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CAMERA MODULES PATTERNEDWITH pi FILTER GROUPS

FIELD OF THE INVENTION

[0001] The present invention relates generally to digital cameras and more specifically to

filter patterns utilized in camera modules of array cameras.

BACKGROUND OF THE INVENTION

[0002] Conventional digital cameras typically include a single focal plane with a lens stack.

The focal plane includes an array of light sensitive pixels and is part of a sensor. The lens stack

creates an optical channel that forms an image of a scene upon the array of light sensitive pixels

in the focal plane. Each light sensitive pixel can generate image data based upon the light

incident upon the pixel.

[0003] In a conventional color digital camera, an array of color filters is typically applied to

the pixels in the focal plane of the camera's sensor. Typical color filters can include red, green

and blue color filters. A demosaicing algorithm can be used to interpolate a set of complete red,

green and blue values for each pixel of image data captured by the focal plane given a specific

color filter pattern. One example of a camera color filter pattern is the Bayer filter pattern. The

Bayer filter pattern describes a specific pattern of red, green and blue color filters that results in

50% of the pixels in a focal plane capturing green light, 25% capturing red light and 25%

capturing blue light.

[0004] Conventional photography can be enhanced with an understanding of binocular

imaging. Binocular viewing of a scene creates two slightly different images of the scene due to

the different fields of view of each eye. These differences, referred to as binocular disparity (or

parallax), provide information that can be used to calculate depth in the visual scene, providing a

major means of depth perception. The impression of depth associated with stereoscopic depth

perception can also be obtained under other conditions, such as when an observer views a scene

with only one eye while moving. The observed parallax can be utilized to obtain depth

information for objects in the scene. Similar principles in machine vision can be used to gather

depth information.

[0005] For example, two cameras separated by a distance can take pictures of the same scene

and the captured images can be compared by shifting the pixels of two or more images to find

parts of the images that match. The amount an object shifts between different camera views is



called the disparity, which is inversely proportional to the distance to the object. A disparity

search that detects the shift of an object in multiple images can be used to calculate the distance

to the object based upon the baseline distance between the cameras and the focal length of the

cameras involved. The approach of using two or more cameras to generate stereoscopic three-

dimensional images is commonly referred to as multi-view stereo.

[0006] When multiple images of a scene are captured from different perspectives and the

scene includes foreground objects, the disparity in the location of the foreground object in each

of the images results in portions of the scene behind the foreground object being visible in some

but not all of the images. A pixel that captures image data concerning a portion of a scene,

which is not visible in images captured of the scene from other viewpoints, can be referred to as

an occluded pixel.

[0007] FIGS. 1A and IB illustrate the principles of parallax and occlusion. FIG. 1A depicts

the image 100 captured by a first camera having a first field of view, whereas FIG. IB depicts

the image 102 captured by a second adjacent camera having a second field of view. In the image

100 captured by the first camera, a foreground object 104 appears slightly to the right of the

background object 106. However, in the image 102 captured by the second camera, the

foreground object 104 appears shifted to the left hand side of the background object 106. The

disparity introduced by the different fields of view of the two cameras is equal to the difference

between the location of the foreground object 104 in the image captured by the first camera

(indicated in the image captured by the second camera by ghost lines 108) and its location in the

image captured by the second camera. The distance from the two cameras to the foreground

object can be obtained by determining the disparity of the foreground object in the two captured

images, and this is described in U.S. Patent Application Serial No. 61/780,906, entitled "Systems

and Methods for Parallax Detection and Correction in Images Captured Using Array Cameras."

The disclosure of U.S. Patent Application Serial No. 61/780,906 is incorporated by reference

herein in its entirety.

[0008] Additionally, referring to FIGS. 1A and IB, when the viewpoint of the second

camera, the field of view of which is depicted in FIG. IB, is selected as a reference viewpoint,

the pixels contained within the ghost lines 108 in the image 102 can be considered to be

occluded pixels (i.e. the pixels capture image data from a portion of the scene that is visible in

the image 102 captured by the second camera and is not visible in the image 100 captured by the



first camera). In the second image 102, the pixels of the foreground object 104 can be referred to

as occluding pixels as they capture portions of the scene that occlude the pixels contained within

the ghost lines 108 in the image 102. Due to the occlusion of the pixels contained within the

ghost lines 108 in the second image 102, the distance from the camera to portions of the scene

visible within the ghost lines 108 cannot be determined from the two images as there are no

corresponding pixels in the image 100 shown in FIG. 1A.

SUMMARY OF THE INVENTION

[0009] Systems and methods in accordance with embodiments of the invention pattern array

camera modules with π filter groups. In one embodiment, an array camera module includes: an

M x N imager array including a plurality of focal planes, each focal plane including an array of

light sensitive pixels; an M x N optic array of lens stacks, where each lens stack corresponds to a

focal plane, and where each lens stack forms an image of a scene on its corresponding focal

plane; where each pairing of a lens stack and its corresponding focal plane thereby defines a

camera; where at least one row in the M x N array of cameras includes at least one red color

camera, at least one green color camera, and at least one blue color camera; and where at least

one column in the M x N array of cameras includes at least one red color camera, at least one

green color camera, and at least one blue color camera.

[0010] In another embodiment, M and N are each greater than two and at least one of M and

N is even; color filters are implemented within the cameras in the array camera module such that

the array camera module is patterned with at least one π filter group including: a 3 x 3 array of

cameras including: a reference camera at the center of the 3 x 3 array of cameras; two red color

cameras located on opposite sides of the 3 x 3 array of cameras; two blue color cameras located

on opposite sides of the 3 x 3 array of cameras; and four green color cameras surrounding the

reference camera.

[0011] In yet another embodiment, each of the four green color cameras surrounding the

reference camera is disposed at a corner location of the 3 x 3 array of cameras.

[0012] In still another embodiment, M is four; N is four; the first row of cameras of the 4 x 4

array camera module includes, in the following order, a green color camera, a blue color camera,

a green color camera, and a red color camera; the second row of cameras of the 4 x 4 array

camera module includes, in the following order, a red color camera, a green color camera, a red



color camera, and a green color camera; the third row of cameras of the 4 x 4 array camera

module includes, in the following order, a green color camera, a blue color camera, a green color

camera, and a blue color camera; and the fourth row of cameras of the 4 x 4 array camera module

includes, in the following order, a blue color camera, a green color camera, a red color camera,

and a green color camera.

[0013] In an even further embodiment, M is four; N is four; the first row of cameras of the 4

x 4 array camera module includes, in the following order, a red color camera, a green color

camera, a blue color camera, and a green color camera; the second row of cameras of the 4 x 4

array camera module includes, in the following order a green color camera, a red color camera, a

green color camera, and a red color camera; the third row of cameras of the 4 x 4 array camera

module includes, in the following order, a blue color camera, a green color camera, a blue color

camera, and a green color camera; and the fourth row of cameras of the 4 x 4 array camera

module includes, in the following order, a green color camera, a red color camera, a green color

camera, and a blue color camera.

[0014] In still another embodiment, the reference camera is a green color camera.

[0015] In still yet another embodiment, the reference camera is one of: a camera that

incorporates a Bayer filter, a camera that is configured to capture infrared light, and a camera

that is configured to capture ultraviolet light.

[0016] In a still yet further embodiment, each of the two red color cameras is located at a

corner location of the 3 x 3 array of cameras, and each of the two blue color cameras is located at

a corner location of the 3 x 3 array of cameras.

[0017] In another embodiment, at least one color filter is implemented on the imager array.

[0018] In a further embodiment, at least one color filter is implemented on a lens stack.

[0019] In another embodiment, a 3 x 3 array camera module includes: a 3 x 3 imager array

including a 3 x 3 arrangement of focal planes, each focal plane including an array of light

sensitive pixels; a 3 x 3 optic array of lens stacks, where each lens stack corresponds to a focal

plane, and where each lens stack forms an image of a scene on its corresponding focal plane;

where each pairing of a lens stack and its corresponding focal plane thereby defines a camera;

where the 3 x 3 array of cameras includes: a reference camera at the center of the 3 x 3 array of

cameras; two red color cameras located on opposite sides of the 3 x 3 array of cameras; two blue

color cameras located on opposite sides of the 3 x 3 array of cameras; and four green color



cameras, each located at a corner location of the 3 x 3 array of cameras; where each of the color

cameras is achieved using a color filter.

[0020] In a further embodiment, at least one color filter is implemented on the imager array

to achieve a color camera.

[0021] In a still yet further embodiment, at least one color filter is implemented within a lens

stack to achieve a color camera.

[0022] In yet another embodiment, the reference camera is a green color camera.

[0023] In an even further embodiment, the reference camera is one of: a camera that

incorporates a Bayer filter, a camera that is configured to capture infrared light, and a camera

that is configured to capture ultraviolet light.

[0024] In another embodiment, a method of patterning an array camera module with at least

one π filter group includes: evaluating whether an imager array of M x N focal planes, where

each focal plane comprises an array of light sensitive pixels, includes any defective focal planes;

assembling an M x N array camera module using: the imager array of M x N focal planes; an M

x N optic array of lens stacks, where each lens stack corresponds with a focal plane, where the M

x N array camera module is assembled so that: each lens stack and its corresponding focal plane

define a camera; color filters are implemented within the array camera module such that the

array camera module is patterned with at least one π filter group including: a 3 x 3 array of

cameras including: a reference camera at the center of the 3 x 3 array of cameras; two red color

cameras located on opposite sides of the 3 x 3 array of cameras; two blue color cameras located

on opposite sides of the 3 x 3 array of cameras; and four green color cameras surrounding the

reference camera; and where the array camera module is patterned with the at least one π filter

group such that a camera that includes a defective focal plane is a green color camera.

[0025] In a further embodiment, at least one color filter is implemented on the imager array.

[0026] In a still further embodiment, at least one color filter is implemented within a lens

stack.

[0027] In an even further embodiment, the reference camera is a green color camera.

[0028] In still yet another embodiment, the reference camera is one of: a camera that

incorporates a Bayer filter, a camera that is configured to capture infrared light, and a camera

that is configured to capture ultraviolet light.



