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of the sensors (510A-510D) in the array. Each
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MULTI-CAMERA SYSTEM USING FOLDED OPTICS FREE FROM
PARALLAX AND TILT ARTIFACTS

TECHNICAL FIELD
[0001] The present disclosure relates to imaging systems and methods that
include a multi-camera array. In particular, the disclosure relates to systems and
methods that enable low-profile imaging systems and mobile devices while maintaining

or improving image quality.

BACKGROUND

[0002] Many mobile devices, such as mobile phones and tablet computing
devices, include cameras that may be operated by a user to capture still and/or video
images. Because the mobile devices are typically designed to be relatively small, it can
be important to design the cameras or imaging systems to be as thin as possible in order
to maintain a low-profile mobile device. Folded optic image sensor arrays (“array
cameras”) allow for the creation of low-profile image capture devices without
shortening the focal length or decreasing the resolution of the image across the sensor
array’s field of view. By redirecting light toward each sensor in the array using a
primary and secondary surface, and by positioning the lens assemblies used to focus the
incoming light between the primary and secondary surfaces, the sensor array may be
positioned on a flat substrate perpendicular to the lens assemblies. The longer focal
length makes it possible to implement features such as optical zoom and to incorporate
morce complicated optics that require more space than commonly afforded by the
traditional mobile camera, such as adding more optical elements.

[0003] Some array cameras employ a central mirror or prism with multiple
facets to split incoming light comprising the target image into multiple portions for
capture by the sensors in the array, wherein each facet directs a portion of the light from
the target image toward a sensor in the array. Each portion of the split light may be
passcd through a lens assembly and reflected off of a surface positioned directly above
or below a sensor, such that each sensor captures a portion of the image. The sensor
fields of view can overlap to assist in stitching together the captured portions into a

complete image.
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SUMMARY

[0004] The folded optic sensor arrays and image capture techniques
described herein allow for the creation of low-profile image capture devices without
shortening the focal length or decreasing the resolution of the image across the sensor
array’s ficld of view, wherein the captured images may be free of parallax and tilt
artifacts. A challenge of existing array cameras is the quality degradation due to
parallax and/or tilt between different views of same object as seen from different
cameras of the array. Parallax prevents seamless stitching of the images captured by
each camera into a final image completely free of artifacts. Camera views can partially
overlap (for example, by approximately 20%). Depending on depth (for example,
distance from lens to object) the image from one camera can be shifted relative to the
image from another camera. The resulting parallax and tilt can cause “double image”
ghosting in the image arca corresponding to the overlapping fields of view when the
images are stitched or fused together. Even if the array is structured such that there is
no overlap in sensor fields of view, parallax results in discontinuous features in the
image, such as lines and edges, when such features cross over the borders between
sensor fields of view.

[0005] The above-described problems, among others, are addressed in some
embodiments by the array cameras free (or substantially free) of parallax and tilt
artifacts as described hercin. Some of the embodiments may employ a central mirror or
prism, for example with multiple surfaces or facets, to split incoming light comprising
the target image into multiple portions for capture by the sensors in the array. The
mirror surfaces and surrounding cameras can be configured to avoid causing parallax
and tilt artifacts in a captured image. For example, the planes formed by the mirror
surfaces or prism facets may all intersect at a common point, referred to as the apex,
which may be along the vertical axis of symmetry of the array in some embodiments.
The camcras can be positioned so that the optical axis of cach camera is aligned with or
intersects with the apex. The optical axis of a camera can intersect with both a center of
projection of its lens assembly and the apex. Accordingly, the synthetic aperture (the
sum of all views of the cameras in the array) can have a virtual optical axis passing
through the apex. In addition, each camera can be positioned such that the angle formed

between the camera optical axis and the virtual optical axis is twice the angle formed
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between the corresponding mirror surface and the virtual optical axis. However, these
angles do not have to be the same for all cameras in the array. Accordingly, in some
embodiments the apex may not be along the vertical axis of symmetry of the array.
Further, the distance between the apex and the center of projection (located within the
Iens corresponding to a sensor) can be the same for all the cameras in the array.
Accordingly, the views of the cameras in the array can seamlessly merge into a single
image free of parallax and tilt artifacts.

