Table 2.
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non-tel ephoto | enses. Images fromthis subset of

i mgers are conbi ned and super-resol ution processed to
WO 20opi1sn98diper - resol uti on tel ephoto i mage. | n aPOr/hig2009/044687

enbodi nent, the canera array includes two or nore

subsets of imagers equi pp&able2t h | enses of nore than

two magnifications to provide differing zoom

rmgnl fri C"*i oS- 01Q5+—Frbotire he afera
arrays may°athieye ?FéO?PH%@ res gﬁhprh F¥ght i ng
'”HQES_HHﬁgM§h1SUBﬁ£g£§§Qﬁﬂ&kﬁﬁ T@k&mgﬁﬁmzs&ﬁnple of
provi di ng magerswith a 3X optical zoom feature,

if 17 |i ndgeresa ar e us@sbnth@larrpl ot he Ihﬁ@lﬁ(G) and| 8

i magerls are_used arqte chrgmar(Reand 1) 7

| uma inaggr%yaIIOWﬁg r Iut$%n ARt | s2Fodr times

hi gher| thap.what achiyeved by el er{in

the segt of i? |naggis Pf the anb%r afqihe rﬁgger i's

i ncregsed BgoOmM 5 X[h [0(6 K ®§ an @dd{tign [of AT pxtra

I mager|s _becones available.[ln conparison wilth thel 8

Megapi xel conventional inmage sensor fitted with a 3X
[0109kcom | émene qnb@hmiﬂm ih@ mlxeﬂisam the IndQes afe mamgped Onto an output image
with acsgzgeva{e ’&gh%’i&w 5peogl 1n§ A9 tlbe:%gocuéltt zqo&nv\g%sﬁrag uhardler tﬁ)é)rowde a
smoothGho@N@pitiBty! fesrRithy WidleH-dnFROEES t@ R lemdseatagdification view.

chroma (R and B) and near-I1R sanpling at 3X zoom This
Assurgigg shad dreabgher mesgnefcstion engesrhai thearpicicariey of viewap thepower

[ ] Q.
e TR 8L B AR SRR P00 1 AU UGG, 8310 e
has a Bigherresctstdnvadilhblethannbgeutat ardX Inabocas oﬁtlfretf,‘@gﬁd)ﬁeldmmnct
or on the chro and ne r-1R) image to resanp

magmﬁireéﬂ%ﬁr oviediTRgigRs éfei?ilb%i uil%@iaﬁ tF aFPVlffqémé} rﬁwlflﬂ%
1nmm%¥@t&gagqﬁéceﬂir650|Ut'on eqU|vaIent to the resol ution

of “conventi1 onal image sensor is achieved at | X zoom
[0110At 3X A@lamagawn‘ﬂhstbfb ubstanleplonio eftehias & oesabmlun deetmimed by the

convent i ge sensor. tfit
super f GRLTDS B phER TBpSTheniamt Wikt gt Br, ST age yith the
widesHIBEIHQRSRW fhnl YéMBrAR&Alik bi Rfkt @he SHWPRMGAHPRERI Fifst, the wide
conventional image sensors with resolution at™ 3X zoom
field ﬂmee thay bedementicd ga an asageuwitlom unifewereselutipn whercdlg resglution is

cerernhifft pEfl e M AR R BTN R bR EEp SR Iag e
lensesO[Bet6@l, tiabeide alel Pidgage [ObdRhtteths aZlﬁ% r@@@haionAmage where the
achi eved by multiple imagers has the follow n

resolugigy ahthagestral partof thet imagy iﬁaciqtftrgnnaﬁd ityrfée é‘&ﬁféi’ﬁ@gﬂ@&?ﬁm@ﬁy of
e sE AR AL L ANETIEN, M hEaiB R R

infornhaiod faine fmﬁbwcﬁﬂ}duimbeﬁ @f ﬁlm“leﬂerflmngteﬁl@hl mhwnlgﬂateah sinoathly
i age sensors, optical

I n_con
acrossatge ?%r&?r.n&ﬁgbeaﬂ Pt plefaisvél% SHeB amiEpeh dhcRixeldpfoggation may be
proce&El P 1ntté}golmg 56 1R BfcAtdnS@ioh @Rﬁ?h%ﬁett B 8oWE&NE 5o MU Rgiofs
consid harder in a zoom | en nmovi ng
occuresreomshlys than in a fixed |l ens el enent mhere onIy
berrations for,.a fixed focal |en
0111 DB S P gplar Fing Fropioy 88 Y AR o baRllike distotion

into some, or all, of the array lens so that a disproportionate number of the pixels are

dedicated to the central part of each image. In this embodiment, every image has to be
processed to remove the barrel distortion. To generate a wide angle image, pixels closer to

the center are sub-sampled relative to outer pixels are super-sampled. As zooming is

-4 -



the i magers has a fixed chief ray angle for a given
hei ght, which is not the case with conventional inmage
wE200905190 t h a novi ng zoom | ens. Second, the |iPELES209/044687
allow sinmulation of zoom | enses wi thout significantly
perfoﬂrr[b@[ tapixeds dthiec mtﬁhe@zl oftthaitkaghsi agd progidasivelgdiiseeddcd and the
height allows i enentﬁﬁlon of thin nodul es even for
samplingplithe pixplgpsargy 15 coehiige Hupseniy ngrpase 30108] The
[01 12])Ver heﬁgoﬁee@[ﬂlbcf(ﬁﬂeﬁtonyﬁe?@f ifterd afee(futll@{d"al o‘%&yﬁlll g@g to be rendered at
tical zoomin caner rays according t
a zoomrsbadd it it bt eent thb sppcatfedzoom rhagd ef the dpindag elzn{eﬁtBGZ@B ¥ and 3X

z00m g ST B Al T TR Ao B A PCQRRDEP G of mages tht
acconﬁﬁﬁ§ 8 DRQMAL NHadO A Q& AR a0 c QAN Fieicredzddh Rindteimage can
provide a snooth zoom capability fromthe

be cremedé‘@ﬁn ahgicEng baale atd X dewvigtoebX ediac meflnélas RGNS welwon of the

that th er , Im cat .enses_hav
basellne ?rjg 288]%[ g%PutvaFf‘ & Vl\rlecglé:e@ heve ory ({etalfa Ren!a rln N image ata %sured

zoom m@l isnBgie el MMt ingipmay 8l i 2@&1@1@ the sma@: 4that zcdn€ aﬁ& ebmputing
area of the inmage has a higher resol ution avaj | abl e

the copprage phitic sernsrfoathedesired Zpﬁ@ leved & of Whah p@@ISdrl thpbaseline image