[0029] In another embodiment, an array camera module includes: an imager array

comprising M x N focal planes, where each focal plane comprises a plurality of rows of pixels

that also form a plurality of columns of pixels and each active focal plane is contained within a

region of the imager array that does not contain pixels from another focal plane; an optic array of

M x N lens stacks, where an image is formed on each focal plane by a separate lens stack in the

optic array of lens stacks; wherein the imager array and the optic array of lens stacks form an M

x N array of cameras that are configured to independently capture an image of a scene; where at

least one row in the M x N array of cameras comprises at least one red color camera, at least one

green color camera, and at least one blue color camera; and where at least one column in the M x

N array of cameras comprises at least one red color camera, at least one green color camera, and

at least one blue color camera.

[0030] In yet another embodiment, the red color camera is a camera that captures image data

including electromagnetic waves having a wavelength within the range of 620 nm and 750 nm;

the green color camera is a camera that captures image data including electromagnetic waves

having a wavelength within the range of 495 nm and 570 nm; and the blue color camera is a

camera that captures image data including electromagnetic waves having a wavelength within

the range of 450 nm and 495 nm.

[0031] In still another embodiment, the optics of each camera within the array camera

module are configured so that each camera has a field of view of a scene that is shifted with

respect to the fields of view of the other cameras so that each shift of the field of view of each

camera with respect to the fields of view of the other cameras is configured to include a unique

sub-pixel shifted view of the scene.

[0032] In a further embodiment, M and N are each greater than two and at least one of M and

N is even; color filters are implemented within the cameras in the array camera module such that

the array camera module is patterned with at least one π filter group including: a 3 x 3 array of

cameras including: a reference camera at the center of the 3 x 3 array of cameras; two red color

cameras located on opposite sides of the 3 x 3 array of cameras; two blue color cameras located

on opposite sides of the 3 x 3 array of cameras; and four green color cameras surrounding the

reference camera.

[0033] In an yet further embodiment, each of the four green color cameras surrounding the

reference camera is disposed at a corner location of the 3 x 3 array of cameras.



[0034] In yet still further embodiment, M is four; N is four; the first row of cameras of the 4

x 4 array camera module includes, in the following order, a green color camera, a blue color

camera, a green color camera, and a red color camera; the second row of cameras of the 4 x 4

array camera module includes, in the following order, a red color camera, a green color camera, a

red color camera, and a green color camera; the third row of cameras of the 4 x 4 array camera

module includes, in the following order, a green color camera, a blue color camera, a green color

camera, and a blue color camera; and the fourth row of cameras of the 4 x 4 array camera module

includes, in the following order, a blue color camera, a green color camera, a red color camera,

and a green color camera.

[0035] In an even further embodiment, M is four; N is four; the first row of cameras of the 4

x 4 array camera module includes, in the following order, a red color camera, a green color

camera, a blue color camera, and a green color camera; the second row of cameras of the 4 x 4

array camera module includes, in the following order a green color camera, a red color camera, a

green color camera, and a red color camera; the third row of cameras of the 4 x 4 array camera

module includes, in the following order, a blue color camera, a green color camera, a blue color

camera, and a green color camera; and the fourth row of cameras of the 4 x 4 array camera

module includes, in the following order, a green color camera, a red color camera, a green color

camera, and a blue color camera.

[0036] In another embodiment, the reference camera within the at least one π filter group is a

green color camera.

[0037] In a further embodiment, the reference camera within the at least one π filter group is

a camera that incorporates a Bayer filter.

[0038] In a still further embodiment, the reference camera is one of: a camera that

incorporates a Bayer filter, a camera that is configured to capture infrared light, and a camera

that is configured to capture ultraviolet light.

[0039] In yet another embodiment, each of the two red color cameras is located at a corner

location of the 3 x 3 array of cameras, and wherein each of the two blue color cameras is located

at a corner location of the 3 x 3 array of cameras.

[0040] In still yet another embodiment, at least one color filter is implemented on the imager

array.

[0041] In a yet further embodiment, at least one color filter is implemented on a lens stack.



[0042] In another embodiment, a 3 x 3 array camera module includes: a 3 x 3 imager array

including a 3 x 3 arrangement of focal planes, where each focal plane comprises a plurality of

rows of pixels that also form a plurality of columns of pixels and each active focal plane is

contained within a region of the imager array that does not contain pixels from another focal

plane; a 3 x 3 optic array of lens stacks, where an image is formed on each focal plane by a

separate lens stack in the optic array of lens stacks; where the imager array and the optic array of

lens stacks form a 3 x 3 array of cameras that are configured to independently capture an image

of a scene; where the 3 x 3 array of cameras includes: a reference camera at the center of the 3 x

3 array of cameras; two red color cameras located on opposite sides of the 3 x 3 array of

cameras; two blue color cameras located on opposite sides of the 3 x 3 array of cameras; and four

green color cameras, each located at a corner location of the 3 x 3 array of cameras; where each

of the color cameras is achieved using a color filter.

[0043] In yet another embodiment, at least one color filter is implemented on the imager

array to achieve a color camera.

[0044] In still yet another embodiment, at least one color filter is implemented within a lens

stack to achieve a color camera.

[0045] In a further embodiment, the reference camera is a green color camera.

[0046] In a yet further embodiment, the reference camera is one of: a camera that

incorporates a Bayer filter, a camera that is configured to capture infrared light, and a camera

that is configured to capture ultraviolet light.

[0047] In another embodiment, an array camera module includes: an imager array

comprising M x N focal planes, where each focal plane comprises a plurality of rows of pixels

that also form a plurality of columns of pixels and each active focal plane is contained within a

region of the imager array that does not contain pixels from another focal plane; an optic array of

M x N lens stacks, where an image is formed on each focal plane by a separate lens stack in the

optic array of lens stacks; wherein the imager array and the optic array of lens stacks form an M

x N array of cameras that are configured to independently capture an image of a scene; and

wherein at least either one row or one column in the M x N array of cameras comprises at least

one red color camera, at least one green color camera, and at least one blue color camera.

[0048] In yet another embodiment, M is three; N is three; the first row of cameras of the 3 x

3 array camera module includes, in the following order, a blue color camera, a green color



camera, and a green color camera; the second row of cameras of the 3 x 3 array camera module

includes, in the following order a red color camera, a green color camera, and a red color camera;

and the third row of cameras of the 3 x 3 array camera module includes, in the following order, a

green color camera, a green color camera, and a blue color camera.

[0049] In still yet another embodiment, M is three; N is three; the first row of cameras of the

3 x 3 array camera module includes, in the following order, a red color camera, a green color

camera, and a green color camera; the second row of cameras of the 3 x 3 array camera module

includes, in the following order a blue color camera, a green color camera, and a blue color

camera; and the third row of cameras of the 3 x 3 array camera module includes, in the following

order, a green color camera, a green color camera, and a red color camera.

[0050] In another embodiment, an array camera includes: an array camera module,

including: an imager array comprising M x N focal planes, where each focal plane comprises a

plurality of rows of pixels that also form a plurality of columns of pixels and each active focal

plane is contained within a region of the imager array that does not contain pixels from another

focal plane; an optic array of M x N lens stacks, where an image is formed on each focal plane

by a separate lens stack in the optic array of lens stacks; where the imager array and the optic

array of lens stacks form an M x N array of cameras that are configured to independently capture

an image of a scene; where at least one row in the M x N array of cameras comprises at least one

red color camera, at least one green color camera, and at least one blue color camera; and where

at least one column in the M x N array of cameras comprises at least one red color camera, at

least one green color camera, and at least one blue color camera; and a processor that includes an

image processing pipeline, the image processing pipeline including: a parallax detection module;

and a super-resolution module; where the parallax detection module is configured to obtain a

reference low resolution image of a scene and at least one alternate view image of the scene from

the camera module; where the parallax detection module is configured to compare the reference

image and the at least one alternate view image to determine a depth map and an occlusion map

for the reference image; and where the super-resolution module is configured to synthesize a

high resolution image using at least the reference image, the depth map, the occlusion map and

the at least one alternate view image.



BRIEF DESCRIPTION OF THE DRAWINGS

[0051] FIGS. 1A and IB illustrate the principles of parallax and occlusion as they pertain to

image capture, and which can be addressed in accordance with embodiments of the invention.

[0052] FIG. 2 illustrates an array camera with a camera module and processor in accordance

with an embodiment of the invention.

[0053] FIG. 3 illustrates a camera module with an optic array and imager array in accordance

with an embodiment of the invention.

[0054] FIG. 4 illustrates an image processing pipeline in accordance with an embodiment of

the invention.

[0055] FIG. 5A conceptually illustrates a 3 x 3 camera module patterned with a π filter group

where red cameras are arranged horizontally and blue cameras are arranged vertically in

accordance with an embodiment of the invention.

[0056] FIG. 5B conceptually illustrates a 3 x 3 camera module patterned with a π filter group

where red cameras are arranged vertically and blue cameras are arranged horizontally in

accordance with an embodiment of the invention.

[0057] FIG. 5C conceptually illustrates a 3 x 3 camera module patterned with a π filter group

where red cameras and blue cameras are arranged at the corner locations of the 3 x 3 camera

module in accordance with an embodiment of the invention

[0058] FIGS. 5D and 5E conceptually illustrate a number of 3 x 3 camera modules patterned

with a π filter group.

[0059] FIG. 6 conceptually illustrates a 4 x 4 camera module patterned with two π filter

groups in accordance with an embodiment of the invention.

[0060] FIG. 7 conceptually illustrates a 4 x 4 camera module patterned with two π filter

groups with two cameras that could each act as a reference camera in accordance with an

embodiment of the invention.

[0061] FIG. 8A illustrates a process for testing an imager array for defective focal planes to

create a camera module that reduces the effect of any defective focal plane in accordance with an

embodiment of the invention.

[0062] FIG. 8B conceptually illustrates a 4 x 4 camera module patterned with two π filter

groups where a faulty focal plane causes a loss of red coverage around possible reference

cameras.



[0063] FIG. 8C conceptually illustrates the 4 x 4 camera module patterned with a different

arrangement of π filter groups relative to FIG. 6B where the faulty focal plane does not result in

a loss of red coverage around possible reference cameras in accordance with an embodiment of

the invention.

[0064] FIG. 9A conceptually illustrates use of a subset of cameras to produce a left virtual

viewpoint for an array camera operating in 3D mode on a 4 x 4 camera module patterned with π

filter groups in accordance with an embodiment of the invention.