[0006] Each portion of the split light may be passed through a lens assembly
and reflected off of an optional additional reflective surface positioned directly above or
below a sensor, such that each sensor captures a portion of the image. In some
circumstances, each sensor in the array may capture a portion of the image which
overlaps slightly with the portions captured by neighboring sensors in the array, and
these portions may be assembled into the target image, for example by linear blending
or other image stitching techniques. The sensors can be positioned off-center from the
optical axis of its lens assembly in some examples in order to capture a wider field of
view.

[0007] One aspect relates to an imaging system comprising a reflecting
component including a plurality of primary light redirecting surfaces, the reflecting
component comprising an apex at a location of an intersection of planes formed by each
of the plurality of primary light redirccting surfaces; and a plurality of camcras, cach of
the plurality of cameras having an optical axis, the plurality of cameras arranged to each
receive light redirected from one of the primary light redirecting surfaces of the
reflecting component and such that the optical axis of each of the plurality of cameras is
aligned to intersect with the apex of the reflecting component.

[0008] Another aspect relates to a method of manufacturing a folded optic
array camera substantially free of parallax and tilt artifacts, the method comprising
providing a reflecting component including a plurality of primary light redirecting
surfaces, the reflecting component comprising an apex at a location of an intersection of
planes formed by each of the plurality of primary light redirecting surfaces; and for each
camera of a plurality of cameras positioned around the reflecting component positioning
a lens assembly to receive a portion of light representing a target image scene from one

of the plurality of primary light redirecting surfaces, the lens assembly having an optical
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axis, and positioning the lens assembly such that the optical axis is aligned to intersect with the
apex.

[0009] Another aspect relates to an image capture apparatus comprising means for
splitting light representing a target image scene into a plurality of portions and redirecting each
of the plurality of portions in a different direction; means for focusing each of the plurality of
portions of light; and means for capturing each of the plurality of portions of light after being
focused; the means for splitting light, means for focusing, and means for capturing positioned
according to a predetermined spatial relationship in order to reduce or eliminate parallax and
tilt artifacts between images generated based on the plurality of portions of light.

[0010] Another aspect relates to a method of forming an array camera substantially
free of parallax and tilt artifacts, the method comprising, for each camera of a plurality of
cameras positioned in an array having a vertical axis of symmetry selecting a first location for
an image sensor; selecting a second location for a primary light directing surface such that a
plane formed by the primary light directing surface intersects with an apex point, the second
location selected such that the primary light directing surface directs a portion of light
representing a target image scene toward the image sensor; and selecting a third location for a
center of projection of a lens assembly positioned between the sensor and the primary light
directing surface, third location selected such that an optical axis angle of the camera intersects
with the apex point; said method performed programmatically by one or more computing
devices.

[0010a] Another aspect relates to an imaging system comprising: a reflecting
component including a plurality of primary light reflecting surfaces, the reflecting component
comprising an apex at a location of an intersection of each of the plurality of primary light
reflecting surfaces; a plurality of cameras each of the plurality of cameras having an optical axis
aligned to intersect only with a single point, the single point located at the apex of the reflecting
component, and each of the plurality of cameras associated with one of the plurality of primary
light reflecting surfaces and arranged to receive light reflected from the associated one of the
primary light reflecting surfaces, wherein the reflecting component is disposed between at least
two of the plurality of cameras; and a virtual optical axis of the plurality of cameras, passing

through the apex, wherein at least one of the plurality of light reflecting surfaces is positioned
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such that a plane formed by the at least one of the plurality of primary light reflecting surfaces
relative to the virtual optical axis form a first angle, the optical axis of one of the plurality of
cameras that receives light from the at least one of the plurality of primary light reflecting
surfaces forms a second angle relative to the virtual optical axis, the second angle having a value
equal to double a value of the first angle.