I r
necas 8 PO LGRUL8T DH LSRR, ) LS5 v in
the covorapt skti deecragmt €ithe fiRdli0in tAs imamgevedet Ibytt]hmﬂfrasdsm lurna image,

e Iep to eff has_a resol ut.i on deternlne
(iif) é@ﬁ é@s@dﬁﬁ%ﬁ%ﬁl BE AN Fopplumamap ey Oé%fh‘i 55% C{;msﬁ mipmap
|
1rnagets Iaﬁc\il Iﬁtg%{,’bglgfn%t (gsﬁlg gﬁlﬁgtihtmgﬁlltéf?&% cmelrg1 toh%‘lﬁlg \M}@%S%\%IB ined Qo
mipméyp [rhages tcgpmdy@ thtipuwtlt intdge, aniddev)fif the gixchmgmanalabledn the 3X

zoom e RudsS WER oboct Tcted! ot herhpos e T R it o TGl u to the
desirc@3PaBtd f)tb?zluééfthé Berpaesix&f Xﬁﬂ%’ﬁlﬂﬁ%\pb rb@nddﬂ@opncal zoom may be

wi der-angl e | enses. Second, the wide field imge is
simulgted ateany @i Hebyden give givieasliscrate bsncls tiezel waeora ankhéX zoom).

resolution of the central part of the inmage is

the super-resolution capability of the

Chpnﬂﬁ&%ﬁﬂ&ﬂﬁg6€¥8 equi pped with tel ephoto | enses. In the
[0113] over Tesmd sthb@iimeegtherametaniraiynhérars highrfrdheiniapd yeqtnees.

nunber of pixels per imge. area i s interpol ated
The iapgesy Wy the grpga srppean § InKSREKE f&f to'GRpHire Hnagey; @mpared to

convehfortl fha angﬁg e LddferP h?f‘%t rna?fc gges‘r@)fhé)ﬁame rate u%;[o N

processe |nterpo ated so't at t e transition
time (WihgteeX is the hombeer Gfamag@rs) diurtheyitlonf$aroe peniasl E)nﬁmﬂlhhlﬁger may

01117 1 ) I’Tb t hi
overlqp T B PR P AP e R B T Pe B ShepiAGishe 1 ehgluion, o

subscOSf itABerd Yo ptRRSInSOsyhBidtbn2c R RAQRE hid 1A Pdinea Y BPBILh &f
the prxels are dedicated to the central part of each

resoluitipag én thiscashithe mabiodinnEange ra ér pdiceddey thggumberbvé imagers
tOLt |
overahGGESHyb o FHRHTer,i e AR E e Lh2bR b sy CuPSpleS B

motiof Wited pM3Ibeck itel irmykevileo Aw.er pi xel s are
super-sanpl ed. As zoon1ng i sperformed, the pixels at

[0114} he pefy W’Sﬁme e lymnigerestsdgeccp igaeas al RearJyR imagers), two
blue i §é}§‘5&?ﬂwoaé1%eﬁ Hﬁagers are used to obtain high-definition 1080p images. Using

permutations of four luma imagers (two green imagers and two near-IR imagers or three

green imagers and one near-IR imager) together with one blue imager and one red imager, the
chroma imagers can be upsampled to achieve 120 frames/sec for 1080p video. For higher

frame rate imaging devices, the number of frame rates can be scaled up linearly. For
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sanpling of the pixels nearer the center of the inager
is increased. [0112] In one enbodinent, mpmap filters
wae@ohuiob: to all ow i mages to be rendered at aP@OUR009/044687
scale that is between the specific zoomrange of the
StandaydtDefaliti@l eRopt &et®iod, a fraie amd oBX4( Hrames sxl re®y of adhived using
canera array). M pmaps are a precal cul ated optim zed
the SABEICABF 4 Hiides that acconpany a baseline image. A set
o11spl | M8y ASRAR iRhEM: el ol Rih IiALRR BRI IRAEGR b g., 8
[ ge creat e\c]zl fromla g §eel ng scal e%f 3X dovvln ég% Ce.
Megapiach) usvegeningiot $kiigpisgto ¢aptiae losves lr@nhmanMegd:sa(s gl |1ﬂ&Op§XQ
at a reducged, | evel of detajl. Renderin
7200 TR PabinBloe e 8o hdn € cabier SliaipefSTgr R ated
in the ThRIBR MY od b pikdkdoRthidshe okd‘é@&?ac@l‘ievle)ﬁhezﬁ%'& vil88l resolutions while
conputlng the coverage of the scene for the desired
reducingdlm haisee| In(skipping, whvest angdiorbingnsiate skippadas @rdeméo rqdaqethe power
be ren est

