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INVENTION [0002]The preseri;gve IonIsr fated to an image sensor
including a plurality of heterog ?)‘ﬁ%??n &P3! more specifically to an
image sensor with a plurality JtbarerL A imHgers having custom filters,
sensors and optics of varying configurations. BACKGROUND
100031Image sensors are used in cameras and other imaging devices to

capture images. In a typic%ﬁ’éﬁﬁa éé)\%éc,’ﬁaﬁ‘t)@nters through an
(RRETNS (@pRitve) at.ene and ot e imaging device and. s directed to.an
Image sensor By n optlcaci elertent such as a fens. i mos Imaging
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image sensor consists of pixels that generate signals upon receiving light
via the optical element. Commgnhtysady ors include CCD

(charge-coupled device) image sensors and CMOS (complementary
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imagers having custom filters, sensors and optics of varying configurations.

BACKGROUND
[0003] Image sensors are used in cameras and other imaging devices to capture
images. In a typical imaging device, light enters through an opening (aperture) at one end of
the imaging device and is directed to an image sensor by an optical element such as a lens. In
most imaging devices, one or more layers of optical elements are placed between the aperture
and the image sensor to focus light onto the image sensor. The image sensor consists of
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 ecach 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



certain wavelengths onto pixels. A Bayer filter mosaic is often faulted on
the image sensor. The Bayer filter is a color filter array that arranges one
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(dBxeé:to the total noise signal. Typically, the well capacity of an image

sensor limits the maximum possible signal that can be captured by the

image sensor. The maX|mu%m§gpggpyg;]al in turn is dependent on the
strength of the mmden@lﬁmrmaWﬁwduraﬂon .of exposure {e-gfiuation (1)
mtegratlon time, and shutter width). The dynamic range can be expressed
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oise equation (1) Typically, thé noise level in the captured image
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SNR of a captured image is usually related to t gathering capabhility
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pAtlow light levels, each pixel's light gathering capability is constrained by
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sensors are greatly magnified in cameras designed for mobile syste
tuRte) 1B HatYE BriHisSigroe sritr ANt RIS RIPTOHIE Rembtaleate: which
cypieailyw shusble sniattedtiian the pixels of digital still cameras (DSC). Due to
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educed sen itivity to t scenes, the cameras ih mobile

cgmyggbm@bg}obgpf@ywegqmpw of design constraints. Pixels for

mobile cameras are typically much smaller than the pixels of digital still cameras (DSC).
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 provfde 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



[0009]Embodiments provide a camera array, an imaging device including

a camera array and/or a method for capturing image that employ a

pkysbisyopiskapagers fabricated on a substrate where each imagesH&daS 4687

a plurality of sensor elements. The plurality of imagers include at least a
fdirstdmagecdonmiedatnneofitist bobatian. of hhdistbstgteahthassecahthager may
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location of the substrate. The first imager and the second imager may
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spectrum. The images from the first and second imagers are then .
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element is associated with ohe imager, each fens clement may be
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thickness of the camera array. The lens elements are fabrjcated using.
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level to another zoom level. . ' . ‘ ‘
elements that provide a zooming capability. Different imagers may be associated with lens of

different focal lengths to have different fields-of-views and provide different levels of
zooming capability. A mechanism may be provided to provide smooth transition from one

zoom level to another zoom level.



WO 2009/151903PCT/11S2009/044687 [0016]In one or more
embodiments, the plurality of imagers is coordinated and operated to

oRigin@ieass one of a high dynamic range image, a panoramer g/ @4687
hyper-spectral image, distance to an object and a high frame rate video.
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perspective view of a camera array with lens el ts, dina t
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amera array,
cacoosdiitg thcdmesmbediipamaf®0211Figures 3A and 3B are sectional
diagrams illustrating changes in the heights of lens elements depending

on chan'ges in thg dirmug@mgttmmgmsz gqumMne embodiment.
W ncing SHRUTAA Ao e R g i
agefudiogonahbkygkodiatprdm for an imaging device, according to one
[mbpdimenfsigure 2A is a perspective view of a camera array with lens elements,
according to one embodiment.
[0020] Figure 2B is a cross-sectional view of a camera array, according to one
embodiment.
[0021] Figures 3A and 3B are sectional diagrams illustrating changes in the heights of
lens elements depending on changes in the dimensions of imagers, according to one
embodiment. |
[0622] Figure 3C is a diagram illustrating chief ray angles varying depending on
differing dimensions of the lens elements.
[0023] Figure 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



100241Figure 5 is a functional block diagram of an image processing
pipeline module, according to one embodiment. [0025]Figure’ 6A through

6E8'sRlgf afews of camera arrays having different layouts opcrpus2009/044687
heterogeneous imagers, according to embodiments. [0026]Figure? is a
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RS T o} ISP OB BRIt Bl TSP Rl ixe
andwadoad dightgenrsithgrelément in a camera array. The sensor element or

[Bb%9) includeg, among, ofhets, aditional Sl (EMOF image BRNSAL: GG Rents of

(charge-coupled device), high dynamic range pixel, multispectral pixel and
%HHH%S&@Y\%%%?W&%W?WW id gereherdientohianay tirramsigntse!
REfpyRhpIxIshchasanser alemsenis tlceachimagemaave sindarddhysicalk same
({)qug{ttei§5 and receive light through the same optical component. Further,
fi8'séndor elements in the each imager may be associated with the same
[BO/J filter. A camera array refers to a collection of imagers designed to function as a

unitary component. The camera array may be fabricated on a single chip for mounting or
installing in various devices.

[0032] An array of camera array refers to an aggregation of two or more camera
arrays. Two or more camera arrays may operate in conjunction to provide extended
functionality over a single camera array.

[0033] Image characteristics of an imager refer to any characteristics or parameters of
the imager associated with capturing of images. The imaging characteristics may include,
among others, the size of the imager, the type of pixels included in the imager, the shape of
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



[0031]A camera array refers to a collection of imagers designed to
function as a unitary component. The camera array may be fabricated on

aveinsegkispfor mounting or installing in various devices. [00B2}A3 KAV 4687
of camera array refers to an aggregation of two or more camera arrays.
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each imager independently or in a synchronized manner. The start of the
exposure periods for the various imagers in the camera array (analogous
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this embodiment, the conventional external interface for the imager may
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2009/151903PCT/1JS2009/04468 7 configurations of camera arrays

according to the present invention replacing conventional image sensor.
Table!



Conventional Image Sensor Camera array Including Imagers Total
Mpixels Effective Resolution Total. Mpixels No. of Horizontal Imagers No.
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configurations of camera arrays according to the present invention replacing conventional

image sensot.

Table 1
Conventional Image Camera array Including Imagers
Sensor
No. of No. of Super-

Total Effective | Total Horizontal Vertical Imager Resolution Effective
Mpixels Resolution | Mpixels  Tmagers  Imagers Mpixels Factor  Resolution
8 32 8 5 5 0.32 32 32

8 4 4 0.50 2.6 32
8 3 3 0.89 1.9 32
5 2.0 5 5 5 0.20 32 2.0
5 4 4 0.31 2.6 2.0
5 3 3 0.56 1.9 2.0
3 1.2 3 5 5 0.12 32 1.2
3 4 4 0.19 2.6 12
3 3 3 0.33 1.9 1.2
[0043] The Super-Resolution Factors in Table 1 are estimates and the Effective

Resolution values may differ based on the actual Super-Resolution factors achieved by
processing.

[0044] The number of imagers in the camera array may be determined based on,
among other factors, (1) resolution, (ii) parallax, (iii) 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] A second factor that may constrain the number of imagers is the issue of
parallax and occlusion. With respect to an object captured in an image, the portion of the
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 1s desirable to include a certain minimal set of
imagers for a given type of imager.

[0046] A third factor that may put a lower bound on the number of imagers is the

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



Mpixels Super- Resolution Factor Effective Resolution 8 3.2 8885435
430.32
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detecting near-IR spectrum may be needed. The number of imagers in the camera array may
need to be increased to accommodate such near-IR imagers.

[0047] A fourth factor in determining the size of the imager is dynamic range. To
provide dynamic range in the camera array, it is advantageous to provide several imagers of
the same filter type (chroma or luma). Each imager of the same filter type may then be
operated with different exposures simultaneously. The images captured with different
exposures may be processed to generate a high dynamic range image.

[0048] Based on these factors, the preferred number of imagersis2x2to 6x 6. 4x4
and 5 x 5 configurations are more preferable than 2 x 2 and 3 x 3 configurations because the
former are likely to provide sufficient number of imagers to resolve occlusion issues, increase
sensitivity and increase the dynamic range. At the same time, the computational load
required to recover resolution from these array sizes will be modest in comparison to that
required in the 6x6 array. Arrays larger than 6 x 6 may, however, be used to provide
additional features such as optical zooming and multispectral imaging.