[0010b] Another aspect relates to an method of manufacturing a folded optic array
camera , the method comprising: providing a reflecting component including a plurality of
primary light reflecting surfaces, the reflecting component comprising an apex at a location of
an intersection of planes formed by each of the plurality of primary light reflecting surfaces, a
virtual optical axis of the folded optic array camera passing through the apex; arranging a
plurality of cameras around the reflecting component such that the reflecting component is
disposed between at least two of the plurality of cameras, said arranging comprising, for each
camera of the plurality of cameras: positioning a lens assembly to receive a portion of light
representing a target image scene from an associated one of the plurality of primary light
reflecting surfaces, the lens assembly having an optical axis, and positioning the lens assembly
such that the optical axis is aligned to intersect with the apex and to intersect with an optical
axis of the others of the plurality of cameras only at a single point, the single point located at
the apex; and positioning at least one of the plurality of primary light reflecting surfaces such
that a plane formed by the at least one of the plurality of primary light reflecting surfaces relative
to the virtual optical axis form a first angle, the optical axis of one of the plurality of cameras
that receives light from the at least one of the plurality of primary light reflecting surfaces forms
a second angle relative to the virtual optical axis, the second angle having a value equal to

double a value of the first angle.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011] The disclosed aspects will hereinafter be described in conjunction with the
appended drawings and appendices, provided to illustrate and not to limit the disclosed aspects,
wherein like designations denote like elements.
[0012] Figure 1A illustrates a cross-sectional side view of an embodiment of a

folded optic array camera.

4a
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[0013] Figure 1B illustrates a cross-sectional side view of another embodiment of a
folded optic array camera.

[0014] Figure 2 illustrates a block diagram of one embodiment of an image capture

device.

4b
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[0015] Figures 3A through 3C illustrate an embodiment of an array camera
free of parallax and tilt artifacts.

[0016] Figure 4 illustrates an example of design parameters for one sensor
and mirror of the array camera.

[0017] Figures 5A through 5C illustrate an embodiment of an array camera
frce of parallax and tilt artifacts.

[0018] Figures 6A through 6C illustrate an embodiment of an array camera
free of parallax and tilt artifacts.

[0019] Figures 7A and 7B illustrate an example of design parameters for one
sensor and mirror of the array camera.

[0020] Figure 7C illustrates a set of views captured by the array camera of
Figures 7A and 7B.

[0021] Figure 8A illustrates an embodiment of an imperfect central mirror
pyramid.

[0022] Figure 8B illustrates another embodiment of an imperfect central
mirror pyramid.

[0023] Figure 9A illustrates a magnification of the absolute value of the
difference between an image captured with an ideal central mirror pyramid and the
central mirror pyramid of Figure 8A.

[0024] Figure 9B illustrates a magnification of the absolute value of the
difference between an image captured with an ideal central mirror pyramid and the
central mirror pyramid of Figurc 8B.

[0025] Figure 10 illustrates an embodiment of a folded optic image capture

process.

DETAILED DESCRIPTION
L. Introduction
[0026] Implementations disclosed herein provide systems, methods and
apparatus for generating images substantially free of parallax and tilt artifacts using an
array camera with folded optics. Aspects of the present invention relate to an array
camera exhibiting little or no parallax artifacts in the captured images. For example, the

planes of the central mirror pyramid or prism of the array camera can intersect at a
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common point (referred to as an “apex”). The apex can serve as a point of intersection
for the optical axes of the cameras in the array, as well as a point of intersection with
the virtual optical axis. Each camera in the array “sees” a portion of the image scene
using a corresponding facet of the central mirror prism, and accordingly each individual
camcra/mirror pair rcpresents only a sub-aperturc of the total array camcra. The
complete array camera has a synthetic aperture generated based on the sum of all
individual aperture rays, that is, based on stitching together the images generated by the
sub-apertures. Each camera can include a sensor and a lens assembly, the lens assembly
having a center of projection located along the camera optical axis, and may optionally
include a secondary light redirecting surface between the sensor and lens assembly.
The sensor may be positioned off-center from the optical axis to capture more light from
the image scene.