COHSH{I}QEIOH O% C sen g?{heo(% tﬁejse %ec%nlgg%re%ul?ld r%fguce 1 ?]Lé,ge

[01165¢€t, dﬁ{ Qﬂid‘férﬂl@odlﬁleﬁthﬁle Rin¥&drs irStht BahB@ arfdRg @re@;@l\éeﬂi\%ﬂy Btivated
the 3X zoom lunma image, (1ii) if the pixel is

to capyapIValsoaMRge t s c3xmplsoimegsis (iRgluding oRe Ac i Bdgesem aay be

used (o Mef) RRBr(1 Y EE POy RSP B W LR B P hifHAR ope near-R

1magdr)mnayﬂ)¢mwd to b’ﬂ'gﬁﬁﬂl(lp (P2RIuCRO pirelspirhgpet of Abgegerafintluding one
V) i.S .unayail abl e 3X zoom lu

near-| %ﬁaﬁéer R ec,vﬁ goeokt Ha 489& éPOer th@%g?éﬁs reECRYee) thipkg s an

accurdttBEEtRHEh Xﬁ%ll c%rt‘éﬁao'h@eﬁcla effh rtl?éjmﬁ%%} dtBe REQIVERO 1ﬂlﬁges,

out put pi si ng m pnmaps, opticafl zoom
the resraytidmenchioned astle@healthaartgadpmnal aripedasben methelg isineq only a subset of

dlscret Ie ls (i.e. X zoom and, 3X z0o Cap ng

the inggR o 4 Tn Bl © Sptire Tieimstied SRRy RREh e R be

achic Rl ®pr Q@[ﬁ%l@t@% Ridgbid iR wel B RuH 9&@@&%%@&1& 1080p and 80%
i magers I n the canera arr ay can oper ate | ndepen ent Yy

of powey C@a@tmnt@mlﬁa@egvedmﬁf&%n ed to conventional |nage

[01 17??2@? ?Jg{n‘;grﬁe nef'ar alp%éér %{ cn%{r etouﬂx%eaﬁlgsnl%%ﬁ)zan%a%fbus because the

infornd1R@e¥d) theFdéEut Iretmageh ﬁlaﬁrrbafﬁeedl@rdeﬁdlsé edcheaddd 1hﬂi@gefn this way,

may overlap to inprove_operations under lowlig
the cagSFIITEGYS 96 emh@dlmewééé@ltt%e reas kﬂ“ullglarﬁensaﬂvsltvb@@tcaafoperate in

extredlﬁggcﬁ;(l}:%gﬂ?éfonﬁﬁﬁ'h tﬁll 6rﬁ> nbdYHiCHt ﬁgéﬁgﬁmﬁﬁférotcgssmg IS

el nages o gher reso utl case,
perfomrwdl amimafesafivem matl éplic Sma gatsl Gesbtiy higher ragolina@on efdeo agers The

. operating in synchroni zed nner peed
NOISC Q??dg“%mf &Kﬁ@t?r%ﬂléé @gﬁ SHIEBPRLION HERRTE %ﬂn&W&BE“mn of images
from Rk %¥mk1n?a'gelare§‘8fsrfﬁ la WHAIRQR A&k Eimdo@d 14] 1 n one
exanpl e, luma i mageérs (green imagers or near-1R

[0118] nager &) Qnet embctﬂlmenu hggdysamwdrangm(fﬁbﬁbwdﬁmaagﬂms imembled by

N T
captufodeVheeat ohf} 9 é’%ﬂi@éssac‘ﬁbe t Ar@Bsc@bEaR 1RaRF S cone

near-|1R i mager) together with one blue imager and one
overcxpged rcyerderaxpesed by a stop in sets of two or four to achieve a video output with

a very high dynamic range.

Other Applications for Multiple Imagers

[0119] In one embodiment, the multiple imagers are used for estimating distance to
an object in a scene. Since information regarding the distance to each point in an image is

available in the camera array along with the extent in x and y coordinates of an image
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chroma i magers can be upsanpled to achieve 120
frames/sec for 1080p video. For higher frane rate
WO p@gi1sigozievi ces, the nunber of frame rates caPChES2009/044687
scaled up linearly. ForStandard-Definition (480p)
clemeaf) eticadize0dt, andmbapasiemicat eapbe dbrntinadreliraee, thaybsbRite size and

eve usi ng the sane canera arra [0115]
Shapeegﬁbié%% HRAP MRS HGSWEY Me@guwt?ﬁ fﬁ%ﬁ"r“@ﬁ H}fe%frtm digr example,
a plctﬁrg%gg fosttaR be (a%eﬂ and &e%&ﬂﬂig’ﬁﬁfo}ﬂlaﬁ%nﬁ RRLGG @B, accurately
i pping to capture |[ower resolution inages (e.dg.,
estlmaté)mp@z@: oﬁﬁ@pﬁl@paam sh&Op30). I n binning, rows and

qurm int apt ured inmage r olatdlnthe
0120 SoTn o8 g BN TR ORGERE of Bt BaPy g b Saptured
by thet Qe ARE/L uMAEKah @S OGS T éa%lerr@%&}}srhgcéra gﬁ@ kIfSpresent

I n ski ppi'ng, Tows and colums are skipped in order to
inventiesproduccHmagesith graty ipsréased depth héﬁ@lén d bf: longaienthadf ficld,
howe%eggri’}%j £$t%endﬁé e Ss%lr'lne atppﬂ%:aﬁuons nfélgsgpﬂags% %‘1 I‘tlglélylr clilstance or
severzﬁl rd[s@dﬁ‘éeﬁﬁl@y 5€ keﬂ@dtéd/ & the amtleviefoesh tdst&RBIsY F the Mhdp@@nd based

ge. For exanp 9 inmagers (including one near-IR
on thq dtﬁg@‘re) Zh@ﬁora@tleg éremt prreedniermesyy theligpge ﬁaqb%blurred pixel-by-

it BBERHIDRES UL, SRR SOl P15, R 1

obtamedﬂgﬁsﬂmrcaﬂaetalmg@nsut@lnzm:dltcm dhdbde o ome mesppingRIgoriiyartd pemyrm the
be usedt |n 480p(70x48 i xel s)
AP APEANS SRatlel T A0 & e 1eRE gershiéelﬁp%vzmg or exaggerating
the 3I§fogcegspondence between the i rmger and the target video
I mges, the resolution achieved is higher than
[0121f r adi t o cralppiivachesrtuFasof defsregisires apnirgvidedtogedin aperture