[0049] Another consideration is the number of imagers dedicated to luma sampling.
By ensuring that the imagers in the array dedicated to near-IR sampling do not reduce the
achieved resolution, the information from the near-IR images is added to the resolution
captured by the luma imagers. For this purpose, at least 50% of the imagers may be used for
sampling the luma and/or near-IR spectra. In one embodiment with 4 x 4 imagers, 4 imagers
samples luma, 4 imagers samples near-IR, and the remaining 8 imagers samples two chroma
(Red and Blue). In another embodiment with 5 x 5 imagers, 9 imagers samples luma, 8
imagers samples near-IR, and the remaining 8 imagers samples two chroma (Red and Blue).
Further, the imagers with these filters may be arranged symmetrically within the camera array
to address occlusion due to parallax.

[0050] In one embodiment, the imagers in the camera array are spatially separated
from each other by a predetermined distance. By increasing the spatial separation, the
parallax between the images captured by the imagers may be increased. The increased
parallax is advantageous where more accurate distance information is important. Separation
between two imagers may also be increased to approximate the separation of a pair of human
eyes. By approximating the separation of human 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
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device. For example, if a total of 20 imagers are required but the available space allows only
a camera array of 1 x 10 imagers to be provided on either side of a device, two camera arrays
each including 10 imagers may be placed on available space at both sides of the device. Each
camera array may be fabricated on a substrate and be secured to a motherboard or other parts
of a device. The images collected from multiple camera arrays may be processed to generate
images of desired resolution and performance. '
[0052] A design for a single imager may be applied to different camera arrays each
including other types of imagers. Other variables in the camera array such as spatial

distances, color filters and combination with the same or other sensors may be modified to
produce a camera array with differing imaging characteristics. In this way, a diverse mix of

camera arrays may be produced while maintaining the benefits from economies of scale.

Water Level Optics Integration

[0053] In one embodiment, the camera array employs wafer level optics (WLO)
technology. WLO is a technology that molds optics on glass wafers followed by packaging
of the optics directly with the imager into a monolithic integrated module. The WLO
procedure may involve, among other procedures, using a diamond-turned mold to create each
plastic lens element on a glass substrate.

[0054] Figure 2A is a perspective view of a camera array assembly 200 with wafer
level optics 210 and a camera array 230, according to one embodiment. The wafer level
optics 210 includes a plurality of lens elements 220, each lens element 220 covering one of
twenty-five imagers 240 in the camera array 230. Note that the camera array assembly 200
has an array of smaller lens elements occupy much less space compared to a single large lens
covering the entire camera array 230.

[0055] Figure 2B is a sectional view of a camera array assembly 250, according to
one embodiment. The camera assembly 250 includes a top lens wafer 262, a bottom lens
wafer 268, a substrate 278 with multiple imagers formed thereon and spacers 258, 264 270.
The camera array assembly 250 is packaged within an encapsulation 254. A top spacer 258
is placed between the encapsulation 254 and the top lens wafer 262. Multiple optical
elements 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
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wafer 262 not coated with the blocking materials 284 serve as apertures through which light
passes to the bottom lens wafer 268 and the imagers. In the embodiment of Figure 2B, filters
282 are formed on the bottom lens wafer 268. Light blocking materials 280 (e.g., chromium)
may also be coated on the bottom lens 268 and the substrate 278 to function as an optical
isolator. The bottom surface of the surface is covered with a backside redistribution layer
(“RDL”) and solder balls 276.

[0056] In one embodiment, the camera array assembly 250 includes 5 x 5 array of
imagers. The camera array 250 has a width W of 7.2mm, and a length of 8.6mm. Each
imager in the camera array may have a width S of 1.4mm. The total height t1 of the optical
components is approximately 1.26mm and the total height t2 the camera array assembly is
less than 2mm.

[0057] Figures 3A and 3B are diagrams illustrating changes in the height t of a lens
clement pursuant to changes in dimensions in an x-y plane. A lens element 320 in Figure 3B
is scaled by 1/n compared to a lens element 310 in Figure 3A. As the diameter L/n of the
lens element 320 is smaller than the diameter L by a factor of n, the height t/n of the lens
element 320 is also smaller than the height t of the lens element 310 by a factor of n. Hence,
by using an array of smaller lens elements, the height of the camera array assembly can be
reduced significantly. The reduced height of the camera array assembly may be used to
design less aggressive lenses having better optical properties such as improved chief ray.
angle, reduced distortion, and improved color aberration.

[0058] Figure 3C illustrates improving a chief ray angle (CRA) by reducing the
thickness of the camera array assembly. CRA1 is the chief ray angle for a single lens
covering an entire camera array. Although the chief ray angle can be reduced by increasing
the distance between the camera array and the lens, the thickness constraints imposes
constraints on increasing the distance. Hence, the CRA1 for camera array having a single
lens element is large, resulting in reduced optical performance. CRA?2 is the chief ray angle
for an imager in the camera array that is scaled in thickness as well as other dimensions. The
CRAZ2 remains the same as the CRA1 of the conventional camera array and results in no
improvement in the chief ray angle. By modifying the distance between the imager and the
lens element 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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wava%gghlssot ?gglt%lljcere%];es the sharpness of image captured at the imager and reduces
longitudinal chromatic aberration.

[0060] Other advantages of smaller lens element include, among others, reduced cost,
reduced amount of materials, and the reduction in the manufacturing steps. By providing
n’lenses that are 1/n the size in x and y dimension (and thus 1/n thickness), the wafer size
for producing the lens element may also be reduced. This reduces the cost and the amount of
materials considerably. Further, the number of lens substrate is reduced, which results in
reduced number of manufacturing steps and reduced attendant yield costs. The placement
accuracy required to register the lens array to the imagers is typically no more stringent than
in the case of a conventional imager because the pixel size for the camera array according to
the present invention may be substantially same as a conventional image sensor

[0061] In one embodiment, the WLO fabrication process includes: (1) incorporating
lens element stops by plating the lens element stops onto the substrate before lens molding,
and (ii) etching holes in the substrate and performing two-sided molding of lenses through the
substrate. The etching of holes in the substrate is advantageous because index mismatch is
not caused between plastic and substrate. In this way, light absorbing substrate that forms
natural stops for all lens elements (similar to painting lens edges black) may be used.

[0062] In one embodiment, filters are part of the imager. In another embodiment,

filters are part of a WLO subsystem.

Imaging System and Processing Pipeline

[0063] Figure 4 is a functional block diagram illustrating an imaging system 400,
according to one embodiment. The imaging system 400 may include, among other
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. Tmages 412 are captured by the two or more imagers in the

camera array 410.
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substantially same as a conveéntional imag sensorf(?o()éﬁlln one

enerBbem ERuLIREWRIOMRIBTIRH NS rieesy PRIt invesrpdieriddiBrig YUV
&emept stopsRlatingdhadens glenenhstars OMe dhesulsirate before

lens molding, and %%etchin holes jn the %‘Lélbsté%te and g{%%ormin f

W 4icted mORRHGBFRRSES RO S LSl FhE SHI B RESS
ibhéisuhsrateisadvantagepes becauspindexinigmatateisimopipaliisestodule 420
1%? WESILR l§§5§e@9&%9§&5@%r U&z‘&@@?&%d&%ﬁ‘?&%@iﬁﬁg’%‘é%%Hs%éleb';hé“’smgle

orms natural stops for all lens elements (similar to painting lens edges
Rty ey beclistd. gDs 2l Heisre- cthp setifpeion Meshkd arepaptestipeed on the
$RR08Tp| s AROthRE R MBRd Renis filtekenate Rt f @\ QaspSYSIE By as a part of

Imaging System and Processing Pipeline [0063]Figure 4 is a functional
BRI HEGAN ARG g &h imaging system 400, according to one
embodiment. The imaging system 400 may include, among other
components, the camera array 410, an image processing pipeline module
420 and a controller 440. The camera-asay 410 includes two or more
imagers, as described above in detail with reference to Figures | and 2.
Images 412 are captured by the two or more imagers in the camera array
410. WO 21)09/151903PCT/US2009/044687



[0064]The controller 440 is hardware, software, firmware or a combination
thereof for controlling various operation parameters of the camera array
44 hherspgiroller 440 receives inputs 446 from a user or othergxtewakics7