[0027] In the following description, specific details are given to provide a
thorough understanding of the examples. However, the examples may be practiced

without these specific details.

1I. Overview of Folded Optic Array Cameras

[0028] Referring now to Figures 1A and 1B, examples of an a folded optic
multi-sensor assembly 100A, 100B suitable for use with the autofocus systems and
techniques described hercin will now be described in greater detail.  Figure 1A
illustrates a cross-sectional side view of an example of a folded optics array 100A
including image sensors 105, 125, reflective secondary light redirecting surfaces 110,
135, lens assemblies 115, 130, and a central reflective surface 120 which may all be
mounted to a substrate 150. Figure 1B illustrates a cross-sectional side view of an
embodiment of a folded optic sensor array including central prisms 141, 146 for primary
light redirecting surfaces 122, 124 and additional prisms forming secondary light
redirecting surfaces 135, 110.

[0029] Referring to Figure 1A, the image sensors 105, 125 may include, in
certain embodiments, a charge-coupled device (CCD), complementary metal oxide
semiconductor sensor (CMOS), or any other image sensing device that receives light
and generates image data in response to the received image. Image sensors 105, 125

may be able to obtain image data of still photographs and may also provide information
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regarding motion in a captured video stream. Sensors 105 and 125 may be individual
sensors or may represent arrays of sensors, such as a 3x1 array. However, as will be
understood by one skilled in the art, any suitable array of sensors may be used in the
disclosed implementations.

[0030] The sensors 105, 125 may be mounted on the substrate 150 as shown
in Figure 1A. In some embodiments, all sensors may be on onc planc by being mounted
to the flat substrate 150. Substrate 150 may be any suitable substantially flat material.
The central reflective surface 120 and lens assemblies 115, 130 may be mounted on the
substrate 150 as well. Multiple configurations are possible for mounting a sensor array
or arrays, a plurality of lens assemblies, and a plurality of primary and secondary
reflective or refractive surfaces.

[0031] Still referring to Figure 1A, in some embodiments, a central
retlective surface 120 may be used to redirect light from a target image scence toward the
sensors 105, 125. Central reflective surface 120 may be a mirror or a plurality of
mirrors, and may be flat or shaped as needed to properly redirect incoming light to the
image sensors 105, 125. For example, in some embodiments, central reflective surface
120 may be a mirror sized and shaped to reflect incoming light rays through the lens
assemblies 115, 130 to sensors 105, 125, respectively. The central reflective surface
120 may split light comprising the target image into multiple portions and direct each
portion at a diffcrent sensor. For cxample, a first side 122 of the central reflective
surface 120 (also referred to as a primary light redirecting surface, as other
embodiments may implement a refractive prism rather than a reflective surface) may
send a portion of the light corresponding to a first field of view 140 toward the left
sensor 105 while a second side 124 sends a second portion of the light corresponding to
a second field of view 145 toward the right sensor 125. It should be appreciated that
together the fields of view 140, 145 of the image sensors cover at least the target image.

[0032] In some embodiments in which the receiving sensors are each an
array of a plurality of sensors, the central reflective surface may be made of multiple
reflective surfaces angled relative to one another in order to send a different portion of
the target image scene toward each of the sensors. Each sensor in the array may have a
substantially different field of view, and in some embodiments the fields of view may

overlap. Certain embodiments of the central reflective surface may have complicated
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non-planar surfaces to increase the degrees of freedom when designing the lens system.
Further, although the central surface is discussed as being a reflective surface, in other
embodiments central surface may be refractive. For example, central surface may be a
prism configured with a plurality of facets, where each facet directs a portion of the
light comprising the scene toward onc of the sensors.