[0065] FIG. 9B conceptually illustrates use of a subset of cameras to produce a right virtual

viewpoint for an array camera operating in 3D mode on a 4 x 4 camera module patterned with π

filter groups in accordance with an embodiment of the invention.

[0066] FIGS. 9C and 9D conceptually illustrate array camera modules that employ π filter

groups to capture stereoscopic images with viewpoints that correspond to the viewpoints of

reference cameras within the camera array.

[0067] FIG. 10 conceptually illustrates a 4 x 4 camera module patterned with π filter groups

where nine cameras are utilized to capture image data used to synthesize frames of video in

accordance with an embodiment of the invention.

[0068] FIG. 11 is a flow chart illustrating a process for generating color filter patterns

including π filter groups in accordance with embodiments of the invention.

[0069] FIGS. 2A - 12D illustrate a process for generating a color filter pattern including π

filter groups for a 5 x 5 array of cameras in accordance with embodiments of the invention.

[0070] FIGS. 13A - 13D illustrate a process for generating a color filter pattern including π

filter groups for a 4 x 5 array of cameras in accordance with embodiments of the invention.

[0071] FIG. 14 illustrates a 7 x 7 array of cameras patterned using π filter groups in

accordance with embodiments of the invention.

DETAILED DESCRIPTION

[0072] Turning now to the drawings, systems and methods for patterning array cameras with

π filter groups in accordance with embodiments of the invention are illustrated. In many

embodiments, camera modules of an array camera are patterned with one or more π filter groups.

The term patterned here refers to the use of specific color filters in individual cameras within the

camera module so that the cameras form a pattern of color channels within the array camera.



The term color channel or color camera can be used to refer to a camera that captures image data

within a specific portion of the spectrum and is not necessarily limited to image data with respect

to a specific color. For example, a 'red color camera' is a camera that captures image data that

corresponds with electromagnetic waves (i.e., within the electromagnetic spectrum) that humans

conventionally perceive as red, and similarly for 'blue color cameras', 'green color cameras', etc.

In other words, a red color camera may capture image data corresponding with electromagnetic

waves having wavelengths of between approximately 620 nm and 750 nm; a green color camera

may capture image data corresponding with electromagnetic waves having wavelengths of

between approximately 495 nm and approximately 570 nm; and a blue color camera may capture

image data corresponding with electromagnetic waves having wavelengths of between

approximately 450 nm and 495 nm. In other embodiments, the portions of the visible light

spectrum that are captured by blue color cameras, green color cameras and red color cameras can

depend upon the requirements of a specific application. The term Bayer camera can be used to

refer to a camera that captures image data using the Bayer filter pattern on the image plane. In

many embodiments, a color channel can include a camera that captures infrared light, ultraviolet

light, extended color and any other portion of the visible spectrum appropriate to a specific

application. The term π filter group refers to a 3 x 3 group of cameras including a central camera

and color cameras distributed around the central camera to reduce occlusion zones in each color

channel. The central camera of a π filter group can be used as a reference camera when

synthesizing an image using image data captured by an imager array. A camera is a reference

camera when its viewpoint is used as the viewpoint of the synthesized image. The central

camera of a π filter group is surrounded by color cameras in a way that minimizes occlusion

zones for each color camera when the central camera is used as a reference camera. Occlusion

zones are areas surrounding foreground objects not visible to cameras that are spatially offset

from the reference camera due to the effects of parallax.

[0073] As is discussed further below, increasing the number of cameras capturing images of

a scene from different viewpoints in complementary occlusion zones around the reference

viewpoint increases the likelihood that every portion of the scene visible from the reference

viewpoint is also visible from the viewpoint of at least one of the other cameras. When the array

camera uses different cameras to capture different wavelengths of light (e.g. RGB), distributing

at least one camera that captures each wavelength of light in the quadrants surrounding a



reference viewpoint can significantly decrease the likelihood that a portion of the scene visible

from the reference viewpoint will be occluded in every other image captured within a specific

color channel. In a number of embodiments, a similar decrease in the likelihood that a portion of

the scene visible from the reference viewpoint will be occluded in every other image captured

within a specific color channel can be achieved using two cameras in the same color channel that

are located on opposite sides of a reference camera or three cameras in each color channel that

are distributed in three sectors around the reference camera. In other embodiments, cameras can

be distributed in more than four sectors around the reference camera.

[0074] In several embodiments, the central camera of a π filter group is a green camera while

in other embodiments the central camera captures image data from any appropriate portion of the

spectrum. In a number of embodiments, the central camera is a Bayer camera (i.e. a camera that

utilizes a Bayer filter pattern to capture a color image). In many embodiments, a π filter group is

a 3 x 3 array of cameras with a green color camera at each corner and a green color camera at the

center which can serve as the reference camera with a symmetrical distribution of red and blue

cameras around the central green camera. The symmetrical distribution can include

arrangements where either red color cameras are directly above and below the center green

reference camera with blue color cameras directly to the left and right, or blue color cameras

directly above and below the green center reference camera with red color cameras directly to

the left and right.

[0075] Camera modules of dimensions greater than a 3 x 3 array of cameras can be patterned

with π filter groups in accordance with many embodiments of the invention. In many

embodiments, patterning a camera module with π filter groups enables an efficient distribution of

cameras around a reference camera that reduces occlusion zones. In several embodiments,

patterns of π filter groups can overlap with each other such that two overlapping π filter groups

on a camera module share common cameras. When overlapping π filter groups do not span all of

the cameras in the camera module, cameras that are not part of a π filter group can be assigned a

color to reduce occlusion zones in the resulting camera array by distributing cameras in each

color channel within each of a predetermined number of sectors surrounding a reference camera

and/or multiple cameras that can act as reference cameras within the camera array.

[0076] In some embodiments, camera modules can be patterned with π filter groups such that

either at least one row in the camera module or at least one column in the camera module



includes at least one red color camera, at least one green color camera, and at least one blue color

camera. In many embodiments, at least one row and at least one column of the array camera

module include at least one red color camera, at least one green color camera, and at least one

blue color camera. These arrangements can reduce instances of occlusion, as they result in the

distribution of cameras that capture different wavelengths throughout the camera. Of course any

suitable combination of cameras can be implemented using this scheme. For example, in several

embodiments, at least one row and at least one column of the array camera module include at

least one cyan color camera, at least one magenta color camera, and at least one yellow color

camera (e.g. color cameras that correspond with the CMYK color model). In some embodiments,

at least one row and at least one column of the array camera module include at least one red

color camera, at least one yellow color camera, and at least one blue color camera (e.g. color

cameras that correspond with the RYB color model).

[0077] Additionally, camera modules of an M x N dimension, where at least one of M and N

is an even number may also be patterned with π filter groups in accordance with many

embodiments of the invention. These camera modules are distinct from an M x N camera module

where both M and N are odd numbers insofar as where at least one of M and N is even, none of

the constituent cameras align with the center of the camera array. Conversely, where M and N

are both odd, there is a camera that corresponds with the center of the camera array. For

example, in the 3 x 3 camera module that employs a single π filter group, there is a central

camera that corresponds with the center of the camera array. Cameras that align with the center

of the camera array are typically selected as the reference camera of the camera module.

Accordingly, where one of M and N is even, any suitable camera may be utilized as the reference

camera of the camera module. Additionally, color cameras surrounding the reference camera

need not be uniformly distributed but need only be distributed in a way to minimize or reduce

occlusion zones of each color from the perspective of the reference camera. Utilization of a

reference camera in a filter group to synthesize an image from captured image data can be

significantly less computationally intensive than synthesizing an image using the same image

data from a virtual viewpoint.

[0078] High quality images or video can be captured by an array camera including a camera

module patterned with π filter groups utilizing a subset of cameras within the camera module

(i.e. not requiring that all cameras on a camera module be utilized). Similar techniques can also

- -



be used for efficient generation of stereoscopic 3D images utilizing image data captured by

subsets of the cameras within the camera module.

[0079] Patterning camera modules with π filter groups also enables robust fault tolerance in

camera modules with multiple π filter groups as multiple possible reference cameras can be

utilized if a reference camera begins to perform sub optimally. Patterning camera modules with

π filter groups also allows for yield improvement in manufacturing camera modules as the

impact of a defective focal plane on a focal plane array can be minimized by simply changing the

pattern of the color lens stacks in an optic array. Various π filter groups and the patterning of

camera modules with π filter groups in accordance with embodiments of the invention are

discussed further below.

Array Cameras

[0080] In many embodiments, an array camera includes a camera module and a processor.

An array camera with a camera module patterned with π filter groups in accordance with an

embodiment of the invention is illustrated in FIG. 2 . The array camera 200 includes a camera

module 202 as an array of individual cameras 204 where each camera 204 includes a focal plane

with a corresponding lens stack. An array of individual cameras refers to a plurality of cameras

in a particular arrangement, such as (but not limited to) the square arrangement utilized in the

illustrated embodiment. The camera module 202 is connected 206 to a processor 208. In the

illustrated embodiment, a camera 204 labeled as "R" refers to a red camera with a red filtered

color channel, "G" refers to a green camera with a green filtered color channel and "B" refers to

a blue camera with a blue filtered color channel. Although a specific array camera is illustrated

in FIG. 2, any of a variety of different array camera configurations can be utilized in accordance

with many different embodiments of the invention.

Array Camera Modules

[0081] Array camera modules (or "camera modules") in accordance with embodiments of

the invention can be constructed from an imager array or sensor including an array of focal

planes and an optic array including a lens stack for each focal plane in the imager array. Sensors

including multiple focal planes are discussed in U.S. Patent Application Serial No. 13/106,797

entitled "Architectures for System on Chip Array Cameras", to Pain et al., the disclosure of



which is incorporated herein by reference in its entirety. Light filters can be used within each

optical channel formed by the lens stacks in the optic array to enable different cameras within an

array camera module to capture image data with respect to different portions of the

electromagnetic spectrum.