[0RFREESSING RIPRIRE TBARkIE: AR0 O ASIIINFBAERS NG NEPALES fitAer
[0065]The image processing pipeline module 420 is hardware, firmware,

resplliAn &YBhES IS ISR B FERSsrotedemEtab ina Juasscarutrd bhihpinagers
swnmﬁeogéfayiéxh@e Theineh Qepebssieg mpgb memghelgwleaﬂ zﬁ_iarge_@ cesses! from
AP ltiple &E‘é%ﬁgseﬁsliz fonexample;fs dgseribed below in detall with

refe 3 g |

rence to Figure e processed Image 422 is then sen‘%efrcs);roglsp ay,

sytergcthassphiren BRIMEE prave Symiy [ovesimRjuedBiehiiintaienpaire 2
nitQeKdiaer am dbstiating e FogeniPEe ST RING RenBeslIRsBaRied with the

accordiﬁ:‘g_to one embodim%nt. The imag? Brocessing pipeline module 420
S‘%ﬁ%fyf? CIUHE, S?n%lﬁﬁegtﬁlg?' cg%xﬁé%sé% & an ﬁﬁvg’tream pipeline processing

module 510, an image pixel correlation module 514, a parallax

confirmation and meastremént riddue518.- eparallax- compensatigation (2)

module 522, a super-resolution module 526, an address conversion

wihige iersmoseats shedresibyipprite Bitsterafibratiad oneiestan sad &b-

sEOMMSireaticehPIaCess g (P cipae4n QBT Radigss andphase noise
oﬁ;s%t tcalibration module 554 is a storage device for storing calibration
“oata %%g%uced during camera array characterization in the manufacturing
[Yrtidess or Figuissarfutnoveb&Rbitionatpreveys cTegoed sastiodagers for
gicaEs ARG hﬁf-‘(\fﬁ%’é the addressas-brwsSRbRe I3l the
0ima eér?glr%d the Iotgical‘a dressl?;%%, 548 of an ir%r?a e, QO68]'I1'{k11%e )
CHaPEEE R VErER THOAFE 23D Bé»‘?fgmﬁé%ethmaéﬁq SRR imager
heaiilgratienfittatax ‘storegtdacthe aaiddres dand: phasen dffse} ‘GBilibrateminaditeger
554, Specifically.the address conversion.modul Qco s.'physical’
e e A D S o R S T e
cofitheisfdpspresiapiné keii-IRes herigarsrbd Vicecversenty gioidegdopaving a near-IR
FAHPETHESOILIRBIIRS e IRY A PiatlyRe AR IMREE Of SRRATGRIVIESAUHORra and
the phase difference between corg§s ondIingggixe S r, the,irtdFividucg . ¢
AR AGERR U berPES SRR PO Lpbr PAboGR BRSEL Lo ey S et
cﬂmmfm_raﬁacdmpixétﬁn iphegeesimihxgei magehth it iofaiggusit Phealeniroringachs of the
REE IMRAS! IRaNASIaRly.0aARRRY A0 a8 DARE OTRAN(A"RRAD The

imager is"already known with respect to the position of the pixel in the
crakeAtmenhrbeurfiingray Bshisasimasts B sdtcrsesves SReRssHERerlone.
[differences hycanvediments plavsics agtiessasirniion Mages4bavistiGonal

ical add 8 of ting i f b t ing.
e A S P A P
IByinthgdmagers4idarebprovitidead it whsteantofipsiing frocedsidignent of
FTRCLE 58 L RGPS B PIRG PrRESSSHNG: Erth MAY PRI Iter is

or more of Black Level calculation and adjustments, fixed noise
BHRERHEB I AdAF SO fbsiRe SERRSH RirkisHY detdivBltution, noise
[Rdertion, amgheresstalksesuctinpmbdtamie imagehs pecessedibinifiers form a
upstream pipeline processing.module 510, an ima ixel correlation
e T T PR AR R o
imoyerspparerited dbpetstbdihy tptarcirapproaedhondmlenmeaning pdy.
pRgsifically e imagarixet serelatian fRaduers M Algs.PerH0s e arious
images captured by different imagers to compensate for the parallax. In
%h@%%%%@ﬁ@?ﬁe“%ﬁﬁ% Yitsflorrelation module 514 compares the
difference between the average values of neighboring pixels with a
threshold and flags the potential presence of parallax when the difference
exceeds the threshold. The threshold may change dynamically as a
function of the operating conditions of the camera array. Further, the
neighborhood calculations may also be adaptive and reflect the particular
operating conditions of the selected imagers. [00701The image is then
processed by the parallax confirmation and measurement module 518 to

detect and meter the parallax. In one embodiment, parallax detection is
arcomnliched by a riinninAa nivel eoarrelation monitor Thie anaration talkkac



[0071]The parallax compensation module 522 processes images including
objects close enough to the camera array to induce parallax differences
lakgeiothantihhe accuracy of the phase offset information requised/oysupates7
resolution process. The parallax compensation module 522 uses the
[M5&h-line bddedysarbilely shfomeiatiom gen erdtechin Rienpagwliax derdetions
vaRdsaNEemeLOdie R H o (IR AGSh RAPRIRG LA RELROYSIRA!

. pixel addresses and logical pixe] addresses before the super-resolution,

SRR AP i ePRbs R sl oA B RO R AR R Bt it dafgre the

irﬁagmbmiﬁ@&padd@mi_mgmﬁdmg&etting a_djustment are required when

[6G§‘Uglpm. pl)ﬁ%lg Ijér}gf\rll%g QF gggr&ﬁﬂgg’&%lﬁ@ﬁ%? zsgétl%at' multiple low resolution
els .Int

“Image-wisecorresponding pixels in other imagers. I3 case, no further
ippeRicis dinfg it e Sisé Srad et ks pRGisRUtisarpags e FotR R slightly different

vRNPRINE SO M E im Y &1 S AANNROMERS ra DXal S0 P ulcgbpixalSofiSpixel,

shifted in such a way that e Qses the.og i
S

clusion set. In this case, the
then ea]fa )%rga e containg essentia ¢ same pformation. ﬂxe t%e'

para BeNEANGH process Ganerates tagged pixel dara indicating that
itfrenpifietsiof tharsectubisrachshredit nersahorBidergd. ihntHe imagers according
t&%@é?ﬁ%‘f@l‘fé}iﬁ{@ B%ﬁ?é@t}{@%%égtﬁ{agh& W@{%&@@rﬂﬁm%mr&ach imager

_accurately determined for a_particular maggé the parallax information 524

N LRWFA PRSI SSIVOrEIsH AYRRAE BB e Ahedas IBuseRY siblp wafer

lenaaudeubatutise arth @ eanaliaxpniaundtion 224 alerfgnaithothef cakisatiorttain the

data 558 from the address and phase off libration module 554 to

s e B e o logical pvel

[8fdless caldmations! Taratiordas spepive rping ogulens3otaldiferent imagers is

pegtermings dhe assaciatersspnbieb offseitola PRt IAaenPXlgers are

with respect to pi eliin the resulting imag?? 42§§rod ced %‘[é;ue

Sempie P&ﬁ‘g% 8L N ENARESEL BNV Do R TSR B Ei8S Rl

farcgainti thig qoardd s s nfayniatipn S24 and provige s fedivaganidricsses 546 be

aggx% %HQQ 1&%?&% 96%5%% LQ%%]QQ Woﬂﬁﬁ%’éﬂ}' %Qc‘iﬂﬁd?@r a!zlﬂ?&ther issue related
mpensation, the image is processed b%/é e super-resolution module ’

tspE bRl &am@lw&égdmk%n Eynitttaeiokbimaine the ol masReresyrsddy using

piragesn ReEieseribest helovhionigiainddies sy nhesizatdd nrgad2e Mayampling of

trlen be fed to.th f;lowcpstream color processing module 564 to perform

color from the co ilfgred 1magers, . i .

Sifé 6P fhore“0rthé oﬁowmé operations: focus recover, white balance,

(6083t cor_recﬂimnpganmwm@ntemmﬂl&mq@ aft}uset_rbw@@mmimméuminance
SRAIRRDINGARASLEANNBRCEMERLARLLLOBREESSIAN: JPRAGLTS IMAGcctivity
processing pipeline module 420 may include components for additional
rﬁw&@#@e&qﬂﬂ% infagENRESS SRRIHBIEMIY e BisEaLah g pRsafil8 spoctra.
Aogulezdae; mayinalydeenearBciinpmeadiitetfartighicesiingl abnoismaliiies
dmages casesl by.a sindle pixel defect 0,2 dusleral Bel SRS T DGnage
correction moduie may be embodied on the same chip as the camera
Hreaypnafaicppigondntisep trans frofitrec e arnepGrims ee pait b peeformed
RUDE"s M@sﬁé@ﬁiw Enbs O RROL 2EQ3PEHIL B ARAURA468 Fution

Super-Resalution Processing 100751In one embodiment, the

RS rEL SRR O ETIE B TB RN APARE '8 GNP R SO RIS S th eIy cdee-
prosgetyipreee saincriobe ssokffien e gedcapireddytihrepmagerd baddvantage
The.overall image quality of ' | IS hi '
e e ey e 0FE
epidtvithRY ikraeess Geeratteadirerybsticanytivaict cosPBeitAbB prghrer:)

@dadty imagesousing dheio AbHity 10.58HER: Broauiovr pattefithesPECtHlPe from
without sub-sampling. The image formation associated with the :

R P INBH AR HE B ERLURRS RGP JTSNy, gt e
equation (2) where Wk represents the contribution of the HR scene (x)

(via blurring, motion, and sub-sampling) to each of the LR images (yk)
captured on each of the k imagers and 17k is the noise contribution.
100761Figures 6A through 6E illustrate various configurations of imagers

for obtaining a high resolution image through a super-resolution process,
according to embodiments of the present invention In Figures 6A through

4E, "R" represents an imager having a red filter, "0" represents a imager

having a green filter, "B" represents an imager having a blue filter, "P"
ranracante a nnhvvehromatiec imaner havina cancitivvityy acronce the antire



Bayer filter mapping. This embodiment does not include any

polychromatic imagers or nearlR imagers. As described above in detail

with sedersinee to Figure 1, the embodiment of Figure 6B is diffetamndfiomuscs?

conventional Bayer filter configuration in that each color filter is mapped to
inggeh PRIgEr iinagesieho Chioimg imapisedtoaaiindl iAo balipixedr 008 IBgerearray.