. of e | ers S acti ed t t ges, . .

aivers 1RE RS Sanbr E8breh L Tonfia O e SahoLpaRe Thainiene

camexﬁmmeeer 20 Eﬁ&i’é% bQRrdlly AW [£88084PREIR ol aSlow as much light
achi eved in 1080p and 80% of power consunption is

to reaglethic evwarai anray 8 Ghtfelcotinrigetsgnayyeediee hghirthmorelh apayerestad different
51zes rtlrlﬁ:éeirv (rj]perfg(ri%cr% eligel g%dvfgpe eeoaﬂ)sertpugelécrgegys e, %egu%ed whereas
other Hﬁg@tﬁﬁa}eﬁzﬁ‘& Ivigd @PerturBg®. mdximidithe Wght redevedC ByEfusing the images

arrays of enpbodi nents exhibit excellent |owli ﬁght
from scappsiippges af difierentapcipesiace imagescvitie egsdqpgned figlgmay be
obtai8 Wikl PSrifil s MEBITROGH fIE Bhagesuper -1 90l ut | 0

cessli ng |56e 5 d gesfromnultlple

[0122] rrager $n bm: ahbaiimetit, thieeamemsotaytaccoordinigde thd pregat siventioa

noi se-reducti on charact erjg_ﬁtl cs .of the

refocusgbased 8- Gnagss SAPtTed ShE WPYReIsitBiike £ cprgglignal

plenopti OBt IS tﬁ@f’i‘ﬁag‘eﬁoﬂ)tﬁﬁi@@ FrofBhH chiBieda @y bE I JroWnalSfion do not
I mages. [0118] I n one enbodi nent, hi gh-dynam c-range

suffer(ﬂdDR)he\ﬂxcteme depstofirasolusiorndbé eain@y agey av@trding tavibe @resent
For ,exampl e, ,in a canera ar )
inven TR AGH Fiey Padfesaop et b @Rt BAaRe CoREPEY 1 heglmpptic
camerd. ¢REREARD AR thd\sSarRs@ita flintsNidtckol SRsTBIaES bEPHfdithed to
over exposed and underexposed by a stop in sets of two

refocusrdatafigm tlee spersi dajepeintyi deo output with a very high
[0123?ynam tn or?engﬁbodlment, cach imager in the camera array has a different centroid.

That is, the optics of each imager are designed and arranged so that the fields of view for
cach imager slightly overlap but for the most part constitute distinct tiles of a larger field of
view. The images from cach of the tiles are panoramically stitched together to render a single

high-resolution image.
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O her Applications for Multiple Imagers [0119] In one
enbodi nent, the nultiple imgers are used for
W@0pEdng di stance to an object in a scene. BITU£2009/044687
i nformati on regardi ng the distance to each point in an
[0124] mage isomvanhbatinent] tarbdie acayenay be foamedboBeparatt bulishrates and
extent in x and y coordinates of .an | eel enent, the
moun@ﬁf@ thg same maggBoardwith §p%lﬁyse@éraaele-eifﬁ$??@a?lem@ms [p@cach imager
ARl (B E5inaNE READE 0PLiRNYThAGknd Mirfde
ey btrc}eagu e 0Wi t ho%‘fztﬁgt her ér1e§gr0e%{:eg\h?{§;ho?%% I on. Seré%r ind
perpeediartpl to thasybistatar &hod, ifafofiomiagemmrdmotiatied on dimdmbptherboard with
resulting Inpformati.gn may, be used.to accurately . :
cuch i35l RS TR vt tpel Brph i aeresh s TRgs obyicwell be four
slightQ8vef RO This@HEES b Mgl dRRAIT WEOfEMR! dralySind imager chip to
Simul ated in images captured by the canera array using
be usadli tecapivee diffewsnitalics ohe paecarsignwege.ar rays according to
he present invention produce i es Wwth greatl
10125 1 en SRt Pl TR S SR st 410 s i f cavture
imageld @V MR stitdRY tdplodae: ;]ﬂa@stahﬁb liagel vt ® caApppih€ AkId9BS viehwhile
such case, a particular distance or several distances
anothefeipaper eyepisof eaagess have afiohd pegewitha ggeonpassaribe iyl image
gener%tgc?. THg gﬁﬂb?&%@%@?ﬁ@l&? dIfPe?etﬁi 'eﬁ‘é@tﬂ%%eg&atidnggop Bﬁ%&so@ith different
romparallax information, the |Inmage can be red
charagerxeics bigi okampls itnggy Beodesexldonpd kavean@t iphmatseussilation than
blur. In one enbodinen[, the depth ma ob{aLned fr.om
chromipance zesalubionrienre; sverel 19ty Rldmagers gy qetegt tughBanes pfmgeir
fields B IR fABrnAcARY &RdZ! RewSBRRL ' tRhromi
iclds BF 9RW JnBtdAcARY &Rty 9WF921V lg@l%ﬂh%?%%@?o ﬁfg&t Rhrominance

i nformation to-guide the : nphasi zi ng or
with thx figigerf atdwngncohpagingthe ettched (dld of view afitke bmpogicremagers.
0126Epertu§es of di.fe%e t sizes are. rovhdid.to obt ai n ted
10126} e ¢ uf L0 SFEPAAIRGT 5 SATBR rTi avi) Bl Rl impsgisy iy pppunted on a

flexibleath@thb@oail sichMHabtHehgotHEBbAYd @hn bé Rlabuallyodit b dalgEthe aspect
~ caneras, however, the aperture is generally nmade as_

ratio afahgjenags. ginsskanplet dseilof buagess ndis mowited ing hosigemiak e on a