[0082] A camera module in accordance with an embodiment of the invention is illustrated in

FIG. 3 . The camera module 300 includes an imager array 330 including an array of focal planes

340 along with a corresponding optic array 310 including an array of lens stacks 320. Within the

array of lens stacks, each lens stack 320 creates an optical channel that forms an image of a scene

on an array of light sensitive pixels within a corresponding focal plane 340. Each pairing of a

lens stack 320 and focal plane 340 forms a single camera 204 within the camera module, and

thereby an image is formed on each focal plane by a separate lens stack in the optic array of lens

stacks. Each pixel within a focal plane 340 of a camera 204 generates image data that can be

sent from the camera 204 to the processor 208. In many embodiments, the lens stack within each

optical channel is configured so that pixels of each focal plane 340 sample the same object space

or region within the scene. In several embodiments, the lens stacks are configured so that the

pixels that sample the same object space do so with sub-pixel offsets to provide sampling

diversity that can be utilized to recover increased resolution through the use of super-resolution

processes. For example, the optics of each camera module can be configured so that each camera

within the camera module has a field of view of a scene that is shifted with respect to the fields

of view of the other cameras within the camera module so that each shift of the field of view of

each camera with respect to the fields of view of the other cameras is configured to include a

unique sub-pixel shifted view of the scene.

[0083] In the illustrated embodiment, the focal planes are configured in a 5 x 5 array. Each

focal plane 340 on the sensor is capable of capturing an image of the scene. Typically, each

focal plane includes a plurality of rows of pixels that also forms a plurality of columns of pixels,

and each focal plane is contained within a region of the imager that does not contain pixels from

another focal plane. In many embodiments, image data capture and readout of each focal plane

can be independently controlled. In other words, the imager array and the optic array of lens

stacks form an array of cameras that can be configured to independently capture an image of a

scene. In this way, image capture settings including (but not limited to) the exposure times and

analog gains of pixels within a focal can be determined independently to enable image capture



settings to be tailored based upon factors including (but not limited to) a specific color channel

and/or a specific portion of the scene dynamic range. The sensor elements utilized in the focal

planes can be individual light sensing elements such as, but not limited to, traditional CIS

(CMOS Image Sensor) pixels, CCD (charge-coupled device) pixels, high dynamic range sensor

elements, multispectral sensor elements and/or any other structure configured to generate an

electrical signal indicative of light incident on the structure. In many embodiments, the sensor

elements of each focal plane have similar physical properties and receive light via the same

optical channel and color filter (where present). In other embodiments, the sensor elements have

different characteristics and, in many instances, the characteristics of the sensor elements are

related to the color filter applied to each sensor element.

[0084] In several embodiments, color filters in individual cameras can be used to pattern the

camera module with π filter groups. These cameras can be used to capture data with respect to

different colors, or a specific portion of the spectrum. In contrast to applying color filters to the

pixels of the camera, color filters in many embodiments of the invention are included in the lens

stack. For example, a green color camera can include a lens stack with a green light filter that

allows green light to pass through the optical channel. In many embodiments, the pixels in each

focal plane are the same and the light information captured by the pixels is differentiated by the

color filters in the corresponding lens stack for each filter plane. Although a specific

construction of a camera module with an optic array including color filters in the lens stacks is

described above, camera modules including π filter groups can be implemented in a variety of

ways including (but not limited to) by applying color filters to the pixels of the focal planes of

the camera module similar to the manner in which color filters are applied to the pixels of a

conventional color camera. In several embodiments, at least one of the cameras in the camera

module can include uniform color filters applied to the pixels in its focal plane. In many

embodiments, a Bayer filter pattern is applied to the pixels of one of the cameras in a camera

module. In a number of embodiments, camera modules are constructed in which color filters are

utilized in both the lens stacks and on the pixels of the imager array.

[0085] In several embodiments, an array camera generates image data from the multiple

focal planes and uses a processor to synthesize one or more images of a scene. In certain

embodiments, the image data captured by a single focal plane in the sensor array can constitute a

low resolution image, or an "LR image" (the term low resolution here is used only to contrast



with higher resolution images or super-resolved images, alternatively a "HR image" or "SR

image"), which the processor can use in combination with other low resolution image data

captured by the camera module to construct a higher resolution image through Super Resolution

processing. Super Resolution processes that can be used to synthesize high resolution images

using low resolution images captured by an array camera are discussed in U.S. Patent

Application No. 12/967,807 entitled "Systems and Methods for Synthesizing High Resolution

Images Using Super-Resolution Processes", filed December 14, 2010, the disclosure of which is

hereby incorporated by reference in its entirety.

[0086] Although specific imager array configurations are disclosed above, any of a variety of

regular or irregular layouts of imagers including imagers that sense visible light, portions of the

visible light spectrum, near-IR light, other portions of the spectrum and/or combinations of

different portions of the spectrum can be utilized to capture LR images that provide one or more

channels of information for use in SR processes in accordance with embodiments of the

invention. The processing of captured LR images is discussed further below.

Image Processing Pipelines

[0087] The processing of LR images to obtain an SR image in accordance with embodiments

of the invention typically occurs in an array camera's image processing pipeline. In many

embodiments, the image processing pipeline performs processes that register the LR images

prior to performing SR processes on the LR images. In several embodiments, the image

processing pipeline also performs processes that eliminate problem pixels and compensate for

parallax.

[0088] An image processing pipeline incorporating a SR module for fusing information from

LR images to obtain a synthesized HR image in accordance with an embodiment of the invention

is illustrated in FIG. 4 . In the illustrated image processing pipeline 400, pixel information is read

out from focal planes 340 and is provided to a photometric conversion module 402 for

photometric normalization. The photometric conversion module can perform any of a variety of

photometric image processing processes including but not limited to one or more of photometric

normalization, Black Level calculation and adjustments, vignetting correction, and lateral color

correction. In several embodiments, the photometric conversion module also performs

temperature normalization. In the illustrated embodiment, the inputs of the photometric



normalization module are photometric calibration data 401 and the captured LR images. The

photometric calibration data is typically captured during an offline calibration process. The

output of the photometric conversion module 402 is a set of photometrically normalized LR

images. These photometrically normalized images are provided to a parallax detection module

404 and to a super-resolution module 406.

[0089] Prior to performing SR processing, the image processing pipeline detects parallax that

becomes more apparent as objects in the scene captured by the imager array approach the imager

array. In the illustrated embodiment, parallax (or disparity) detection is performed using the

parallax detection module 404. In several embodiments, the parallax detection module 404

generates an occlusion map for the occlusion zones around foreground objects. In many

embodiments, the occlusion maps are binary maps created for pairs of LR imagers. In many

embodiments, occlusion maps are generated to illustrate whether a point in the scene is visible in

the field of view of a reference LR imager and whether points in the scene visible within the field

of view of the reference imager are visible in the field of view of other imagers. As discussed

above, the use of π filter groups can increase the likelihood that a pixel visible in a reference LR

image is visible (i.e. not occluded) in at least one other LR image. In order to determine

parallax, the parallax detection module 404 performs scene independent geometric corrections to

the photometrically normalized LR images using geometric calibration data 408 obtained via an

address conversion module 410. The parallax detection module 404 can then compare the

geometrically and photometrically corrected LR images to detect the presence of scene

dependent geometric displacements between LR images. Information concerning these scene

dependent geometric displacements can be referred to as parallax information and can be

provided to the super-resolution module 406 in the form of scene dependent parallax corrections

and occlusion maps. As will be discussed in greater detail below, parallax information can also

include generated depth maps which can also be provided to the super-resolution module 406.

Geometric calibration (or scene-independent geometric correction) data 408 can be generated

using an off line calibration process or a subsequent recalibration process. The scene-

independent correction information, along with the scene-dependent geometric correction

information (parallax) and occlusion maps, form the geometric correction information for the LR

images.



[0090] Once the parallax information has been generated, the parallax information and the

photometrically normalized LR images are provided to the super-resolution module 406 for use

in the synthesis of one or more HR images 420. In many embodiments, the super-resolution

module 406 performs scene independent and scene dependent geometric corrections (i.e.

geometric corrections) using the parallax information and geometric calibration data 408

obtained via the address conversion module 410. The photometrically normalized and

geometrically registered LR images are then utilized in the synthesis of an HR image. The

synthesized HR image may then be fed to a downstream color processing module 412, which

can be implemented using any standard color processing module configured to perform color

correction and/or chroma level adjustment. In several embodiments, the color processing

module performs operations including but not limited to one or more of white balance, color

correction, gamma correction, and RGB to YUV correction.

[0091] In a number of embodiments, image processing pipelines in accordance with

embodiments of the invention include a dynamic refocus module. The dynamic refocus module

enables the user to specify a focal plane within a scene for use when synthesizing an HR image.

In several embodiments, the dynamic refocus module builds an estimated HR depth map for the

scene. The dynamic refocus module can use the HR depth map to blur the synthesized image to

make portions of the scene that do not lie on the focal plane to appear out of focus. In many

embodiments, the SR processing is limited to pixels lying on the focal plane and within a

specified Z-range around the focal plane.

[0092] In several embodiments, the synthesized high resolution image 420 is encoded using

any of a variety of standards based or proprietary encoding processes including but not limited to

encoding the image in accordance with the JPEG standard developed by the Joint Photographic

Experts Group. The encoded image can then be stored in accordance with a file format

appropriate to the encoding technique used including but not limited to the JPEG Interchange

Format (JIF), the JPEG File Interchange Format (JFIF), or the Exchangeable image file format

(Exif).

[0093] Processing pipelines similar to the processing pipeline illustrated in FIG. 4 that can

also be utilized in an array camera in accordance with embodiments of the invention are

described in PCT Publication WO 2009/151903. Although a specific image processing pipeline

is described above, super-resolution processes in accordance with embodiments of the invention



can be used within any of a variety of image processing pipelines that register the LR images

prior to super-resolution processing in accordance with embodiments of the invention.

[0094] As alluded to above, parallax information can be used to generate depth maps as well

as occlusion maps, and this is discussed below.

Using Disparity To Generate Depth Maps in Array Cameras

[0095] Array cameras in accordance with many embodiments of the invention use disparity

observed in images captured by the array cameras to generate a depth map. A depth map is

typically regarded as being a layer of meta-data concerning an image (often a reference image

captured by a reference camera) that describes the distance from the camera to specific pixels or

groups of pixels within the image (depending upon the resolution of the depth map relative to the

resolution of the original input images). Array cameras in accordance with a number of

embodiments of the invention use depth maps for a variety of purposes including (but not limited

to) generating scene dependent geometric shifts during the synthesis of a high resolution image

and/or performing dynamic refocusing of a synthesized image.