TRG H&%ﬁ%@ﬁoﬁﬂﬁﬂ@&%@&%ﬂ%ﬁ%ﬁ@ ERERel I A G ABERNe MO M Bsses of
symmetrrc ,ﬁlﬁﬁfoard pattern. Figure 6D illustrates an embodiment

AR AT S Hsaara tieepPataddmeRG U B SerPREYSAsn 15 then
pefolodimzhtowdteliveeguldifierapping did rﬁelgerﬁavabve aieddingentgafto spatial

sdplIHEERSRHVQUAD BT eralyJUSHERS ‘?oé‘éhgl {HH&‘;#&%A%Q‘%E%%
imagers can also be used WO 2009/151 03PCM 82009 044687

oty ST ek o MBI EMASRTath TS d mardR AnteGmasbpungr-resolved

cladirantageeus because these sensors may capture hrgh guality images in

doyyignting conditions, The Image: t%aFL“h? éénﬂ% Yehromatic Imager
or the near-IR Imager are used 0 denoiSe t |ma 65 Obtained from ™

peesgniier cHlBicihpaeesoobBo] Thectiee rhieeﬂ@f merieefsm theasohgtivnrpgeeds to
nmr%arm RPN eSluR R IAGRS rsp&seﬁa%ﬁeﬁr@stmme image.

ifferent low res lution jm epresent s drff ent viewpoints of
AR o G CR T e SRV MBS USSP picel,
pthfermed i 2meige R¥N(pons essedtialbtiting samemmqmnwwmh'ﬁmm‘efb?ten the
s&{a‘&f Feld 1'[180%%‘#{%2%5%6‘%@ PasERMAGeTENAL g&“ﬂ?&ﬂﬁﬁ%&’ ﬂ%g&e the

R image. In the imagers according to embodiments, the layout of the
Sﬁrfﬁ HEdED B Braseraiidcksntrdiled so that each imager in a row or a

[6¥sIMN is affixed &ibhixeal mtmeeﬁg@hrtﬁgwmwlﬁ&mmﬂmm preset
wafer Iev Imanufac ur| % ﬂ%ﬁac %grn process allows 6[% . Then th
PESHIAToN 815%6598 TAin the SEH-pixel PreliSin< TR UHES for'the”™ ¢
squpecscdsoiution mm%%@%l]%m&@MpMqu@MMEﬂ Then
1RSI HRNE LS MR OHIRIE A RAGEY S PRIt GRURSHIN MRS when

separation of the i ers. By ensuring that the imagers are symmetrically
thoidetnarraddions W%&@&%%péeﬁme«m@tﬁrxéf BeR (B REPRTES SEgETBT o

foreground object In thls way, the prxels around the edge of a foreground
e 0 s ify megalution as well as avoiding any

psions. Wé{?@&ﬂﬁ%’é?p&%t@ﬂdﬁr@%@ﬂ rs@epﬁempwagy Qoo hENRar-IR

|ssue of sampli e color may be reduce using parallax information
rgieRe wrgrerﬁéér%ﬂu GRS sty Wlwa%éa%wépﬁw%ﬁﬂw
mm@rgmmafhe eakgreilltem@ v apeisa OB hhH N RMbediIie mmmebﬂa region
1S use Hsgt tocgt?é%rmls eeCraeIatl eelumlrﬁr}%lea C!ilgfgl”ren% 3%+ GC O OlSC
avisi Ie s ectra | a er. 8% ects have dnr?feerrn matenal re ectr\}'ty result
Hnndrrféreneeeﬁrlmm@ebecsssmreélebwhé%rm@@éeeﬂe“ érrrdlctﬁehghtmg
c@g@{l‘ggﬁspectra At tow lighting conditions, the near-IR imager exhibits a
%%Ver signal to noise ratios. Therefore, the signals from the ne %}

dor may BTG Hﬁﬂﬁn%%‘hfmm%@rﬁ?a‘&@gﬁlé fP&ﬁ fguper
itlegaifsofrom il nBgirt IR dpragBdth privmidiag eatintagi@sioay de gigrfoim éd
P2 9deaalg é&?ﬁﬁ%gg%&& from iitasent MAoR SHQUA K IEnces in
super resolution process. In this wa e Information about the scene
viRgpBetimphevesiste tomatasetsdage r@%f Uitsg iRt i ossriipe (Eeepssing
SRIFCANBIYHE IS GHRAN 15SSOIIHNNY PHRAGESn RS 1ﬁﬂ%§ﬁ€ﬁgﬁ)ﬁfth§ﬂlﬁr—m image is

near-|R imagers is apparent from equati Where ove entin
Rl ob el G R ek B v ateb iy

[BHR8cene (X\EOORI{Exig uneré’smedﬁmndhamedmh'awg& mm@gessddhe visible light
1191%2@8 5 gsng?nnH dlemngl 9% r&’x{h‘ &%ﬂfﬂ%&&%@@@&‘&%&%@ IPAW&MXCP fThe denoising

ers, according to on embodiment. First, lunia
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WO 2009/151903PC1711 S2009/044687 images, near-IR images and
chroma images are captured 710 by imagers in the camera array. Then
ROFBAlIZateRn is performed 714 on the captured images to MapmiysieM44687
addresses of the imagers to logical addresses in the enhanced image.
priXasalixweompeisafisgns! thémpeitorfred 120 o-8soteacanyhdiffsibledesdhin
it} {iSIAAGVISHSOL P dRRGRIRAYEIIN SRANA! BRPAGHONS BENIRERINRat cdges

_ imagers. Super-resolution processing is then performed 724 to obtain
in dhiesardBoitrage afAdhmAgRle i dnses srsducrexrdmrdarguLatye improve the
ovatevisishlyefl atheamia ineafyes! 0084 Then it is determined 728 if the

ighting condition is better than a p rameter. | Ighyi ifiopy
s o e iy AR AT IR | O M Rring
captpsiae spiadesdariRpiage WiBcrespattgdhs wtipdR dbasbietitigmageous,
A0S f@@dﬁ%%@&}ﬂé’(i§ éﬁ&ﬂu@ﬁ MeHMedorddi derurargenhogimpantptbanted,
_focus recovery is perfoimed 742 using PSF (point spread.functio —
BB S ARG A B St FRbunen 10 ebsg g et
[0B%&led on nberskRimbadiescaind virblamghinidgethapabgwthadizechinigeyigo pass
thPQ&Q&QGééBL{StﬁﬁtﬁéQ)pEQQ{%éMé%ﬁ@?&%@é@&ﬁ@%ﬁ\gﬁ@ tRlgEiNgight filter

condition is not better than the preset parameter, the super-resolve

BRI TR A BB A SR I8 PR g Sherper detal
in&li@ﬁéaﬁeﬁoi\ﬁ&@dum ineaagje sayedenei seds 3R disi mlg:theiﬁeaigl_lﬁmages using a
d %ﬁ&@ﬁ%\g@g dl%&% %%eg,h S g,@fnnfiéigcﬁsérﬁrﬁcﬁg d%t%%ﬁﬁr f 'l%ggc%r%§V ideo

recovery nd repeats the sa process as when the lighting condition
FisibttéiothpwahErppbisst pAPARERSIRARERRRs riRass ST lYMma 091 iibig 1s
inEMSIRaet Golacimagrs sith NeakriRmages 10086]The spectral
response of CMOS imagers is typically very good in the near-IR regions
DSRySHing S20BM.I0, B0 ahly, 990d hefween 800M and
o00nm.”Afthough near-IRTmages Naving no chroma information, .
[0p9dImation fnthidospaerarresio sl B TSErUR iR iAG EBHE B8 igpropriate

RRSHSE R heak IRyMagasareTlatively frer.olmeissrtiansrctiee dynamic
near-IR images may be used to denoise color ima%gs under }he ow
[