AexibfATERHALBLEAY il R ERLLTRAR! S MRNNRESLYE hd 8OYs of view of

roug% apertures of diFferent O'si E9For I’mager s o
all of PleGthdg&s ard appexidephythotarhé. elfdhert Be fopeiiages, abiyndpe with
reduced whereas other imagers nmay have Ia&ge apertures .
double grefgsalpioneoficaeh Indpdual gaggey sspbtayed sesthatglofals i thegulject image

ot T GEDA TSR ) LSO QOO B e O
mothesbeard fd twnngp thheit furalsipat obh vehieal spgigder, {Hei@Agerk pomneutward.
wn TS0 B0 e SO0, 20 B2 0AR LS BISRSTn
resolv@fiﬁssl%ﬁﬁceh%eb’éﬁ%%h%t iV éﬁ@j Bt infgY mﬁl'tf?@ﬁéldfyf%f&g%f two

canera, the inmages obtained fromthe canera array of '
rathertthan fonemeagersi veh¢ impringdon hetd, shef fubject mmge ihuemeeweder while

| o of resolution,, The. camera arr ccording to the
the defsBBatcan b Feplydn troBirers Tisariedpar se dat a
poi nts for refocusing conpared to the plenoptic

Offling REES1Btrut o 0idEProt&s@ger come t he sparse data points,

I nterpol ati on may be perforned to )
[0127] The images processed by the imaging system 400 may be previewed before or

concurrently with saving of the image data on a storage medium such as a flash device or a
hard disk. In one embodiment, the images or video data includes rich light field data sets and
other useful image information that were originally captured by the camera array. Other
traditional file formats could also be used. The stored images or video may be played back or

transmitted to other devices over various wired or wireless communication methods.
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refocus data fromthe spare data points. [0123] In one
enbodi nent, each inmager in the canera array has a
wa@ldopeswmt centroid. That is, the optics of eaRtT/USNGEI44687
are designed and arranged so that the fields of view
[0128f or eahhomdmglﬁrdlmbﬂltgimblsyar@pmvkaﬁ foudsefsdiy 4 henordsdrvepaThe

constitut i.st t tiles of a larger field of vie
remotg RV ?rrfﬁ@éng%‘h#%géﬁ a ggpopryrang g offfige B’éﬂ%frs%ﬂ% glneyfor the
image3 bt tvﬁi'%? dA&cﬁQ@ﬁahl?r et§ ﬁﬁg’f‘é'd £ tp%ﬂ hgglhétgfho&? SRk 'cQlenumtles

I mage. [ 0124] nbodi men rays may
such a‘sdjrhrlchchsawelp ilaattb@ok thES nraataﬁswamdgmu bt amanqmla:terbmwmcmvely,

ard h spati eparatio The | ens el enents
cither U™y SrkgrOsta e By iRgad ot gt e 10BeR &fNgE programs
may belpRoill&l t@ Rbcedd Eﬂﬁ%‘ié befdtyd BPaRTRAsHEUcdict 40®on computing
perpendi cul ar to e substrate. Thus, if four inmagers
devicesrsaclmpudrask@poand hgtopst her board with each i mager

tat 90 d t .t t t he
10129] 7 oS VaOyT BRAGET b0 0T Flay B Argbose Bpurer

selectidelg&&tlvafbdi or ARlcb®NEuréd 5y 2ebapeteshgpraaf stile@ih ﬁféscoﬁfpl’u&y Such a

i mager Chlp to be used to ca ture different tiles

COMpYEr PIOBEAbHIENTE SioRtgE 2 POWRBY r¢adablg stosgsdaedint suchge b is not
f 5 f

limite h%?ng%ﬁsotqld%ggh e%ﬁ?rﬁg@l g%bﬁgi{ggg gﬁgcr:ag%lsggf&nlgéig)sﬂ/[m%enc-optlcal

disks, avar-bredp picngprics eRﬁMsc)fraﬂdwNVaWesd ‘c@nothEAMBRESR OMs,

sets of |magers have a field of view that enconp
EEPRHMS. imagagii FerpdicaleiietsatRticaten Poeiisaniamatnd ycuis G, orany

type og 'nﬁd?ar St 8T SG S E@RAU L bRRLBRS, ah Qc%rc%u e)E} a computer

erent characteristics. For exanple, it
systeral &8s$. rlabﬂennoreh‘éweompnerd ngfarredric & the spdaufi¢adinn ntagrinclude a single

chrom nanc ution. Henc evera et.s o
procefylf SRRt Sieliiut R Rlov HErRa PR aicaor S grepiys ICTEASE
compBR@apapabiagl | y stitched. Fewer imagers may be used to

det'ect chrom nance with the field of view enconpassing
[0130f he st Wlileaurti¢ubddrgmdodimenss afd atpmécat@m ﬁéﬂn@ eor¢sniatgeV@tlon have
been i lui:;lt a@éq anQi r%sacr(lebres efsjellnﬁﬂ 3 itoe %e 1(1)1}](965 eX| a%’nve{l{1 gg} Hrmted to
the pré@@d%oﬁlb@lﬁctioh%nﬂﬁbﬂﬁpﬁmw dlsdeRrd hercivreamidathhtyy dpiens rnbﬂlﬁcatlons,

change the aspect ratio of the imge. For exanple
changew pnd paiigiigns gy bsinase indierireasemen, Mmsratinsningd dqtailsof 61?1‘3

t

rnetho%lF faluﬁ gﬁlﬁlraﬁ %? %gg{eg)?@geﬂt 1?1? {Eﬂt\m’t u{ 5‘ gr#getg(ﬁf @l{l)ef sﬁ)ﬁﬁea%d scope
ofﬂmnmwgeoﬁaanesaﬂhm®m1ﬂmt@pgum&ehﬂaﬂe If there are four