[0096] Based upon the discussion of disparity above, the process of determining the depth of

a portion of scene based upon pixel disparity is theoretically straightforward. When the

viewpoint of a specific camera in the array camera is chosen as a reference viewpoint, the

distance to a portion of the scene visible from the reference viewpoint can be determined using

the disparity between the corresponding pixels in some or all of the other images captured by the

camera array (often referred to as alternate view images). In the absence of occlusions, a pixel

corresponding to a pixel in the reference image captured from the reference viewpoint will be

located in each alternate view image along an epipolar line (i.e. a line parallel to the baseline

vector between the two cameras). The distance along the epipolar line of the disparity

corresponds to the distance between the camera and the portion of the scene captured by the

pixels. Therefore, by comparing the pixels in the captured reference image and alternate view

image(s) that are expected to correspond at a specific depth, a search can be conducted for the

depth that yields the pixels having the highest degree of similarity. The depth at which the

corresponding pixels in the reference image and the alternate view image(s) have the highest

degree of similarity can be selected as the most likely distance between the camera and the

portion of the scene captured by the pixel.



[0097] Many challenges exist, however, in determining an accurate depth map using the

method outlined above. In several embodiments, the cameras in an array camera are similar but

not the same. Therefore, image characteristics including (but not limited to) optical

characteristics, different sensor characteristics (such as variations in sensor response due to

offsets, different transmission or gain responses, non-linear characteristics of pixel response),

noise in the captured images, and/or warps or distortions related to manufacturing tolerances

related to the assembly process can vary between the images reducing the similarity of

corresponding pixels in different images. In addition, super-resolution processes rely on

sampling diversity in the images captured by an imager array in order to synthesize higher

resolution images. However, increasing sampling diversity can also involve decreasing similarity

between corresponding pixels in captured images in a light field. Given that the process for

determining depth outlined above relies upon the similarity of pixels, the presence of

photometric differences and sampling diversity between the captured images can reduce the

accuracy with which a depth map can be determined.

[0098] The generation of a depth map is further complicated by occlusions. As discussed

above, an occlusion occurs when a pixel that is visible from the reference viewpoint is not visible

in one or more of the captured images. The effect of an occlusion is that at the correct depth, the

pixel location that would otherwise be occupied by a corresponding pixel is occupied by a pixel

sampling another portion of the scene (typically an object closer to the camera). The occluding

pixel is often very different to the occluded pixel. Therefore, a comparison of the similarity of

the pixels at the correct depth is less likely to result in a significantly higher degree of similarity

than at other depths. Effectively, the occluding pixel acts as a strong outlier masking the

similarity of those pixels which in fact correspond at the correct depth. Accordingly, the

presence of occlusions can introduce a strong source of error into a depth map. Furthermore, use

of π filter groups to increase the likelihood that a pixel visible in an image captured by a

reference camera is visible in alternate view images captured by other cameras within the array

can reduce error in a depth map generated in the manner described above.

[0099] Processes for generating depth maps in accordance with many embodiments of the

invention attempt to reduce sources of error that can be introduced into a depth map by sources

including (but not limited to) those outlined above. For example, U.S. Patent Application Serial

No. 61/780,906, entitled "Systems and Methods for Parallax Detection and Correction in Images



Captured Using Array Cameras" discloses such processes. As already stated above, the

disclosure of U.S. Patent Application Serial No. 61/780,906 is incorporated by reference herein

in its entirety. Additionally, as noted above, use of π filter groups can significantly decrease the

likelihood that a pixel visible from the viewpoint of a reference camera is occluded within all

cameras within a color channel. Many different array cameras are capable of utilizing π filter

groups in accordance with embodiments of the invention. Camera modules utilizing π filter

groups in accordance with embodiments of the invention are described in further detail below.

Patterning with π Filter Groups

[00100] Camera modules can be patterned with π filter groups in accordance with

embodiments of the invention. In several embodiments, π filter groups utilized as part of a

camera module can each include a central camera that can function as a reference camera

surrounded by color cameras in a way that reduces occlusion zones for each color. In certain

embodiments, the camera module is arranged in a rectangular format utilizing the RGB color

model where a reference camera is a green camera surrounded by red, green and blue cameras.

In several embodiments, a number of green cameras that is twice the number of red cameras and

twice the number of blue cameras surround the reference camera. In many embodiments, red

color cameras and blue color cameras are located in opposite positions on the 3 x 3 array of

cameras. Of course, any set of colors from any color model can be utilized to detect a useful

range of colors in addition to the RGB color model, such as the cyan, magenta, yellow and key

(CMYK) color model or red, yellow and blue (RYB) color model.

[00101] In several embodiments, two π filter groups can be utilized in the patterning of a

camera module when the RGB color model is used. One π filter group is illustrated in FIG. 5A

and the other π filter group is illustrated FIG. 5B. Either of these π filter groups can be used to

pattern any camera module with dimensions greater than a 3 x 3 array of cameras.

[00102] In embodiments with a 3 x 3 camera module, patterning of the camera module with a

π filter group includes only a single π filter group. A π filter group on a 3 x 3 camera module in

accordance with an embodiment of the invention is illustrated in FIG. 5A. The π filter group 500

includes a green camera at each corner, a green reference camera in the center notated within a

box 502, blue cameras above and below the reference camera, and red cameras to the left and

right sides of the reference camera. In this configuration, the number of green cameras



surrounding the central reference camera is twice the number of red cameras and twice the

number of blue cameras. In addition, red cameras are located in opposite locations relative to the

center of the 3 x 3 array of cameras to reduce occlusions. Similarly, blue cameras are located in

opposite locations relative to the center of the 3 x 3 array of cameras to reduce occlusions. An

alternative to the π filter group described in FIG. 5A is illustrated in FIG. 5B in accordance with

an embodiment of the invention. This π filter group also includes green cameras at the corners

with a green reference camera 552 at the center, as denoted with a box. However, unlike FIG.

5A, the red cameras shown in FIG. 5B are above and below, and the blue cameras are to the left

and right side of the reference camera. As with the π filter group shown in FIG. 5A, the π filter

group in FIG. 5B includes a central reference camera surrounded by a number of green cameras

that is twice the number of red cameras and twice the number of blue cameras. As discussed

above, the reference camera need not be a green camera. In several embodiments, the

configurations in FIGS. 5A and 5B can be modified to include a central camera that employs a

Bayer color filter. In other embodiments, the central camera is an infrared camera, an extended

color camera and/or any other type of camera appropriate to a specific application, for example

an infrared camera, or a UV camera. In further embodiments, any of a variety of color cameras

can be distributed around the reference camera in opposite locations in the 3 x 3 array relative to

the reference camera in a manner that reduces occlusion zones with respect to each color

channel.

[00103] For example, FIG. 5C depicts an embodiment where green color cameras are located

above, below, to the left, and to the right of the central camera, while red and blue color cameras

are disposed at the corner location of the π filter group. Note that in this embodiment, the first

and third rows and columns each have a red, green, and blue color filter, and this arrangement

can reduce instances of occlusions. Similarly, the configuration shown in FIG. 5C can include

slightly larger occlusion zones in the red and blue color channels compared with the

embodiments illustrated in FIGS. 5A and 5B, because the red and blue color cameras are slightly

further away from central reference camera. FIGS. 5D and 5E depict embodiments where color

cameras surround a central green camera such that the cameras in each color channel are located

in opposite positions in a 3 x 3 array relative to the central reference camera. In this

configuration, the blue or red color channel in which the cameras are in the corners of the 3 x 3

array are likely to have slightly larger occlusion zones than the blue or red color channel in



which the cameras are located closer to the central reference camera (i.e. the cameras are not

located in the corners). Of course, as mentioned above, the central reference camera can be any

suitable camera, e.g. not just a green camera, in accordance with embodiments of the invention.

Moreover, many embodiments are similar to those seen in FIGS. 5D and 5E, except they are

utilize an arrangement that is the mirror image of those seen in FIGS. 5D and 5E. Similarly,

numerous embodiments are similar to those seen in FIGS. 5D and 5E, except they utilize an

arrangement that is rotated with respect to those seen in FIGS. 5D and 5E.

[00104] Any camera module with dimensions at and above 3 x 3 cameras can be patterned

with one or more π filter groups, where cameras not within a π filter group are assigned a color

that reduces or minimizes the likelihood of occlusion zones within the camera module given

color filter assignments of the π filter groups. A 4 x 4 camera module patterned with two π filter

groups in accordance with an embodiment of the invention is illustrated in FIG. 6 . The camera

module 600 includes a first π filter group 602 of nine cameras centered on a reference green

camera 604. A second π filter group 610 is diagonally located one camera shift to the lower right

of the first π filter group. The second π filter group shares the four center cameras 612 of the

camera module 600 with the first π filter group. However, the cameras serve different roles (i.e.

different cameras act as reference cameras in the two π filter groups). As illustrated in FIG. 6,

the two cameras at the corners 606 and 608 of the camera module are not included in the two π

filter groups, 602 and 610. The color filters utilized within these cameras are determined based

upon minimization of occlusion zones given the color filter assignments of the cameras that are

part of the two π filter groups, 602 and 610. Due to the patterning of the π filter groups, there is

an even distribution of blue color cameras around the reference camera, but there is no red color

camera above the reference camera. Therefore, selecting the upper right corner camera 606 to be

red provides red image data from a viewpoint above the reference camera and the likelihood of

occlusion zones above and to the right of the foreground images in a scene for the reference

camera 604 and the center camera of the second π filter group is minimized. Similarly, selecting

the lower left corner camera 608 to be blue provides blue image data from a viewpoint to the left

of the reference camera and the likelihood of occlusion zones below and to the left of the

foreground images in a scene for the reference camera 604 and the center camera of the second π

filter group is minimized. Thereby, a camera module with dimensions greater than 3 x 3 can be

patterned with π filter groups with colors assigned to cameras not included in any π filter group



to reduce and/or minimize occlusion zones as discussed above. As a result, the camera array

includes at least one row and at least one column that contain a blue color camera, a green color

camera, and a red color camera. Although specific π filter groups are discussed above, any of a

variety of π filter groups can pattern a camera module in accordance with many different

embodiments of the invention.