: (0]
G B L0 OB T 1S B RN RS Lt Highfgyvs the
admageriisafiesedaith tan titlver ingageofitm canisidedighsémagety BefisreThe linear
r%rigﬁ%gﬂ%%mé@ﬁgyﬁig&@s{ Istationds.nefosmead.hetwesnthgn. 1f the

ear-IR image and the visible light image to resolve differences in .
cXPeROIALS TS FagRIGMIOPCRBEE S8 dREHEASE TS e S1Pofiffivds too high the
pRARI RSO eSSIREISIER. MftRnthatagistatian|aprefaimestotss is taken to

luminance jnformation on the near-IR image, is interpolated tq grid.points .
BTG CHEH ORGP Pt LoUB AR s
bthenpixbtabnids fldienesvoetnemsn e ingsar | Rzirmagenantitine fsisieviggance,

203G Mé&@&lﬁmﬁa&ﬁﬁ&éé&@)&ﬁgqh@a@im isfer process may be
erformed. The dcnoising WO 2009/151903PCT/1J52009/044687

[19Bess alloWSrerrahediBrat iz MBHR AHSAUFSHY tHRASESFARTARR aB gty of
ivisible lighd dpaagaty impsone thipavesalSNRuefiie fusinrimageet Theapturing
.detalil transfer ensures that edges in.the near-IR image and ISi
e
eafimbledtsdrnanerfusey imtgex S0089dMvotrecSrhBoHimRasts aneRraRfashagers
AP oIHVE, g R 1SR HRUBRISAHHER AW fferent 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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capturing of an image by the near-IR imagers. Using the near-IR flash is

advantageous, among other reasons, because (i) the harsh lighting on

oRIs shopkivigrest may be prevented, (ii) ambient color of thepghjestdma46s7

be preserved, and (iii) red-eye effect may be prevented. 100901In one
merithadidyent)iarisiblef Bhorfiledh atratiowna ondy. nEhis IRexaysrodpaasic range is
YU s HRed da.furtheLRRIIMIAS A6.0Rlcs PPLasRfR.IMadiBg: Jitesbit
_visible light Tilter improves the near-IR optics transfer function because the
IpstoffEditesults in sharper details in the near-IR image. The details may

[odvsn be transfered ie theasdsibletighhissages asingpeedualditateralifitepdamal)
described,. for example, in Eric P. Benpett et al.,. "Multi ral Vi
G L A (AN GG HADITo GRE ) S e

usion,” Computer (4 PH Proceedin .

the GUBLIMTIEHNS intenbordeebBinrEfarai S RBIR e REVESIHBN DGPRE the

RIS RGIRENIRBLIRs R RilferithExpesvEsHRrbNagekscake 0@ vhly one
auto-exgoosure AE) algorithm.is important to (%btai in%

iat
RS AL B XL LB TR B 61 E AE B

e
egffeats thetdydenycaahgeebedptireshimaesdibal AE algorithm

[ Ir?éirmi“‘*lﬁ'&?@‘&%&‘&ﬁﬂéﬂ&?&é%ﬁ”% e%%ﬁﬁﬂéﬂ'{féé E‘F&ﬂ%&ﬁiﬁ@é‘ eigprctlﬁres

r region of the camera array's sensitivity range. The linear region Is

by rerebiaiamhibeansecs Yiodiasarianehsdrasrate O BEtERR S RS YEGidHC If
iHRES XRAS tHESRes Moy theqitisral Begamesbioet-waitvaiadiviiledfffhence in

exposure is too high the picture becomes over-saturated. In conventional
tk@a‘ﬁ?&%%?tzir? %’Dt%‘?alf%\‘/deg%rﬁ’(bcess is taken to reduce the difference between
[¢hRFisured Picturedorigidimess alridegrendousiget afhets O BRimewistie gapeaate HDR
ihieshelgrThis teratiye RILaTHEie S AR Ie AR TLimesthes.

convergence, and sometimes results in an unacceptable shutter delay. .
A[M%‘%%ﬁ%éb%éﬁﬂ% PRERITBABAGHNER BT AAigesPey %u%@%%i}’é?m
sidurality phriiagecs is indeperide othydirieasiresnfEpiaoifidlynaplBratisgos. To

Ag@&%aixv&b sfﬂgﬁgl@eﬁ&wgﬁggﬁ.%mgge%ﬁlap%e

IDTE perte ?&f‘cteoa?@% fng
"Hime f’o]?ecé)mpl?tlng the aogequ te exposure. For example, in a camera
usgddy ithiacioB imdgbessishe rBosn the HR RGeS aied deHeRaUR qHthibeigages
et SR IAIDEMAARRES May be set with different exposures. The
near-IR imagers are used to capture low-light 1gtspect of the scene and tured
[#989Lma imtne HROALBIETL TaPRRe THE T A RUIR MR SEPRR L BF the P e
tsaanepkHisdesylis incadotabofddspossibferexpoglrss. MhedXpasure ¢orl.,
.£ach imager is pffset fr jacent.i 13 .
B B R B S < bier Orphics
(FePPeSHF ORA B Tooermdings o & capetitéa | s YHESEHURT APRETSEPardesace
Heansigerablyiighanthanithadveital4tdBataipalilednimcenvweniignaing the
.camera with 8bit img e output?. thO93?t eacth Hmp %gg it e can be
PRAgSH s FfARRTLS 88%88 AR EE oP ST HEH BhlR BFHiSe
ritiiiplé imdigenstade analyzed based on how many exposures are needed
at the subsequent time instant. The ability to query multiple exposures
Simitaneously, ihe anaerof pessible exposures accelerates the search
compared to the case where only one expqsure is tested at.once, By. . i
A8 ing thelbRRESIUTRE THFE R HERS T AU e Sy ple imegers o
fabilites delsysrentidhootoshptiageinbjeteiradiscad. P9t hoprectral
Smhedimen fﬁ?ﬁ&%ﬂ&%ﬁﬁ)ﬂ%@ﬁéﬁ%ﬁﬁ@bmwwﬁ OSMRS BYance

combining the images after linearizing the imager response for each _
WehBEaRE. THeDPABESRORY ﬂ?@%‘éﬁggﬁsﬁ?aﬁ ‘Bé“l‘éa&{)?e%&tb‘"’éfﬁi%“m“ ustig
sompbining o eeepusiterihesdifieranoeiin thecuewpoiniseos thinPagens:!
100951In one-?mbg[gi'gnAﬁlnt, at least one imager includes HDR pixels to
OMBPLEE R A Jes  YIDR pixels are specialized pixels that capture

high dynamic range scenes. Although HDR pixels show superior
performances compared to other pixels;HDR pixels show poor
perfoimance at low lighting conditions in comparison with near-IR imagers.
To improve performance at low lighting conditions, signals from the
near-1R imagers may be used in conjunction with the signal from the HDR
imager to attain better quality images across different lighting conditions.

[00961In one embodiment, an HDR image is obtained by processing
imaneac cantiired by miiltinle imanere by nroceccecinA ac dieeclnead for




I-Jvperspectral Imaging In, Multiple Imagers [0097]In one embodiment, a

multi-spectral image is rendered by multiple imagers to facilitate the

segmantatianor recognition of objects in a scene. Because the&pegid aass7
. reflectance coefficients vary smoothly in most real world objects, the
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of the imagers are devoted to sampling in a shifted basic spectral
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different appearapnce in each image captured by different cameras, |f
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may be converted to the same illuminant to enhance object recognition
performance. [0102fln one embodiment, camera arrays with multiple

imagers arc used for providing medicalxiagnostic images. Full spectral
digitized images of diagnostic samples contribute to accurate diagnosis
because doctors and medical personnel can place higher confidence in

the resulting diagnosis. The imagers in the camera arrays -may be

provided with color filters to provide full spectral data. Such camera array

may be installed on cell phones to capture and transmit diagnostic
infarmatinn tn remote locatinne ac deceribed for evamnle in Andrac \\/



[0103]In one embodiment, a small imager (including, for example, 20-500
pixels) with a narrow spectral bandpass filters is used to produce a
sigradbieofdze ambient and local light sources in a scene. Byaisingdéiaacs7
small imager, the exposure and white balance characteristics may be
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ained by the same Imagers. Also, thefe Is a decrease in luma
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B B B0 PO LS AP B Ca TP e R Pl

m@maperatmnaembtevesbbyxmumwmmam Ras:tbib dotiohddgnent, the camera
tha %2\9&% S 46 LBl kthe ?@E%II 160 Z00M, IR GROSEG DI iaher
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lens element where only aberrations for a flxed focal length need to be
corrected. Additionally, the fixed lens inthe imagers has a fixed chief ray

angle for a given height, which is not the case with conventional image

sensor with a moving zoom lens. Second, the imagers allow simulation of
zoom lenses without significantly increasing the optical track height. The
reduced height allows implementation of thin modules even for camera

arrays with zooming capability. [01081The overhead required to support a
rartain lavel of antical 7z00m in cameaera arravve acceordina to ecomae