i mgers, an imge wth double the resolution of each

i ndi vidual imager is obtained so that details in the

subj ect image that are half the dinension of details

that can be resolved by an individual inmager. If the

not herboard is bent so that it forns part of a

vertical cylinder, the imgers point outward. Wth a

partial bend, the width of the subject inage is

doubl ed while the detail that can be resolved is

reduced because each point in the subject image is in

the field of view of two rather than four inmagers. At

t he maxi num bend, the subject imge is four tines

wi der while
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the detail that can be resolved in the subject is
further reduced. Ofline Reconstruction and Processing
WO 027319The | mages processed by the i magi ng syRCEES200044687
may be previewed before or concurrently with saving of
the i mage data on a storage nedi um such as a fl ash
device or a hard disk. | €loxiMEnbodi nent, the imges
or video data includes rich light field data sets and
Whtot er aseful i mage information that were originally
AELHTUES by the camera array. Other traditional file
formats could al so be used. The stored i mages or video
may be ApdaayesadackibAtatéd ang BirhicesddcratibiefatceVvhdede a plurality
over various wired or wreless comunication
of senfgit heyaents, GRPBYISING: one enbodi ment, tools are provi ded
for use rﬁ?‘% tf%ﬁﬁgerrfgmcta?edsa ra\ﬁ%t'locgﬁgn %?{H%tsgﬁllfc%m{l?d’to%}éstrate, the
function bo as a repository and an oftline
processi ng @ngiimegdr dicliidigg htntage sv@firs¢ ird&@. sensor elements; and
Addi tional ly, applets mashed as part. of popul ar
phot o- &R&§H gﬁlé%fi’fﬁﬁmicﬁeésons%ﬁ?ﬁo‘}igloﬁt}%&f th sequerpdyctor
Facebook et N [ : j :
interactive ;Fﬂg¥f SEQ%%%EE? %&ff§@§$gﬁ%?#ﬁ%@?%??%&???
Further, sof¢nsar depbutgnotnsverlapmng watheiretdintapa genpoog cracms.
may be provided to process inmges generated by the

i gagi ng., devi ce 400 conputin eyi ces such as . .
ddekt ofbe BB aitupl iR b per b At il Be: ABuimans

charad&figich aitBihe GOFEA S8 @ HAS B&oAl 1AM RO St r& ek € fifferent from the
sel ectively activated or reconfigured by a conputer

first igpging aharacteisigsi n the conmputer. Such a conputer
program may be stored in a conputer readable storage

di u i 0 147 f .
0TI S0l i 2P0 A A frafYo gl o
filter i NEting adipbti [t spbicslos), andethd seoohnyt imegm coeprifde@¥eYond optical
random access nori es (RAMs), EPROMs, EEPROMs,
filter tayABRIng agpeangiielbiPeedds, appl i cation specific
integrated circuits (ASICs), or any type of nedia

syi t abirge taherataphl B9c RIS 8t ABMRECodnitisingCln GARal AlHeRach
coupled to a conputer system bus. Furthernore, the

compgeingut ers referred to in the specification may include
a singl rrocessor or .nma e chitectures .enpl g
i 1 o S SECLEE BhuPp it Pt B LR g R By
capabi lity. spR&3R onthiteirpEinfabetbad enbodi ments and

applications of the present invention have been
i |1 ust paeeaddens cirmeant hivaag peepad gonfigurgtipnifr fasusing the second

under st ood hgﬁﬂ@%33n£9%§QE%%%ohégﬂ§ealinited to the

preci se construction a one i scl osed herein
and that various nodifications, changes, and
Vvar i at Thasamay abey vhAdeaim i, funthcacongripargent optioplerl@hem habricated
and .details of the methads and apparatuses of the

on thep%eggwu?tﬁw%@ﬁr@ﬁ uje N@E?ﬁa% apfe&ﬁgv#@bm OFpi 1 i t
and scope of the invention as it is defined in the
appendgdc chbiBred0F Meiny akhér8inGh@FifR ¢t generates a first image

covering a first field of view and the second imager generates a second image covering a
second field of view, the second field of view shifted by a distance less than a size of a sensor

element with respect to the first field of view.

7. The camera array of claim 2, wherein the first imaging characteristics

comprise at least one of a size of the first imager, a type of sensor elements included in the
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1. A canera array fabricated on a sem conductor
substrate to include a plurality of sensor el enents,
weuwpnswdng: a first imger fabricated at a fiPGI/US2009/044687
| ocation of the sem conductor substrate, the first
first imaggeds shiape bt figstamapaas filttvasddiated withrigefiseimsder, exposure time
flerrents and a second |na%§r fﬁbrlcated on _a secong
of the THRAMREFH. BIC PFES s eaHat et Brihe (IS tragce 2 enEsyatonal the

optlca'l @Eﬁf&ﬁt 4s96disdd Q/gthQHe hﬁ@ﬁﬁag%m%aﬁpﬁqﬂg ﬁfs@ﬁﬁ@ge? GBstPhtion of the first

el enents not overl appi ng W first i mage Sensor
imagee)| aadwptwitioRal tiflieg oftkefastamagsr. of claim 1, wherein the

first i mger has first inaging characteristics and the

cond er has s cond in aracteristi
i £ or dHE CHRGMARE of FIPGD | WRGeRGnE ARy RGeS eStdr s anyimage fora

color &hﬁp&@ﬁe hAd Bels8yorf imGbed %Eh@r,ate‘éﬁaﬁ hi@hge fol BedrlIRSInfrdrB@er

conprises a first optical filter transmtting a first
compicght spectrum and the second i mager conprises a

second optical filter transmtting a second |ight

spectr r f

compr 1 o nerk A F BT fn T Afthofl e KRt Thaor 1HEIER o coprure
first imhgna ntfirbatithe)gnd ItlteSstec@Qh]fmagHﬂ‘ @tiigaerddoto chptosa mgohdlenage ata
first light spectrumonto the first inmager; and a
second 406nd | ens el ement havi ng second configuration for

focusing the second |ight spectrumonto the second

| mBger Apdmagh@ o 'T@Y g’éﬁéﬁﬁn?ﬁn GhaeMbdmpridiid:her

conprising an optical el emen fabrlcated on the

sem condamtiraray behiricated ongi wgllmrﬂmwt substrato o m@bld(a ‘ﬂmd))rahty

t echnol ogy.