Multiple Reference Camera Options with Equivalent Performance

[00105] The use of multiple π filter groups to pattern a camera module in accordance with

embodiments of the invention enables multiple cameras to be used as the reference camera with

equivalent performance. A 4 x 4 camera module with two π filter groups in accordance with an

embodiment of the invention is illustrated in FIG. 7 . The camera module 700 includes two π

filter groups 702, 706 where the central camera of each π filter group 704, 708 can act as a

reference camera. Irrespective of the reference camera that is selected, the distribution of

cameras around the reference camera is equivalent due to the use of π filter groups. Thereby, if a

camera module 700 detects a defect with reference camera 704, the camera module 700 can

switch to using the camera at the center of another π filter group as a reference camera 708 to

avoid the defects of the first reference camera 704. Furthermore, patterning with π filter groups

does not require that the reference camera or a virtual viewpoint be at the center of a camera

module but rather that the reference camera is surrounded by color cameras in a way that reduces

occlusion zones for each color. Although a specific camera module is discussed above, camera

modules of any number of different dimensions can be utilized to create multiple reference

camera options in accordance with embodiments of the invention.

Manufacturing Yield Improvement

[00106] Manufacturing processes inherently involve variations that can result in defects. In

some instances the manufacturing defects may be severe enough to render an entire focal plane

within an imager array inoperable. If the failure of the focal plane results in the discarding of the

imager array, then the cost to manufacture array cameras is increased. Patterning camera

modules with π filter groups can provide high manufacturing yield because the allocation of

color filters in the optical channels of the optic array can be used to reduce the impact that a



faulty focal plane has with respect to the creation of occlusion zones in the images synthesized

using the image data captured by the array camera.

[00107] In many embodiments, the light sensed by the pixels in a focal plane of an imager

array is determined by a color filter included in the optical channel that focuses light onto the

focal plane. During manufacture, defects in a focal plane can be detected. When a defect is

detected, the color filter pattern of the optical channels in the optic array can be determined so

that the defective focal plane does not result in an increase in the size of occlusion zones.

Typically, this means patterning camera modules with π filter groups in such a way that the

presence of the defective focal plane does not reduce the number of red or blue cameras in the

camera array (i.e. a filter pattern is used that results in a green channel being assigned to the

defective focal plane, which reduces the number of green cameras in the camera array by one

camera).

[00108] A process for detecting faulty focal planes before combining an optic array and

imager array to create a camera module in accordance with embodiments of the invention is

illustrated in FIG. 6A. In the illustrated process, the color filter patterns are patterned on the

optics array and not on the pixels of the imager array. By manufacturing different types of optics

arrays with different filter patterns, a process can systematically choose a specific optics array to

force the faulty focal plane to pair with a color of a certain filter to ensure that the size of the

occlusion zones in a given color channel are reduced and/or minimized. The process 800

includes testing (802) an imager array for faulty focal planes. After testing (802) the imager

array, a decision (804) is made as to whether a faulty focal plane is detected on the imager array.

If a faulty focal plane is detected, then an optic array is selected based upon the location of the

faulty focal plane (806). In many embodiments, an optic array is selected that reduces the effect

of the faulty focal plane by assigning color filters to the operational focal planes in a way that

minimizes the impact of the faulty focal plane on the creation of occlusion zones within images

synthesized using image data captured by the imager array. Further discussion of selecting

different optic arrays that reduce occlusion zones when there is a faulty focal plane is provided

below with reference to FIGS. 6B and 6C. After selecting (806) an optic array based upon the

location of the faulty focal plane, the selected optic array is combined (808) with the imager

array to create a camera module. If a faulty focal plane is not detected, then any of a variety of

optic arrays including filter patterns based on π filter groups can be combined (808) with the



tested imager array to create a camera module. As is discussed further below, a typical process

can include a default optic array including a first filter pattern based on π filter groups and a

second filter pattern based on π filter groups can be utilized when specific defects are detected

that would result in the faulty focal plane reducing the number of color cameras (or even specific

color cameras such as color cameras around the outside of the camera module) in the camera

module when the first filter pattern is used.

[00109] The manner in which modifying color filter assignments can reduce the impact of a

faulty focal plane is illustrated in FIGS. 8B and 8C. A camera module with a faulty red camera

is illustrated in FIG. 8B. The camera module 820 includes a first π filter group 828 with a

possible reference camera 822 at the center, a second π filter group 832 with a possible reference

camera 830 at the center and a faulty red camera 824 below both π filter groups 828 and 832.

There is a lack of red image data below both the possible reference cameras 822 and 830 due to

the faulty red camera. Therefore, irrespective of which of the two cameras at the center of a π

filter group is chosen as the reference camera. Accordingly, combining an optic array including

the filter pattern illustrated in FIG. 8B to an imager with the indicated faulty focal plane results

in a defective red camera that prevents the capture of red color information below any reference

camera, increasing the likelihood of occlusion zones below foreground objects. However, an

optic array patterned using π filter groups in different locations can result in all of the blue and

red color filters being assigned to cameras that are active. In this way, the faulty focal plane only

impacts the number of green cameras and does so in a way that reduces the likelihood of

occlusion zones in an image synthesized using the image data captured by the resulting camera

module. Stated another way, yield can be improved under certain circumstances by combining

the imager array that includes the faulty focal plane with an optic array that assigns the color

filters of the active cameras based on π filter groups in a way that results in color information

being captured around the reference camera in a way that minimizes the likelihood of occlusion

zones given the location of the faulty focal plane.

[00110] A camera module with the faulty focal plane of FIG. 8B but with an optic array

patterned with π filter groups in such a way that the faulty focal plane does not reduce the

capture of red or blue image data around the reference camera module is illustrated in FIG. 8C.

Relative to the pattern of the optic array of FIG. 8B, the optic array of FIG. 8C is flipped along

the center vertical bisecting axis 826 of the optic array and includes two π filter groups 828' and



832'. The lens stack associated with the faulty focal plane is green 854, as opposed to red 824 in

FIG. 8B. As there are multiple green cameras below all possible reference cameras 852, 856 in

FIG. 8C, the loss of a green camera 854 is less impactful as opposed to the impact from the loss

of the red camera 824 in FIG. 8B. Therefore, the impact of faulty focal planes on an imager

array can be reduced by combining the faulty imager array with an optic array specifically

selected to assign color filters to the focal planes in the imager array in a manner that reduces the

likelihood that the faulty focal plane will create an occlusion zone in any of the color channels

captured by the resulting camera module. Although the example above discusses reducing red

occlusion zones, the impact of a defective focal plane in any of the locations in an imager array

can be similarly minimized by appropriate selection of a filter pattern based on π filter groups.

Although specific examples of camera modules patterned with π filter groups to minimize yield

loss due to faulty focal planes are described above, any of a variety of alternative color filter

patterns including π filter groups can be utilized to increase manufacturing yield in accordance

with embodiments of the invention.

Capturing Stereoscopic 3D Images

[00111] In many embodiments, Super Resolution processes can be used to synthesize high

resolution images using low resolution images captured by an array camera including pairs of

stereoscopic 3D images as disclosed in U.S. Patent Application No. 12/967,807 entitled

"Systems and Methods for Synthesizing High Resolution Images Using Super-Resolution

Processes", filed December 14, 2010, the disclosure of which is incorporated by reference above.

Stereoscopic 3D image pairs are two images of a scene from spatially offset viewpoints that can

be combined to create a 3D representation of the scene. The use of a filter pattern including π

filter groups can enable the synthesis of stereoscopic 3D images in a computationally efficient

manner. Image data captured by less than all of the cameras in the array camera can be used to

synthesize each of the images that form the stereoscopic 3D image pair.

[00112] Patterning with π filter groups enables an efficient distribution of cameras around a

reference camera that reduces occlusion zones and reduces the amount of image data captured by

the camera module that is utilized to synthesize each of the images in a stereoscopic 3D image

pair. In many embodiments, different subsets of the cameras are used to capture each of the

images that form the stereoscopic 3D image pair and each of the subsets includes a π filter group.



In many embodiments, the images that form the stereoscopic 3D image pair are captured from a

virtual viewpoint that is slightly offset from the camera at the center of the π filter group. The

central camera of a π filter group is surrounded by color cameras in a way that minimizes

occlusion zones for each color camera when the central camera is used as a reference camera.

When the virtual viewpoint is proximate the center of a π filter group, the benefits of the

distribution of color cameras around the virtual viewpoint are similar.

[00113] A left virtual viewpoint for a stereoscopic 3D image pair captured using a camera

module patterned using π filter groups is illustrated in FIG. 9A. The left virtual viewpoint 904 is

taken from image data from the 12 circled cameras Gi - G3, G - G , Bi - B2, B4, and R2 - R3

that form a 3x4 array. The virtual viewpoint is offset relative to the green camera G3, which is

the center of a π filter group 906. A right virtual viewpoint used to capture the second image in

the stereoscopic pair using the camera module shown in FIG. 7 is illustrated in FIG. 9B. The

right virtual viewpoint 954 is taken from image data from the 12 circled cameras Bi - B3, G2 -

G4, G6 - G , Ri, R3 - R4 that form a 3x4 array. The virtual viewpoint is offset relative to the

green camera G6, which is the center of a π filter group 956. Therefore, a single array camera

can capture 3D images of a scene using image data from a subset of the cameras to synthesize

each of the images that form the stereoscopic pair. By utilizing the image data captured by less

than all of the cameras in the camera module, the computational complexity of generating the

stereoscopic 3D image pair is reduced. In addition, the location of the viewpoints of each of the

images proximate a camera that is the center of a π filter group reduces the likelihood of

occlusion zones in the synthesized images.

[00114] In several embodiments, the viewpoints need not be virtual viewpoints. In many

embodiments, array camera modules can be constructed using π filter groups so that the

viewpoints from which stereoscopic images are captured are reference viewpoints obtained from

reference cameras within the camera array. For example, in some embodiments a 3 x 5 camera

module is provided that includes two overlapping π filter groups. A 3 x 5 camera module that

includes two overlapping π filter groups centered on each of two reference green color cameras

is illustrated in FIG. 9C. In particular, the camera module 960 includes two overlapping π filter

groups 962 and 964, each centered on one of two reference green color cameras 966 and 968

respectively. The two reference cameras 966 and 968 are used to provide the two reference

viewpoints. In many embodiments, an array camera module is configured to capture stereoscopic



images using non-overlapping π filter groups. A 3 x 6 array camera module that includes two

non-overlapping π filter groups, which can be used to capture stereoscopic images is illustrated

in FIG. 9D. In particular, the array camera module 970 is similar to that seen in FIG. 9C, except

that the two π filter groups 972 and 974 do not overlap. In the illustrated embodiment, as before,

the two π filter groups 972 and 974 are each centered on one of two green color cameras 976 and

978 respectively. The two reference cameras 976 and 978 are used to provide the two reference

viewpoints. The embodiment illustrated in FIG. 9D demonstrates that π filter groups having

different arrangements of cameras within each π filter group can be utilized to pattern an array

camera module in accordance with embodiments of the invention. The two π filter groups 972

and 974 use different 3 x 3 camera arrangement. Similarly, π filter groups incorporating

different 3 x 3 arrangements of cameras can be utilized to construct any of a variety of camera

arrays of different dimensions.