[0033] After being reflected off the central reflective surface 120, the light
may propagate through lens assemblies 115, 130 as illustrated in Figure 1A. One or
more lens assemblies 115, 130 may be provided between the central reflective surface
120 and the sensors 105, 125 and reflective surfaces 110, 135. The lens assemblies 115,
130 may be used to focus the portion of the target image which is directed toward each
Sensor.

[0034] In some embodiments, cach lens assembly may comprise one or more
lenscs and an actuator for moving the lens among a plurality of different lens positions
through a housing. The actuator may be a voice coil motor (VCM), micro-electronic
mechanical system (MEMS), or a shape memory alloy (SMA). The lens assembly may
further comprise a lens driver for controlling the actuator.

[0035] Traditional auto focus techniques may be implemented by changing
the focal length between the lens 115, 130 and corresponding sensor 105, 125 of each
camera. In some embodiments, this may be accomplished by moving a lens barrel.
Other embodiments may adjust the focus by moving the central mirror up or down or by
adjusting the angle of the mirror relative to the lens assembly. Certain embodiments
may adjust the focus by moving the side mirrors over each sensor. Such embodiments
may allow the assembly to adjust the focus of each sensor individually. Further, it is
possible for some embodiments to change the focus of the entire assembly at once, for
example by placing a lens like a liquid lens over the entire assembly. In certain
implementations, computational photography may be used to change the focal point of
the camera array.

[0036] As illustrated in Figurc 1A, multiple side reflective surfaces, such as
reflective surfaces 110 and 135, can be provided around the central mirror 120 opposite
the sensors. After passing through the lens assemblies, the side reflective surfaces 110,
135 (also referred to as a secondary light redirecting surface, as other embodiments may

implement a refractive prism rather than a reflective surface) can reflect the light
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(“downward” in orientation as depicted in Figure 1A) onto the flat sensors 105, 125.
As depicted, sensor 105 may be positioned beneath reflective surface 110 and sensor
125 may be positioned beneath reflective surface 135. However, in other embodiments,
the sensors may be above the side reflected surfaces, and the side reflective surfaces
may be configured to reflect light upward. Other suitable configurations of the side
reflective surfaces and the sensors are possible in which the light from each lens
assembly is redirected toward the sensors. Certain embodiments may enable movement
of the side reflective surfaces 110, 135 to change the focus or field of view of the
associated sensor.

[0037] Each sensor’s field of view 140, 145 may be steered into the object
space by the surface of the central mirror 120 associated with that sensor. Mechanical
methods may be employed to tilt the mirrors and/or move the prisms in the array so that
the ficld of view of cach camcra can be steered to different locations on the object field.
This may be used, for example, to implement a high dynamic range camera, to increase
the resolution of the camera system, or to implement a plenoptic camera system. Each
sensor’s (or each 3x1 array’s) field of view may be projected into the object space, and
each sensor may capture a partial image comprising a portion of the target scene
according to that sensor’s field of view. In some embodiments, the fields of view 140,
145 for the opposing sensor arrays 105, 125 may overlap by a certain amount 150. To
reduce the overlap 150 and form a single image, a stitching process as described below
may be used to combine the images from the two opposing sensor arrays 105, 125.
Certain embodiments of the stitching process may employ the overlap 150 for
identifying common features in stitching the partial images together. After stitching the
overlapping images together, the stitched image may be cropped to a desired aspect
ratio, for example 4:3 or 1:1, to form the final image.