the f1rst” i RRSOGTRNES St By tlhishua ARGl of firs

first fiel d ifdgcyd @MhaREmiddad SREINBstHARYRT a GRERd %1‘0@? oflsecond
second inage covering a second field of view

second fi el émegersprethespmfcorduaigr sabsirade, gaeheof] th@ §ryt gaghsegond

TETRAR L TN o R

the first i flegimeggeehaviagfiestishgiag ch‘ﬁmﬁémﬁfeS adach efidic second
one of a size of the first imager, a type of sensor

el enent s i nENEFEHAYIRE perens ﬂrgﬁg%ﬁl@aéﬁwteraﬁ%éﬁé of the

first Lygger. r@c&hh%?od?&%ﬁbl%ﬁ e h chbheFNBrd tX f6151tece1v1ng first

i mager, exposure the first inager, apert

si ze associ ahegswsiapthredlhy ﬂrstrlstagcrmagé se;coad coagdas galptateldd]y

of the optical glenent associated w @qe first hesized
i mager, gai ‘“GFC RS s m?aﬁﬁaéorcessﬂ%%‘f) t'F SRS T g feSynthesize
first i mgeimaghsQP&L ﬁl%'fﬁ‘ﬁéﬁnagésrﬂnﬁghé)ﬁecblli@nﬁdgr@t

i mger. 8. The canmera array of claim1, wherein the

first imager generates an image for a
11.  The imaging device of claim 10, wherein at least one of the first imagers

captures a first field of view shifted with respect to a second field of view by a distance less
than a size of a sensor element, the second field of view captured by another of the first

imagers.

12.  The imaging device of claim 10, wherein the image processing module
performs super-resolution on the first images and the second images to obtain the synthesized

image having a resolution higher than a resolution of the first images or the second images.
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col or conponent, and the second inmager generates an

image for near-IR (Infrared) conponent. 9. The canera
W@eaAs1993 cl ai m 1, wherein the first inmager i SPCT/US2009/044687

triggered to capture a first inmage at a first tine,

ang. t h&hs aaatidg devdgest dlisint 10, gderael tHedirstapbuyy f itnages@bthprise

i ma at a secaond tine. 10. An i i ng deyice faqr
first 0@%??2%&?#8&@%&@4%@ @?Srtri‘éhbﬁpie%tﬂﬁ@’: ang thearhsp alway?lmagers
- ' ; ' t o include a
com LT G PIB SEMENILT o B R, |

conprising a first group of first inmagers on the
séfi coltieoneging dbdeq eft daiomtf), avhsetmthe cgmotarroly cospoines a

i, mager.s t he m conduct or bstrat.e, of the
pluraty] P88 e e S A S A TR OB PP 5 1O cach
opticdl BRERNESREESHg BLIATRM Sach @REHer OF tHel s infaSbrsiaABERS sebehd iRfhgers.
first imaging characteristics, each of the second
i mager havi ng second i nmaging characteristics; and an
i hdge PhedBIHNRECHERIN @it Mdgraintherremermsray coppaies:
for regel [ i . ui-eg. by first imagers
and se?g%§ﬂ$%%égéﬁ%%%gﬁgggggsﬁ%econd i mgers, the
I mage progasisofrogtioadidneengedifigtiteddgo focsy rtchfést lzghd speragm onto
based on the first i mages and the second images. 11.
The inagingﬂﬁ%%$kﬂ@%8@3blain1lo, wherein at |east one
of t heddohd iR fassir@R R li%h'f dptrurhi flad of view
shifted wth respect to a second field of view by a
di st aneecdond scttdiaptical slcreentf configared do fashie hersecondHeght spectrum

TN N A R AR R
the inmage pcogRsSities ATHHER RAE fHRIITG sSHPRIPtCEISPE HtON
on the first inmages and the second i mages to obtain

the synt hesi zed i nage having a resol uti on hi gher than
alpesoilhe imeeing devies ¢f dlaym |Gradercinthetfijat igweern generate first

‘ . . . L . ot
imh PRl L0 SEHG BBl B Mon I e v
(Infratedpo@npdiicntng a first |ight spectrum and the second

group of imagers conprise second optical filters
transm tting.a second. light spectrum 14. The jimaging .
abdi o ?Ti}f 1%19%1%5%_96 Sl T Nﬁ*@%ﬁ%}%ﬁggﬁﬁwrmﬁ% igggger in
the cafhePd ¥R/ ik kYatflly QRied RlonSihe MRt ScdpAREd GREANYSTIAGMRHRS camera
| evel optics (z[C) t echnol ogy, each optical el enent
array by e gel-sensdi geomengistarsach i mager of the first inagers

and the second imagers. 15. The inmagi ng devi ce of

claim .wherein.th ane rra rises;-first. .
riFy or 3% GOPREURY G FRPELC GER o FRTRRPor hdeBhsin e
camera array is not less than 16 and not more than 36.

19.  The imaging device of claim 10, wherein the image processing module
comprises a module for detecting and compensating parallax caused by difference in the

fields of view of imagers.

20. The imaging device of claim 19, wherein the image processing module further
comprises an address conversion module mapping physical addresses of the imagers to

logical addresses based on at least calibration data.