[00115] Although specific viewpoints and subsets of cameras for synthesizing stereoscopic

3D image pairs are illustrated in FIGS. 9A -9D, stereoscopic image pairs can be generated using

subsets of cameras in any of a variety of camera modules in accordance with embodiments of the

invention.

Capturing Images Using A Subset of Cameras

[00116] Array cameras with camera modules patterned with π filter groups can utilize less

than all of the available cameras in operation in accordance with many embodiments of the

invention. In several embodiments, using fewer cameras can minimize the computational

complexity of generating an image using an array camera and can reduce the power consumption

of the array camera. Reducing the number of cameras used to capture image data can be useful

for applications such as video, where frames of video can be synthesized using less than all of

the image data that can be captured by a camera module. In a number of embodiments, a single

π filter group can be utilized to capture an image. In many embodiments, image data captured by

a single π filter group is utilized to capture a preview image prior to capturing image data with a

larger number of cameras. In several embodiments, the cameras in a single π filter group capture

video image data. Depending upon the requirements of a specific application, image data can be

captured using additional cameras to increase resolution and/or provide additional color

information and reduce occlusions.



[00117] A π filter group within a camera module that is utilized to capture image data that can

be utilized to synthesize an image is illustrated in FIG. 10. In the illustrated embodiments, the

reference camera is boxed and utilized cameras are encompassed in a dotted line. The camera

module 1000 includes a π filter group of cameras generating image data Gi - G2, G - G6, Bi -

B2 and R2 - R3 with reference camera G3. FIG. 10 illustrates how the cameras in a π filter group

can be utilized to capture images. Image data can be acquired using additional cameras for

increased resolution and to provide additional color information in occlusion zones.

Accordingly, any number and arrangement of cameras can be utilized to capture image data

using a camera module in accordance with many different embodiments of the invention.

Building Color Filter Patterns Including π Filter Groups

[00118] Color filter patterns for any array of cameras having dimensions greater than 3 x 3

can be constructed in accordance with embodiments of the invention. In many embodiments,

processes for constructing color filter patterns typically involve assigning color filters to the

cameras in a camera module to maximize the number of overlapping π filter groups. In the event

that there are cameras that cannot be included in a π filter group, then color filters can be

assigned to the cameras based upon minimizing occlusions around the camera that is to be used

as the reference camera for the purposes of synthesizing high-resolution images.

[00119] A process for assigning color filters to cameras in a camera module in accordance

with an embodiment of the invention is illustrated in FIG. 11. The process 1100 includes

selecting ( 1102) a corner of the array, assigning ( 1104) a π filter group to the selected corner.

The π filter group occupies a 3 x 3 grid. Color filters can be assigned ( 1106) to the remaining

cameras in such a way to maximize the number of overlapping π filter groups within the array.

In the event that there are cameras to which color filters are not assigned, the cameras are

assigned ( 1108) color filters that reduce the likelihood of occlusion zones in images synthesized

from the viewpoint of a camera selected as the reference camera for the array. At which point,

all of the cameras in the array are assigned color filters. As noted above, the presence of

multiple π filter groups provides benefits including (but not limited to) robustness to failures in

specific cameras within the array and the ability to synthesize images with fewer than all of the

cameras in the camera module utilizing image data captured by at least one π filter group.



[00120] The process of generating a simple filter pattern for a 5 x 5 array using π filter groups

is illustrated in FIGS. 12A - 12D. The process starts with the selection of the top left corner of

the array. A π filter group is assigned to the 3 x 3 group of cameras in the top left corner

(cameras G1-G5, Bi-B 2, and Ri-R2) . A second overlapping π filter group is created by adding

three green cameras and a blue camera and a red camera (G6-G8 and B 3 and R3). A third

overlapping π filter group is created by adding another three green cameras and a blue camera

and a red camera (G9-G11 and B4 and R4) . A fifth and sixth π filter groups are created by adding

a single green camera, blue camera and red camera (Gi2, B , R and G13, B , R6) . In the event

that central camera (G6) fails, a camera at the center of another π filter group can be utilized as

the reference camera (e.g. G3).

[00121] A similar process for generating a simple filter pattern for a 4 x 5 array using π filter

groups is illustrated in FIGS. 13A - 13D. The process is very similar with the exception that two

cameras are not included in π filter groups. Due to the fact that there are no blue cameras below

the camera G6 (which is the center of a π filter group), the cameras that do not form part of a π

filter group are assigned as blue cameras (B5 and B6) . As can readily be appreciated similar

processes can be applied to any array larger than a 3 x 3 array to generate a color filter pattern

incorporating π filter groups in accordance with embodiments of the invention. Similarly, the

process outlined above can be utilized to construct larger arrays including the x array of

cameras illustrated in FIG. 14. The same process can also be utilized to construct even larger

arrays of any dimensions including square arrays where the number of cameras in each of the

dimensions of the array is odd. Accordingly, the processes discussed herein can be utilized to

construct a camera module and/or an array camera including a camera array having any

dimensions appropriate to the requirements of a specific application in accordance with

embodiments of the invention.

[00122] While the above description contains many specific embodiments of the invention,

these should not be construed as limitations on the scope of the invention, but rather as an

example of one embodiment thereof. It is therefore to be understood that the present invention

may be practiced otherwise than specifically described, without departing from the scope and

spirit of the present invention. Thus, embodiments of the present invention should be considered

in all respects as illustrative and not restrictive.



WHAT IS CLAIMED IS:

An array camera module, comprising:

an M x N imager array comprising a plurality of focal planes, each focal plane

comprising an array of light sensitive pixels;

an M x N optic array of lens stacks, where each lens stack corresponds to a focal plane,

and where each lens stack forms an image of a scene on its corresponding focal plane;

wherein each pairing of a lens stack and its corresponding focal plane thereby defines a

camera;

wherein at least one row in the M x N array of cameras comprises at least one red color

camera, at least one green color camera, and at least one blue color camera; and

wherein at least one column in the M x N array of cameras comprises at least one red

color camera, at least one green color camera, and at least one blue color camera.

The array camera module of claim 1:

wherein M and N are each greater than two and at least one of M and N is even;

wherein color filters are implemented within the cameras in the array camera module

such that the array camera module is patterned with at least one π filter group comprising:

a 3 x 3 array of cameras comprising:

a reference camera at the center of the 3 x 3 array of cameras;

two red color cameras located on opposite sides of the 3 x 3 array of

cameras;

two blue color cameras located on opposite sides of the 3 x 3 array of

cameras; and

four green color cameras surrounding the reference camera.

The array camera module of claim 2 wherein each of the four green color cameras

surrounding the reference camera is disposed at a corner location of the 3 x 3 array of

cameras.

The array camera module of claim 3, wherein:



M is four;

N is four;

the first row of cameras of the 4 x 4 array camera module includes, in the following

order, a green color camera, a blue color camera, a green color camera, and a red color

camera;

the second row of cameras of the 4 x 4 array camera module includes, in the following

order, a red color camera, a green color camera, a red color camera, and a green color

camera;

the third row of cameras of the 4 x 4 array camera module includes, in the following

order, a green color camera, a blue color camera, a green color camera, and a blue color

camera; and

the fourth row of cameras of the 4 x 4 array camera module includes, in the following

order, a blue color camera, a green color camera, a red color camera, and a green color

camera.

5 . The array camera module of claim 3, wherein:

M is four;

N is four;

the first row of cameras of the 4 x 4 array camera module includes, in the following

order, a red color camera, a green color camera, a blue color camera, and a green color

camera;

the second row of cameras of the 4 x 4 array camera module includes, in the following

order a green color camera, a red color camera, a green color camera, and a red color

camera;

the third row of cameras of the 4 x 4 array camera module includes, in the following

order, a blue color camera, a green color camera, a blue color camera, and a green color

camera; and

the fourth row of cameras of the 4 x 4 array camera module includes, in the following

order, a green color camera, a red color camera, a green color camera, and a blue color

camera.



6 . The array camera module of claim 2, wherein the reference camera is a green color

camera.

7 . The array camera module of claim 2, wherein the reference camera is one of: a camera

that incorporates a Bayer filter, a camera that is configured to capture infrared light, and a

camera that is configured to capture ultraviolet light.

8. The array camera module of claim 2 wherein each of the two red color cameras is located

at a corner location of the 3 x 3 array of cameras, and wherein each of the two blue color

cameras is located at a corner location of the 3 x 3 array of cameras.

9 . The array camera module of claim 2, wherein at least one color filter is implemented on

the imager array.

10. The array camera module of claim 2, wherein at least one color filter is implemented on a

lens stack.

11. A 3 x 3 array camera module comprising:

a 3 x 3 imager array comprising a 3 x 3 arrangement of focal planes, each focal plane

comprising an array of light sensitive pixels;

a 3 x 3 optic array of lens stacks, where each lens stack corresponds to a focal plane, and

where each lens stack forms an image of a scene on its corresponding focal plane;

wherein each pairing of a lens stack and its corresponding focal plane thereby defines a

camera;

wherein the 3 x 3 array of cameras comprises:

a reference camera at the center of the 3 x 3 array of cameras;

two red color cameras located on opposite sides of the 3 x 3 array of cameras;

two blue color cameras located on opposite sides of the 3 x 3 array of cameras;

and

four green color cameras, each located at a corner location of the 3 x 3 array of

cameras;



wherein each of the color cameras is achieved using a color filter.

12. The 3 x 3 array camera module of claim 11, wherein at least one color filter is

implemented on the imager array to achieve a color camera.