[0038] Figure 1B illustrates a cross-sectional side view of another
cmbodiment of a folded optic array camcra 100B. As shown in Figurc 1B, a scnsor
assembly 100B includes a pair of image sensors 105, 125 each mounted to substrate
150, lens assemblies 115, 130 corresponding to image sensors 105, 125, respectively,
and a secondary light redirecting surface 110, 135 positioned over the cover glass 106,
126 of image sensors 105, 125, respectively. The primary light redirecting surface 122

of refractive prism 141 directs a portion of light from the target image scene along

9
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optical axis 121 through the lens assembly 113, is redirected off of the secondary light
redirecting surface 110, passes through the cover glass 106, and is incident upon the
sensor 105. The primary light redirecting surface 124 of refractive prism 146 directs a
portion of light from the target image scene along optical axis 123 through the lens
assembly 130, is redirected off of the secondary light redirecting surface 135, passes
through the cover glass 126, and is incident upon the sensor 125. The folded optic array
camera 100B is illustrative of one array camera embodiment implementing refractive
prisms instead of the reflective surfaces of the array camera 100A of Figure 1A. Each
of the refractive prisms 141, 146 is provided in an aperture in the substrate 150 such
that the primary light directing surfaces 122, 124 are below the plane formed by
substrate and receive light representing the target image scene.

[0039] The sensors 105, 125 may be mounted on the substrate 150 as shown
in Figure 1B. In some cmbodiments, all sensors may be on one planc by being mounted
to the flat substrate 150. Substrate 150 may be any suitable substantially flat material.
The substrate 150 can include an aperture as described above to allow incoming light to
pass through the substrate 150 to the primary light redirecting surfaces 122, 124.
Multiple configurations are possible for mounting a sensor array or arrays, as well as
the other camera components illustrated, to the substrate 150.

[0040] Still referring to Figure 1B, primary light redirecting surfaces 122,
124 may be prism surfaces as illustrated, or may be a mirror or a plurality of mirrors,
and may be flat or shaped as needed to properly redirect incoming light to the image
sensors 105, 125. In some embodiments the primary light redirecting surfaces 122, 124
may be formed as a central mirror pyramid or prism as illustrated in Figure 1A. The
central mirror pyramid, prism, or other optical component may split light representing
the target image into multiple portions and direct each portion at a different sensor. For
example, a primary light redirecting surface 122 may send a portion of the light
corresponding to a first ficld of view toward the Ieft sensor 105 while primary light
redirecting surface 124 sends a second portion of the light corresponding to a second
field of view toward the right sensor 125. In some embodiments in which the receiving
sensors are each an array of a plurality of sensors, the light redirecting surfaces may be
made of multiple reflective surfaces angled relative to one another in order to send a

different portion of the target image scene toward each of the sensors. It should be

10
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appreciated that together the fields of view of the cameras cover at least the target
image, and can be aligned and stitched together after capture to form a final image
captured by the synthetic aperture of the array.

[0041] Each sensor in the array may have a substantially different field of
view, and in some embodiments the ficlds of view may overlap. As described in more
detail below, the spatial rclationships between the various primary light redirecting
surfaces 122, 124, lens assemblies 115, 130, and sensors 105, 125 can be predetermined
to reduce or eliminate parallax and tilt artifacts occurring between the different fields of
view.

[0042] As illustrated by Figures 1A and 1B, each array camera has a total
height H. In some embodiments, the total height H can be approximately 4.5 mm or
less. In other embodiments, the total height H can be approximately 4.0 mm or less.
Though not illustrated, the cntirc array camcra 100A, 100B may be provided in a
housing having a corresponding interior height of approximately 4.5 mm or less or
approximately 4.0 mm or less.

[0043] Some configurations of such array cameras 100A, 100B can suffer
from parallax and tilt artifacts based on the relative positioning of the sensors and light
redirecting surfaces, presenting challenges with respect to quality degradation due to
parallax and tilt between different views of same object as seen from different cameras
of the array. Parallax and tilt prevent scamless stitching of the images captured by each
camera into a final image completely free of artifacts. Depending on depth (e.g.,
distance from lens to object) the image from one camera can be shifted in position and
angle relative to an overlapping image from another camera. The resulting parallax and
tilt can cause “double image” ghosting in the image area corresponding to the
overlapping fields of view when the images are stitched or fused together. Even if the
array is structured such that there is no overlap in sensor fields of view, parallax results
in discontinuous features in the image, such as lines and edges, when such features
cross over the borders between sensor fields of view.