Table 2 No. of Imagers in Camera array No. of Luna Imagers at different

Zoom levels No. of Chroma Imagers at different Zoom Levels 1X 2X 3X
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with a 3X optical zoom feature, if 17 imagers are used to sample the luma (G) and 8 imagers
are used to sample the chroma (R and B), 17 luma imagers allow a resolution that is four
times higher than what is achieved by any single imager in the set of 17 imagers. If the
number of the imager is increased from 5 x 5 to 6 x 6, an addition of 11 extra imagers
becomes available. In comparison with the 8 Megapixel conventional image sensor fitted
with a 3X zoom lens, a resolution that is 60% of the conventional image sensor is achieved
when 8 of the additional 11 imagers are dedicated to sampling luma (G) and the remaining 3
imagers are dedicated to chroma (R and B) and near-IR sampling at 3X zoom. This
considerably reduces the chroma sampling (or near-IR sampling) to luma sampling ratio. The
reduced chroma to luma sampling ratio is somewhat offset by using the super-resolved luma
image at 3X zoom as a recognition prior on the chroma (and near-IR) image to resample the
chroma image at a higher resolution.
[0106] With 6 x 6 imagers, a resolution equivalent to the resolution of conventional
image sensor is achieved at 1X zoom. At 3X zoom, a resolution equivalent to about 60% of
conventional image sensor outfitted with a 3X zoom lens is obtained by the same imagers.
Also, there is a decrease in luma resolution at 3X zoom compared with conventional image
sensors with resolution at 3X zoom. The decreased luma resolution, however, is offset by the
fact that the optics of conventional image sensor has reduced efficiency at 3X zoom due to
crosstalk and optical aberrations.
[0107] The zoom operation achieved by multiple imagers has the following
advantages. First, the quality of the achieved zoom is considerably higher than what is
achieved in the conventional image sensor due to the fact that the lens elements may be
tailored for each change in focal length. In conventional image sensors, optical aberrations
and field curvature must be corrected across the whole operating range of the lens, which is
considerably harder in a zoom lens with moving elements than in a fixed lens element where
only aberrations for a fixed focal length need to be corrected. Additionally, the fixed lens in
the imagers has a fixed chief ray angle for a given height, which is not the case with
conventional image sensor with a moving zoom lens. Second, the imagers allow simulation
of zoom lenses without significantly increasing the optical track height. The reduced height
allows implementation 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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2517008003616 08804 [0109]In one embodiment, the pixels in

the images are mapped onto an output image with a size and resolution
COreesnogigng to the amount of zoom desired in order to provide;es30090ils7
zoom capability from the widest-angle view to the greatest-magnification
view. Assuming that the higher maghifitaZion lenses have the same center
of view as the lower magnification lenses, the image information available

is such that a centef area of the dfifageahas plighéChesatutioapensallable
than the o tefn%r%%s 'lH theirggg%@ %ft three.Qr or%tqiﬁy&gﬁ%g{yﬂcquons,
nested regions of different I‘eSOISUtIOH may be provided with resolution
increasing towafthe canterZfOMLESFimage with tHeYalst telephpto

effect has a resgiutjon detesminesikby] thx 1X 27X 31X
25 17 0 0 8 0 0
36 16 0 8 8 0 4
[0109] In one embodiment, the pixels in the images are mapped onto an output image

with a size and resolution corresponding to the amount of zoom desired in order to provide a
smooth zoom capability from the widest-angle view to the greatest-magnification view.
Assuming that the higher magnification lenses have the same center of view as the lower
magnification lenses, the image information available is such that a center area of the image
has a higher resolution available than the outer area. In the case of three or more distinct
magnifications, nested regions of different resolution may be provided with resolution
increasing toward the center.

[0116] An image with the most telephoto effect has a resolution determined by the
super-resolution ability of the imagers equipped with the telephoto lenses. An image with the
widest field of view can be formatted in at least one of two following ways. First, the wide
field image may be formatted as an image with a uniform resolution where the resolution is
determined by the super-resolution capability of the set of imagers having the wider-angle
lenses. Second, the wide field image is formatted as a higher resolution image where the
resolution of the central part of the image is determined by the super-resolution capability of
the set of imagers equipped with telephoto lenses. In the lower resolution regions,
information from the reduced number of pixels per image area is interpolated smoothly
across the larger number of “digital” pixels. In such an image, the pixel information may be
processed and interpolated so that the transition from higher to lower resolution regions
occurs smoothly.

[0111] In one embodiment, zooming is achieved by inducing a barrel-like distortion
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

_2%4 .



super-resolution ability of the imagers equipped with the telephoto lenses.
An image with the widest field of view can be formatted in at least one of
twiyfallomdngaways. First, the wide field image may be formatied @s28m/044687
image with a uniform resolution where the resolution is determined by the
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image where the resolution of the central part of the image is determined
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image at a desired zoom level is achieved using the mipmap by (i) taking
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mipmaps, smooth optical zoom may be simulated at'any point between
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each imager may overlap to improve operations under low-light .
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can enables slow-motion video playback at a normal video rate. [0114]In
one example, two luma imagers (greenzjsmagers or near-IR imagers), two
blue imagers and two green imagers are used to obtain high-definition
1080p images. Using pelmutations 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/see for 1080p video,
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[01161in one embodiment, the imagers in the camera arrays are

selectively activated to capture a video image. For example, 9 imagers

(in@udingsese near-IR imager) may be used to obtain 1080p $t32462632A30s7

pixels) images while 6 imagers (including one near-IR imager) may be
Stagéd dddehivatinti/@6P A8 N20 frixedshird@ed trrhiriagensy(imciadingd using
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images. Becauseé there is an accurate one-to-one pixel correspondence
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8X9985aNg et effest 10321 one embodiment, apertures of

different sizes are provided to obtain aperture diversity. The aperture size
WA direct FRIHROASRRSIER RS JUPHR 6 MaRF AR (e g distance to
hovaeinthearerined snganenaltyspadenashlatgeaascpossibledmatonw amge is
much light to reach the camera array. Different imagers may. receijve li
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of field, the aperture may be reduced whereas other imagers may have

large apertures to maximize the light reggived. By fusing the images from
sensor images of different aperture sizes, images with large depth of field
may be obtained without sacrificing the quality of the image. [0122]In one
embodiment, the camera array according to the present invention

refocuses based on images captured from offsets in viewpoints. Unlike a

conventional plenoptic camera, the images obtained from the camera
arravy of the nrecent invvention do not criffar from the eavireme |lnce Nnf




101231In one embodiment, each imager in the camera array has a

different centroid. That is, the optics of each imager are designed and

aynaesispihat the fields of view for each imager slightly ovedagddbiRliacs7

the most part constitute distinct tiles of a larger field of view. The images
clinammtedehsiof tedilesarelpandrany tallcstitcned tByebhertio sbsder size and
shc'ao{;'gl)? #?&\%tcr ﬁ’%r%l&t&'%;trﬂé‘%ad{yé% %Qggdgg&gpt?é?eqyéé %%991%961 F684; example,

n‘one embodiment, camera arrays may be formed on separate
a§wast¢§e%?sfaﬁcr%ﬁ&aﬁ%é%ﬁctﬁ%e§5%4@%&F@%%%W§ﬁét&t%@fﬁ&tﬁfﬁ&h
cdhelens elersentspRaaticisnager may be arranged so that the corner of

(s fied of View slghiy encomeasses;a Je S RENTICHANIOINS s capturd

trate. Thus, if four |magers Are mounte he motherboard wi
b@MW@@M@%%@@M@WWsE&F@%MWSu Asagjeinge felpepsent
ipkMiew wilkbe t%@@tlgmwg%@m&gewe@ﬂ bisialows ausipalepdesigrial
WLO lens arra Q er chi e used t capture different ti Ieéﬁof a
RO (e Pl r‘i*ﬂ%)t%“e I SHECRIB AT AR, ‘bﬁ‘é%?tﬁ%@%&t%“ FimAgers "
sargArangec tnagaptsmeamage&ethat Tare Stiteatlstenpede) deetixainorgmaic] based

olMAIRSNID Oy ﬁﬂé‘xﬁ’x‘?&ﬂgnf'r%%? &@Mﬁ%%vtmaﬂﬁﬁth%lmg ChPbSHIERk pixel-by-

Imagers have a field of view that encompasses the tiled’ im F?} enerated
PRI R S RTERP BV ITER b s Pe SR ISt it & JePE R
odiffigeatharacierist asal o @xample cﬂamay m@msg@b@atgdmma mrpeeform the