13. The 3 x 3 array camera module of claim 11, wherein at least one color filter is

implemented within a lens stack to achieve a color camera.

14. The 3 x 3 array camera module of claim 11, wherein the reference camera is a green color

camera.

15. The 3 x 3 array camera module of claim 11, wherein the reference camera is one of: a

camera that incorporates a Bayer filter, a camera that is configured to capture infrared

light, and a camera that is configured to capture ultraviolet light.

16. A method of patterning an array camera module with at least one π filter group

comprising:

evaluating whether an imager array of M x N focal planes, where each focal plane

comprises an array of light sensitive pixels, includes any defective focal planes;

assembling an M x N array camera module using:

the imager array of M x N focal planes;

an M x N optic array of lens stacks, where each lens stack corresponds

with a focal plane,

wherein the M x N array camera module is assembled so that:

each lens stack and its corresponding focal plane define a camera;

color filters are implemented within the array camera module such

that the array camera module is patterned with at least one π filter

group comprising:

a 3 x 3 array of cameras comprising:

a reference camera at the center of the 3 x 3 array of

cameras;



two red color cameras located on opposite sides of

the 3 x 3 array of cameras;

two blue color cameras located on opposite sides of

the 3 x 3 array of cameras; and

four green color cameras surrounding the reference

camera; and

wherein the array camera module is patterned with the at least one π filter

group such that a camera that includes a defective focal plane is a green

color camera.

17. The method of patterning an array camera module with at least one π filter group of claim

16, wherein at least one color filter is implemented on the imager array.

18. The method of patterning an array camera module with at least one π filter group of claim

16, wherein at least one color filter is implemented within a lens stack.

19. The method of patterning an array camera module with at least one π filter group of claim

16, wherein the reference camera is a green color camera.

20. The method of patterning an array camera module with at least one π filter group of claim

16, wherein the reference camera is one of: a camera that incorporates a Bayer filter, a

camera that is configured to capture infrared light, and a camera that is configured to

capture ultraviolet light.

2 1. An array camera module, comprising:

an imager array comprising M x N focal planes, where each focal plane comprises a

plurality of rows of pixels that also form a plurality of columns of pixels and each active

focal plane is contained within a region of the imager array that does not contain pixels

from another focal plane;

an optic array of M x N lens stacks, where an image is formed on each focal plane by a

separate lens stack in the optic array of lens stacks;



wherein the imager array and the optic array of lens stacks form an M x N array of

cameras that are configured to independently capture an image of a scene;

wherein at least one row in the M x N array of cameras comprises at least one red color

camera, at least one green color camera, and at least one blue color camera; and

wherein at least one column in the M x N array of cameras comprises at least one red

color camera, at least one green color camera, and at least one blue color camera.

22. The array camera module of claim 2 1, wherein:

the red color camera is a camera that captures image data including electromagnetic

waves having a wavelength within the range of 620 nm and 750 nm;

the green color camera is a camera that captures image data including electromagnetic

waves having a wavelength within the range of 495 nm and 570 nm; and

the blue color camera is a camera that captures image data including electromagnetic

waves having a wavelength within the range of 450 nm and 495 nm.

23. The array camera module of claim 22, wherein the optics of each camera within the array

camera module are configured so that each camera has a field of view of a scene that is

shifted with respect to the fields of view of the other cameras so that each shift of the

field of view of each camera with respect to the fields of view of the other cameras is

configured to include a unique sub-pixel shifted view of the scene.

24. The array camera module of claim 23, wherein:

M and N are each greater than two and at least one of M and N is even;

color filters are implemented within the cameras in the array camera module such that the

array camera module is patterned with at least one π filter group comprising:

a 3 x 3 array of cameras comprising:

a reference camera at the center of the 3 x 3 array of cameras;

two red color cameras located on opposite sides of the 3 x 3 array of

cameras;

two blue color cameras located on opposite sides of the 3 x 3 array of

cameras; and



four green color cameras surrounding the reference camera.

25. The array camera module of claim 24 wherein each of the four green color cameras

surrounding the reference camera is disposed at a corner location of the 3 x 3 array of

cameras.

26. The array camera module of claim 25, wherein:

M is four;

N is four;

the first row of cameras of the 4 x 4 array camera module includes, in the following

order, a green color camera, a blue color camera, a green color camera, and a red color

camera;

the second row of cameras of the 4 x 4 array camera module includes, in the following

order, a red color camera, a green color camera, a red color camera, and a green color

camera;

the third row of cameras of the 4 x 4 array camera module includes, in the following

order, a green color camera, a blue color camera, a green color camera, and a blue color

camera; and

the fourth row of cameras of the 4 x 4 array camera module includes, in the following

order, a blue color camera, a green color camera, a red color camera, and a green color

camera.

27. The array camera module of claim 25, wherein:

M is four;

N is four;

the first row of cameras of the 4 x 4 array camera module includes, in the following

order, a red color camera, a green color camera, a blue color camera, and a green color

camera;

the second row of cameras of the 4 x 4 array camera module includes, in the following

order a green color camera, a red color camera, a green color camera, and a red color

camera;



the third row of cameras of the 4 x 4 array camera module includes, in the following

order, a blue color camera, a green color camera, a blue color camera, and a green color

camera; and

the fourth row of cameras of the 4 x 4 array camera module includes, in the following

order, a green color camera, a red color camera, a green color camera, and a blue color

camera.

28. The array camera module of claim 24, wherein the reference camera within the at least

one π filter group is a green color camera.

29. The array camera module of claim 24, wherein the reference camera within the at least

one π filter group is a camera that incorporates a Bayer filter.

30. The array camera module of claim 24, wherein the reference camera is one of: a camera

that incorporates a Bayer filter, a camera that is configured to capture infrared light, and a

camera that is configured to capture ultraviolet light.

31. The array camera module of claim 24 wherein each of the two red color cameras is

located at a corner location of the 3 x 3 array of cameras, and wherein each of the two

blue color cameras is located at a corner location of the 3 x 3 array of cameras.

32. The array camera module of claim 24, wherein at least one color filter is implemented on

the imager array.

33. The array camera module of claim 24, wherein at least one color filter is implemented on

a lens stack.

34. A 3 x 3 array camera module comprising:

a 3 x 3 imager array comprising a 3 x 3 arrangement of focal planes, where each focal

plane comprises a plurality of rows of pixels that also form a plurality of columns of



pixels and each active focal plane is contained within a region of the imager array that

does not contain pixels from another focal plane;

a 3 x 3 optic array of lens stacks, where an image is formed on each focal plane by a

separate lens stack in the optic array of lens stacks;

wherein the imager array and the optic array of lens stacks form a 3 x 3 array of cameras

that are configured to independently capture an image of a scene;

wherein the 3 x 3 array of cameras comprises:

a reference camera at the center of the 3 x 3 array of cameras;

two red color cameras located on opposite sides of the 3 x 3 array of cameras;

two blue color cameras located on opposite sides of the 3 x 3 array of cameras;

and

four green color cameras, each located at a corner location of the 3 x 3 array of

cameras;

wherein each of the color cameras is achieved using a color filter.

The 3 x 3 array camera module of claim 34, wherein at least one color filter is

implemented on the imager array to achieve a color camera.

The 3 x 3 array camera module of claim 34, wherein at least one color filter is

implemented within a lens stack to achieve a color camera.

The 3 x 3 array camera module of claim 34, wherein the reference camera is a green color

camera.

The 3 x 3 array camera module of claim 34, wherein the reference camera is one of: a

camera that incorporates a Bayer filter, a camera that is configured to capture infrared

light, and a camera that is configured to capture ultraviolet light.

An array camera module, comprising:

an imager array comprising M x N focal planes, where each focal plane comprises a

plurality of rows of pixels that also form a plurality of columns of pixels and each active



focal plane is contained within a region of the imager array that does not contain pixels

from another focal plane;

an optic array of M x N lens stacks, where an image is formed on each focal plane by a

separate lens stack in the optic array of lens stacks;

wherein the imager array and the optic array of lens stacks form an M x N array of

cameras that are configured to independently capture an image of a scene; and

wherein at least either one row or one column in the M x N array of cameras comprises at

least one red color camera, at least one green color camera, and at least one blue color

camera.

40. The array camera module of claim 39, wherein:

M is three;

N is three;

the first row of cameras of the 3 x 3 array camera module includes, in the following

order, a blue color camera, a green color camera, and a green color camera;

wherein the second row of cameras of the 3 x 3 array camera module includes, in the

following order a red color camera, a green color camera, and a red color camera; and

the third row of cameras of the 3 x 3 array camera module includes, in the following

order, a green color camera, a green color camera, and a blue color camera.

4 1. The array camera module of claim 39, wherein:

M is three;

N is three;

the first row of cameras of the 3 x 3 array camera module includes, in the following

order, a red color camera, a green color camera, and a green color camera;

the second row of cameras of the 3 x 3 array camera module includes, in the following

order a blue color camera, a green color camera, and a blue color camera; and

the third row of cameras of the 3 x 3 array camera module includes, in the following

order, a green color camera, a green color camera, and a red color camera.

42. An array camera comprising:



an array camera module, comprising:

an imager array comprising M x N focal planes, where each focal plane

comprises a plurality of rows of pixels that also form a plurality of

columns of pixels and each active focal plane is contained within a region

of the imager array that does not contain pixels from another focal plane;

an optic array of M x N lens stacks, where an image is formed on each

focal plane by a separate lens stack in the optic array of lens stacks;

wherein the imager array and the optic array of lens stacks form an M x N

array of cameras that are configured to independently capture an image of

a scene;

wherein at least one row in the M x N array of cameras comprises at least

one red color camera, at least one green color camera, and at least one blue

color camera; and

wherein at least one column in the M x N array of cameras comprises at

least one red color camera, at least one green color camera, and at least

one blue color camera; and

a processor that comprises an image processing pipeline, the image processing

pipeline comprising:

a parallax detection module; and

a super-resolution module;

wherein the parallax detection module is configured to obtain a reference

low resolution image of a scene and at least one alternate view image of

the scene from the camera module;

wherein the parallax detection module is configured to compare the

reference image and the at least one alternate view image to determine a

depth map and an occlusion map for the reference image; and

wherein the super-resolution module is configured to synthesize a high

resolution image using at least the reference image, the depth map, the

occlusion map and the at least one alternate view image.
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