21.  The imaging device of claim 10, wherein the first imagers comprise filters and

the second imagers do not comprise filters.
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a first set of optical elenments configured to focus
the first light spectrumonto the first inagers;
weewonsivdi | ters to transmt a second |ight speRTT/USR009/044687
and a second set of optical elenents configured to
f agus fthe irﬁﬁgmgl deicgdnt clapen, mhiroimthe ohhﬁraSz&fa@'m‘imprises 4
ers, e second set_of o cal el enment_ havin
lmageé%wgh @Eﬁeat ili§Hs 4 dMpgsss aph nr:arof% iL 1Kers of pathowdilicsy, 46@@%& with red

ﬁlterseémﬂﬁa%?rslﬁﬁh Bhe fildRgi ng device of claim 10, wherein
the fir i mgers generate first imges for a col or
conponent, and the second i magers generate second
i Aages Thefmegag dévReq offlaiar Huwh@mﬁpﬁn@amerala?‘rayﬂ@mpﬁses 9

| ce of cl a| C
imagcgg R e Tk ToneerSahoderatl G5 & Bl AR it rec
filtersf &1 Iﬂihegefsrmﬂebﬁl@@ﬂt@fsed by another inmager in the
canmera array by a sub-sensor el enent distance. 18. The

i magi n deV| ce of claim.10, wherein a total nunber of
i %ger hp pmagieg dedes of CA%%KD, MEICHHR theé“@r&t ipgers 1B lygdegnear-IR
[ I
ﬁlters\rl%ﬂa tﬁg)sre@?r?] §1§ én%igc(l)ecc;a;(gl %15@%01”3& 191?1%&5%%}1?1&%6‘88 tﬁ&b ﬁgﬁ’t imagers
fused fwath séeﬂleMags @ondracginpeths atdond irppagead toayenciatesecbldryimage with
difference in the fields of view of imagers. 20. The
re uC?‘IT%Qj?er'lg device of claim 19, wherein the inage
processing nodul e further conprises an address
COBVer §h ﬁnﬁ%iggdh&lg@mlﬁﬁl ) Yidle i th%cfﬁﬁﬁﬁfag&s Helddesilters for
i magers to logical addr esses based on at | 8ast
receiving ¢rsradired rgr@ataad bR lighhepeictrangi mid fdiewcmd gfoupl dulmag@s include

t conpri.se

ritrs YRR B b Gy SRAE B o Pt afoeh S50ni0Enl gy bv
prede@eMine€ afbusd cFivilivéRngthher ei n the canmera array conprises

4 imagers with green filters, 4 imagers with near-IR

filters or V\/lthout filters, 4 imagers with red

f 26t er & mathgd of EoRASEEING AR IMASHICQEPFPNEer s. 23. The

i magi n

conpr | SURTYMEE AL A i MG podh ERATIE RS |

near - | R fi | sensonducvdrtshiontitatd, tHet fasisimader imelgding avwludalityast sensor

filters, and 4 imagers with blue filters. 24. The

i magi ng devFEBIBI: cl ai m 10, wherein the first inmgers

i ncl Ud%a;ﬁ&ﬁﬁg 4 Rcbhd iRER @adedong 1&@@%%@5 b€ lodston of

color filters, first images generated by the first

i mgers fus g ssimi¢pndegonsiibsmatgabe spsned anagdr ncludneg a plurality of

ﬁglcggd |rrag§_~ernsé0}eclel% qera%tde a color image with reduced

processing the first image and the second image to obtain a third image.

27.  The method of claim 26, wherein the first imager has a first imaging
characteristics and the second imager has a second imaging characteristics different from the

first imaging characteristics.

28.  The method of claim 27, wherein the first image is a monochromatic image of

a first color, and the second image is a monochromatic image of a second color.

29. The method of claim 27, further comprising:
focusing light onto the first imager by a first lens element configured to

transmit a first light spectrum corresponding to the first color; and

-33-



25. The imagi ng device of claim 10, wherein the first
i magers include filters for receiving one of red,
wq@ e@ensao bl ue |ight spectrum and the secondPQr/os3909644687
i magers include filers for receiving |ight spectrum
shi f t etbdusiamligheornd theedcorglriamgedsy biagend leghtleapectontigured to
by a predeterm ned anount of mavelength 26. A net hod
of gener at i H3NSW! 7 fer9ad seestrym @il cormgspondipgtohe secopd color.
image at a first inmager forned on a first |ocation of
azgem qapdeaidrorR el Rerct e firdt $habdBYEHtuldAGH Y @irﬁ%xposure
a plurality of sensor el enents; captufing a second
level andethe second imegeon dajitned et a faone dxmrsure loed bighet Beathicofirst
of t sem conduct or substrate, the second i mager
eXW”Pﬁ%Fﬁ%ing a plurality of sensor elements; and
processing the first imge and the second inmage to
obt ai NTae hitkhod JfMBER.262Wherthepraedskiag tgf ﬁﬁ’[ ﬁlﬁd‘g‘e 20d the second
wherejn the first imager has a first inma
ImageqoRAB TIPSt Tesalutipr Progessiiecth Erst HBRRSrang 4 c %@cglafé: BeRee.
|nag|ng characteristics different fromthe flrst
gl NghHE E%ﬂ?) tcﬁ*cla?ﬁl'%swhgl%m Ees %I?l?éjﬁ&{ m&d e’ second
re|n t irst inagé i s a nonochfonmatic a
imagef dongriseofusing thanfirst inengea@nd it senmgkimagea nonoc h r o mat ic
i mge of a second color. 29. The nethod of claim 27,
the co rising. focu ht 0 e firs
oer T S i o2 Wi arofning b il Feseerali iy peond
1mageacofzﬂﬂrﬁ§s ititélﬁﬁg ﬁfé%ﬁtﬁﬂﬁ%@ d @8 @&Qﬂd nﬂag@totﬂi‘@dlfcb faSfanoramic
col or; andfocusing |ight onto the second i mager by a
imagesecond | ens el ement conflgured to transmt a second
spectrum of |ight corresponding to the second col or.
30. The nethod of claim 26, wherein the first inmage is
captured at a first exposure |evel and the second
image is captured at a second exposure |evel higher
than the first exposure |level. 31. The nethod of claim
26, wherein processing the first imge and the second
i mage conprises super-resol ution processing the first
i mmge and the second i nage. 32. The nethod of claim
26, wherein processing the first imge and the second
I mage conprises fusing the first imge and the second
i mge. 33. The nethod of claim 26, wherein processing
the first imge and the second i nmage conprises
stitching the first inmage and the second inmage to
produce a panoram c i nmage.
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