Iumrnancer %ogitcti%nt an chrominanc %C ence, several sets of
e Y,

h ti
mn?gmérubm C urﬂfhnfrtllgrel Wlﬁltn eir fleY(% |e\¥vem£ S{F}azrlﬁﬁaﬂcmgg’cm e

tlstlﬁtheﬂediewer imagers may be used to detect chrorninance with the field

@IMFW encopassing dhgeatitehed fis lGraf riew: af e W minaRce I aBa  Sperture
[0126]In one embodiment, the camera array with multiple im %?ers is

digfiHYe o BH A YR HZ PG Rt 6s T AHER IR AR PHE ARt aft Buniature
ommu@ﬂmhem lehehpagead hegaﬁaeny ratide af thetmagessbor exdinple msbtlight
of im ers can be mo d ina horlzontal Ilne I 0

% re?hgt in fﬁe quferga ehitsl sta gn(t)tnﬁge er C0651\r7d 11%1 ft %%E %%%%fgg?lfferem .
sthes. |rﬁagemsgaretamm@@mt@tgetﬁ@ﬁmﬁ@ﬂ%tﬁ’ér@%@%lﬁrh&@@@%ﬁ”hemdb

JMagRMIR Qﬁyl‘r\l@v&herg%gm& of pachindividughinagesds BhtAINRE 6O images
that details in the ect image that are half the ensjon, of tlzarls th
o 5 RV B TR R kg e BB GG T Dot

dbfgnmsvparbwusacviéidicaltioytindey, shthénmagers point outward. With a partial

[*gmﬂ the wigth of the, (ﬁg@t&ﬁt imagde s daubiea sl %tg?ngﬂ@&leﬂ?%v%ﬂon
solved Is reduce u

ecause each point’in the subject image is in the
mEleefshasd of iRe gerREwth TS drs IaW AR ks Bk ntiogal

SHRIgEE NAse, isiouaUaesuidar vhilmtedenithabcar peyesalvestish do not
the subjec further redu ed. Olflne econstruction and Proce%sle I%esem

AR R R S e @8%‘§/Iﬂtle| & G S T PRy hE
lpwemmuﬁmbbeﬁerepmcbmncwmtwwmm\fmg@mnm@g@@tacht@thgplenopm

B?Q etm%a@a §y&lao%§eqﬁt%lar9@aaeepgrn@s hardgliskdn g{ebe performed to

odiment, the images or video data includes rich light field data sets
@ﬁ&%ﬁéﬁam&ﬁaﬁé fistemAEton that were originally captured by the

panmra arrays eibemadiionakide fﬁé@tﬂtﬁl cauddnadaoabeyused differsiorentroid.
tfgagE%h%f video may, be played t%ack 0 %g@ttée 0 gttﬁteqet&%% OV for
S WI or wireless ommunl |on met S

2009:EE0APCPYSIQONO 68710 2B I o N BistinvicHes oidaager ficld of
providggl t%géﬁr%&yeécﬁ%mt@tﬁ@sf YRS pdi¥amically stitched together to render a single

high-resolution image.
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remote server may function both as a repository and an offline processing
engine for the images or video. Additionally, applets mashed as part of
PRRMBERRYSErsharing communities such as Flikr, Picasawebp&aegb@olsiacs?
etc. may allow images to be manipulated interactively, either individually
[@edbllaboratively crbnitierrsofaware grhags imsyimofimagstoaditirgapr ogbsimtes and
n{&?&(ela%ﬁ’ Ry ded H?OEH&‘%G%% WNadEaHe @%ﬁ%rpyﬁﬂglm%ﬁi@ﬂﬁ%ﬂg@mager

on computing devices such as desktops and laptops. [01291Various
ORR IS RESS ISR HeramThaY BBRRSE ﬂe&eﬂ@*&?ypﬂm&%a&mh?&
peglectivealy activaiediarsetandigifed byagaeo mptiaImprognaite storbctbnaidevith
egc%r? a‘:’ﬁﬁg{ r%e'i!cgcri] &)%%% e%t\%ritg o 9&%&%&% %&9&%@ WA AR BW&E}V wéll be four

rea e storage medium, such as, but Is not limi ed to, any type of disk
skigbHgrHopg disks Toptidlrisindpirone Wagheaaupyicardiapger chip to
bERALIAR Y. IER@rREARDM 6). o pirdeamRGEess memories (RA Ms), ~

PROMs, EEPROMSs, magnetic or optical cards, application specific .
[ﬁg rated 5%0%??56%& : Brogﬁﬁrti/npgé‘eoﬁmr%8%%%%%%@%a%?%%i?flogcapmm
ilegetr dricinstivbtio ispaddeeashoconislétagravotnpetepspstéiidsed view while
aﬁ&ﬁiﬁ[}%ﬁ@géw@&&m&gbsﬁéh@f@yﬁg&%mmﬁtﬁa?&ié&ﬁyggaamaé inelEge

single processor or may be architectures employing multiple processor
eaRERIP O inERbAdHEr BEPARY LA MRS O ANIRN RN with different
cemhedimentyansapplicationsefdherfresentinvenidanhiavecbeanlution than

llustrated and described herein, it is to.be understood that the invention is
RETIS O e e oo b e e A e
fetds tHat vanous smodific atiched cRevigfdsnagst vupdgonsdtagareahgaipance

e AU aRGRIPERL eRERTRIANH et Of dhromethadsandRRRARIMERSTs.
of the present invention without departing from the spirit and scape of th
[H3Shtion s ROEERHBHTF B S HERELETEIIE THIGA BASTR fygoumeq on o

t&;ﬁamercamyrctmtﬁmmge mpﬂh&ﬂidi@»r.d)tml?ﬁ emaxmal\nj brateachaamiiaaspect
HIEAER. sepalale ORUGS: AR & ORI LI SR LIBRAL A HLe on »
eac_:ﬁ camera’is configured to independently capture an image of a scene;
flskireimatisbptisssothasihtbamisscees winfighreacdtbrirddén taltierhview of
D186 tliekchofvigw dhabismshiffe diwitinee spect taib e fielak-pkriems ah §osvith
other cameras so that each shjft is configur gl.to (ilnclttjttlj%(?tuqiqluech bicot image
BB RSIS R RARAST thE CCAT BRI R POIATRG Camiera array s a &
toaaiithl€ intagratatmddateisohapeising E@Wgtbbsamingbwmmgtlﬁﬁée
r%ntk\{\éhtl)%gr?”sqem%osﬁg?ﬁ rfcﬁjﬁg];ﬁ'?tt%ﬁ %Jt%fﬂec‘}ﬁ Qﬁ@'ﬁﬁéﬁ@ym Butward.

p yraﬁty o] lens elements, where each lens element forms part of the

V6iher anstishheadishonidbrehbcathisrainage is dophlsdahiats Gpibthat can be
canelas inaludesaesotaphuality meiffefenthpessof ikfifteld afdew of two
wherejn cameras having the same type of filter.are uniformly distribute :
e R St SRR LS e MU e v
the detail that can be resolved in the subject is further reduced.

Offline Reconstruction and Processing

[6127] 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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2. The camera array of claim |, wherein at least one camera including a
20specific type of filter is located in each quadrant of the camera array.
3whhe@ariesa array of claim 2, wherein the cameras that inclugiew®2009/044687
specific type of filter are symmetrically distributed about the geometric
[0déRter of th&rcamenhosliragnt26ols ardlpiivelcheracastayaotolaies@yer. The

re%%@é%e‘?% RADSSR UM ‘d@'@%e%ﬁﬁ%@ Bl Uigfnd GEEELH %hg%eafﬁ%

filter; at least one camera including a Blue filter is located in each

ingitgselPArE S Adlitiora Biragpl o s shest Brie ah Y IoRAGIA BE T EPPHERtics
susHae@tad, inieashdgupdiaibbktharcgmbss aﬂaagesaﬂﬁe M&ThilRed in@tdemsily,

ei ne?i% 1V1 (l%ln%llu géggolgﬁ at1v elfllt%ru}%le%:gg \dviQee en é’l 1% (r)anq;[aOfth ting programs
camera arra € camera array o c.a 5 whnerein:. e Ch can%ep
nipchsdue el 2BE teEcnacteetrdilbarths ReaiEs dees AOANTEomRRtng

d&dileast NG eKer3 {m@lkgg{a@a Blue filter is located in each quadrant of
[&E‘ggﬁamera ) '%& 5, desert ’Eﬁé?eiﬂ%%‘%‘c e e s ocated I ter
edch quadrait Sring ara arr prsea g puip P
selectively activated or reconfigured by a computer program stored in the computer. Such a
computer program may be stored in a computer readable storage medium, such as, but is not
limited to, any type of disk including floppy disks, optical disks, CD-ROMs, magnetic-optical
disks, read-only memories (ROMSs), random access memories (RAMs), EPROMs,
EEPROMs, magnetic or optical cards, application specific integrated circuits (ASICs), or any
type of media suitable for storing electronic instructions, and each coupled to a computer
system bus. Furthermore, the computers referred to in the specification may include a single
processor or may be architectures employing multiple processor designs for increased
computing capability.
[0130] While particular embodiments and applications of the present invention have
been illustrated and described herein, it is to be understood that the invention is not limited to
the precise construction and components disclosed herein and that various modifications,
changes, and variations may be made in the arrangement, operation, and details of the
methods and apparatuses of the present invention without departing from the spirit and scope

of the invention as it is defined in the appended claims.
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at least one camera including a Red fi

Iter is located in each quadrant of

the camera array; and at least one camera including a near-IR filter is
located in each quadrant of the camera array. 15 6. The camera array

of claim 1, wherein each camera inclu
consisting of one or more Blue filters,

des a filter selected from the group MCSLLP
one or more Green filters, one or

more Red filters, one or more shifted spectral filters, one or more near-IR
filters, and one or more hyper-spectfaldfs. 20 7. The camera array

of claim 1, wherein cameras including

different types of filter operate with

at least one difference in operating parameters. 8. The camera array
of claint 7, whér&iingié A ivaseBiEditErence in operating parameters

includeg @iffaIRNCETIMENROSNGe cachDahlGRNEIRAIBY: ARl Iand a
wherein each camera includes control circuitry configured to enable each

Chrraiy tof bR st e peAahH NS GEe IR et P Ay o e rendently

whnteinihenaamera alsay,is at least a

4 x 4 array of cameras. 11.