[0044] As used herein, the term “camera” refers to an image sensor, lens
system, and a number of corresponding light redirecting surfaces, for example the
primary light redirecting surface 124, lens assembly 130, secondary light redirecting

surface 135, and sensor 125 as illustrated in Figure 1. A folded-optic multi-sensor
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array, referred to as an “array” or “array camera,” can include a plurality of such cameras in
various configurations. Some embodiments of array configurations are disclosed in U.S.
Application Pub. No. 2014/0111650, filed March 15, 2013 and titled “MULTI-CAMERA
SYSTEM USING FOLDED OPTICS”. Other array camera configurations that would benefit
from the geometric relationships for reduction or elimination of parallax artifacts described
herein are possible.

[0045] Figure 2 depicts a high-level block diagram of a device 200 having a set of
components including an image processor 220 linked to one or more cameras 215a-n. The
image processor 220 is also in communication with a working memory 205, memory 230, and
device processor 250, which in turn is in communication with storage 210 and electronic display
225.

[0046] Device 200 may be a cell phone, digital camera, tablet computer, personal
digital assistant, or the like. There are many portable computing devices in which a reduced
thickness imaging system such as is described herein would provide advantages. Device 200
may also be a stationary computing device or any device in which a thin imaging system would
be advantageous. A plurality of applications may be available to the user on device 200. These
applications may include traditional photographic and video applications, high dynamic range
imaging, panoramic photo and video, or stereoscopic imaging such as 3D images or 3D video.

[0047] The image capture device 200 includes the cameras 215a-n for capturing
external images. The cameras 215a-n may each comprise a sensor, lens assembly, and a primary
and secondary reflective or refractive surface for redirecting a portion of a target image to each
sensor, as discussed above with respect to Figure 1. In general, N cameras 215a-n may be used,
where N > 2. Thus, the target image may be split into N portions in which each sensor of the
N cameras captures one portion of the target image according to that sensor’s field of view. It
will be understood that cameras 215a-n may comprise any number of cameras suitable for an
implementation of the folded optic imaging device described herein. The number of sensors
may be increased to achieve lower z-heights of the system, as discussed in more detail below
with respect to Figure 4, or to meet the needs of other purposes, such as having overlapping

fields of view similar to that of a plenoptic camera, which may enable the ability to adjust the
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focus of the image after post-processing. Other embodiments may have a field of view
overlap configuration suitable for high dynamic range cameras enabling the ability to
capture two simultaneous images and then merge them together. The cameras 215a-n
may be coupled to the image processor 220 to transmit captured image to the device
processor 250.

[0048] The image processor 220 may be configured to perform various
processing operations on received image data comprising N portions of the target image
in order to output a high quality stitched image, as will be described in more detail
below. Image processor 220 may be a general purpose processing unit or a processor
specially designed for imaging applications. Examples of image processing operations
include cropping, scaling (e.g., to a different resolution), image stitching, image format
conversion, color interpolation, color processing, image filtering (e.g., spatial image
filtering), lens artifact or defect correction, ctc. Image processor 220 may, in some
embodiments, comprise a plurality of processors. Certain embodiments may have a
processor dedicated to each image sensor. Image processor 220 may be one or more
dedicated image signal processors (ISPs) or a software implementation of a processor.

[0049] As shown, the image processor 220 is connected to a memory 230
and a working memory 205. In the illustrated embodiment, the memory 230 stores
capture control module 235, image stitching module 240, and operating system 245.
These modules include instructions that configure the image processor 220 of device
processor 250 to perform various image processing and device management tasks.
Working memory 205 may be used by image processor 220 to store a working set of
processor instructions contained in the modules of memory 230. Alternatively, working
memory 205 may also be used by image processor 220 to store dynamic data created
during the operation of device 200.