The camera array of claim 10, wherein the camera array is a 4 x 4 array of

camera¥herein{he opacs ahersh HARP Bk M FHeR Maherehridigranaya field

isfa, 2w harrayefsampragspect tbithd MRlgasneiawd et slainchfheras so that
wherein the camera array is a 6 x 6 array of cameras. 1014.A camera

SRS BTG 19 PROMGIRAIBIRAG PARSBI Vb RAES sy B soene:

semicongefinr dukairaie anwhich adlongity iafeensdr e isndsEsing a single
formed, and wafer level optics inﬂl%%iﬁg a plurality of lens elements;

WHBIAA PR SROF TR LEpHRL A A

CSUESETISRES F0TPE K ARt} ot ics

lkgamesaspluralinerainiheeaamiconpetoicsubsty aleniealudes comrol the
circuitrg confisg]g,ured to eft ble each camera to operate independently;

separatt opticsIor one ol the cameras;

wherein each of the cameras includes one of a plurality of different types of

filter; and
wherein cameras having the same

the geometric center of the camera array.

2. The camera array of claim

type of filter are uniformly distributed about

1, wherein at least one camera including a

specific type of filter is located in each quadrant of the camera array.

3. The camera array of claim

2, wherein the cameras that include a specific

type of filter are symmetrically distributed about the geometric center of the camera

array.

4. The camera array of claim

2, wherein:

each camera includes either a Blue filter, a Green filter, or a Red filter;

at least one camera including a Blue filter is located in each quadrant of the

camera array,

at least one camera including a Green filter is located in each quadrant of the

camera array; and
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wherein each camera includes separate optics, and a plurality of sensor
elements, and is configured to capture an image of a scene; wherein

the optics of each camera are configured so that each camera has a field MCSLLP

of view that is shifted with respect to the field-of-views of the other
cameras so that each shift is configured to include a unique sub-pixel
shifted view of the scene; wherein each of the cameras includes one of at
least tHfdsAdifare RUBSIAr AR IaEg Red fdisiinlopaigh i rrelk i g bibe
filtekarekniformly distributed about the geometric center of the camera
array. 15.The camera array of claim 14, wherein at least one camera
including a specific type of filter is located in each quadrant of the camera

array. 30 16.The camesinpapyflglaim dheyehgrein the cameras that
include a specific type of filter are symmetrically distributed about the

geomeTAE RIS bIHEdEAFEPS 4r ?ﬁ‘ﬁ“rﬁ” e Aral ot el o near-IR

Wherein: each camera includes either a Blue filter, a Green filter, or a Red
filter; at least one camera including a Blue filter is |ocated in each

quadratht 6RtHeE SATBr A RS HE S s HE BRI LPSATRE g s e rifethe
iineateddn; each quadrant of the | Ocamera array; and - at least one

camera including a Red filter is Ioca(é(?%%?iﬁ]fach guadrant of the camera

array. & 1°38 PR S LR IACHHAYEdt Hiidpspied in each quadrant of the

camera array;

at least one camera including a Red filter is located in each quadrant of the
camera array; and

at least one camera including a near-IR filter is located in each quadrant of the

camera array.

6. The camera array of claim 1, wherein each camera includes a filter
selected from the group consisting of one or more Blue filters, one or more Green filters,
one or more Red filters, one or more shifted spectral filters, one or more near-IR filters,

and one or more hyper-spectral filters.

7. The camera array of claim 1, wherein cameras including different types

of filter operate with at least one difference in operating parameters.

8. The camera array of claim 7, wherein the at least one difference in

operating parameters includes differences in exposure.

9. The camera array of claim 1, wherein each camera includes control

circuitry configured to enable each camera to operate independently.

10.  The camera array of claim 1, wherein the camera array is at least a 4 x 4

array of cameras.
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15each camera includes either a Blue filter, a Green filter, a Red filter, or a
near-IR filter; at least one camera including a Blue filter is located in

each quadrant of the camera array; at least one camera including a Green  MCSLLP

filter is located in each quadrant of the 20camera array; at least one
camera including a Red filter is located in each quadrant of the camera

array; and at least one camera including a near-IR filter is located in

each quddrant b ¢renearerayatfalainsl 0, whgelthbhe sanete array isfackaint array
14 .Whstein each camera includes a filter selected from the group

consisting of one or more Blue filters, one or more Green filters, one or

more Red filters, one or more shifted spectral filters, one or more near-IR

filters, and ong-Re PRI NYRSEY-sPEGHA! fitalBeRGn 20 THE CAMALR N1RY ©f5 array
claim 14, wherein cameras including different types of filter operate with at

rRagts@difference in operating parameters. 21, The camera array of
claim 20, wherein the at least one difference in 5operating parameters

includes differences in exposure. 22.The camera array of claim 14,
whereirl the cdieraBftaTEabaei s A% Whetel) Siccemsragrroas The 6 array

cangharasray of claim 22, wherein the camera array is a 4 x 4 array

14. A camera array, comprising:

a monolithic integrated module including a semiconductor substrate on which a
plurality of sensor elements are formed, and wafer level optics including a plurality of
lens elements;

wherein the wafer level optics and the sensor elements form a plurality of
cameras;

wherein the semiconductor substrate includes control circuitry configured to
enable each camera to operate independently;

wherein each camera includes separate optics, and a plurality of sensor elements,
and is configured to capture an image of a scene;

wherein the optics of each camera are configured so that each camera has a field
of view that is shifted with respect to the field-of-views of the other cameras so that
each shift is configured to include a unique sub-pixel shifted view of the scene;

wherein each of the cameras includes one of at least three different color filter;
and

cameras having the same type of filter are uniformly distributed about the

geometric center of the camera array.

15, The camera array of claim 14, wherein at least one camera including a

specific type of filter is located in each quadrant of the camera array.
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of cameras. 24. The camera array of claim 22, wherein the camera
array is a 5 x 5 array of cameras. 15 25. The camera array of claim

22, wherein the camera array is a 6 x 6 array of cameras. MCSLLP

16.  The camera array of claim 14, wherein the cameras that include a
specific type of filter are symmetrically distributed about the geometric center of the

camera array.

17. The camera array of claim 14, wherein:

each camera includes either a Blue filter, a Green filter, or a Red filter;

at least one camera including a Blue filter is located in each quadrant of the
camera array;

at least one camera including a Green filter is located in each quadrant of the
camera array; and

at least one camera including a Red filter is located in each quadrant of the

camera array.

18. The camera array of claim 14, wherein:

each camera includes either a Blue filter, a Green filter, a Red filter, or a near-IR
filter;

at least one camera including a Blue filter is located in each quadrant of the
camera array,

at least one camera including a Green filter is located in each quadrant of the
camera array,

at least one camera including a Red filter is located in each quadrant of the
camera array; and

at least one camera including a near-IR filter is located in each quadrant of the

camera array.

19. The camera array of claim 14, wherein each camera includes a filter
selected from the group consisting of one or more Blue filters, one or more Green filters,
one or more Red filters, one or more shifted spectral filters, one or more near-IR filters,

and one or more hyper-spectral filters.
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20.  The camera array of claim 14, wherein cameras including different types

of filter operate with at least one difference in operating parameters.

21.  The camera array of claim 20, wherein the at least one difference in

operating parameters includes differences in exposure.

22. The camera array of claim 14, wherein the camera array is at least a 4 x 4

array of cameras.

23.  The camera array of claim 22, wherein the camera array is a 4 x 4 array
of cameras.

24.  The camera array of claim 22, wherein the camera array is a 5 x 5 array
of cameras.

25.  The camera array of claim 22, wherein the camera array is a 6 x 6 array
of cameras.
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