[0050] As mentioned above, the image processor 220 is configured by
several modules stored in the memories. The capture control module 235 may include
instructions that configure the image processor 220 to adjust the focus position of
cameras 215a-n. Capture control module 235 may further include instructions that
control the overall image capture functions of the device 200. For example, capture
control module 235 may include instructions that call subroutines to configure the

image processor 220 to capture raw image data of a target image scene using the
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cameras 215a-n. Capture control module 235 may then call the image stitching module 240 to
perform a stitching technique on the N partial images captured by the cameras 215a-n and output
a stitched and cropped target image to imaging processor 220. Capture control module 235 may
also call the image stitching module 240 to perform a stitching operation on raw image data in
order to output a preview image of a scene to be captured, and to update the preview image at
certain time intervals or when the scene in the raw image data changes.

[0051] Image stitching module 240 may comprise instructions that configure the
image processor 220 to perform stitching and cropping techniques on captured image data. For
example, each of the N sensors 215a-n may capture a partial image comprising a portion of the
target image according to each sensor’s field of view. The fields of view may share areas of
overlap, as described above and below. In order to output a single target image, image stitching
module 240 may configure the image processor 220 to combine the multiple N partial images
to produce a high-resolution target image. Target image generation may occur through known
image stitching techniques. = Examples of image stitching can be found in U.S. Patent
Application number 11/623,050.

[0052] For instance, image stitching module 240 may include instructions to
compare the areas of overlap along the edges of the N partial images for matching features in
order to determine rotation and alignment of the N partial images relative to one another. Due
to rotation of partial images and/or the shape of the field of view of each sensor, the combined
image may form an irregular shape. Therefore, after aligning and combining the N partial
images, the image stitching module 240 may call subroutines which configure image processor
220 to crop the combined image to a desired shape and aspect ratio, for example a 4:3 rectangle
or 1:1 square. The cropped image may be sent to the device processor 250 for display on the
display 225 or for saving in the storage 210.

[0053] Operating system module 245 configures the image processor 220 to manage
the working memory 205 and the processing resources of device 200. For example, operating
system module 245 may include device drivers to manage hardware resources such as the
cameras 215a-n. Therefore, in some embodiments, instructions contained in the image

processing modules discussed above may not interact with these

14

Date Regue/Date Received 2020-06-09



CA 02948550 2016-11-17

WO 2015/195297 PCT/US2015/033195

hardware resources directly, but instead interact through standard subroutines or APIs
located in operating system component 270. Instructions within operating system 245
may then interact directly with these hardware components. Operating system module
245 may further configure the image processor 220 to share information with device
processor 250.

[0054] Device processor 250 may be configured to control the display 225 to
display the captured image, or a preview of the captured image, to a user. The display
225 may be external to the imaging device 200 or may be part of the imaging device
200. The display 225 may also be configured to provide a view finder displaying a
preview image for a use prior to capturing an image, or may be configured to display a
captured image stored in memory or recently captured by the user. The display 225
may comprise an LCD or LED screen, and may implement touch sensitive technologies.

[0055] Device processor 250 may write data to storage module 210, for
example data representing captured images. While storage module 210 is represented
graphically as a traditional disk device, those with skill in the art would understand that
the storage module 210 may be configured as any storage media device. For example,
the storage module 210 may include a disk drive, such as a floppy disk drive, hard disk
drive, optical disk drive or magneto-optical disk drive, or a solid state memory such as a
FLASH memory, RAM, ROM, and/or EEPROM. The storage module 210 can also
include multiple memory units, and any onc of the memory units may be configured to
be within the image capture device 200, or may be external to the image capture device
200. For example, the storage module 210 may include a ROM memory containing
system program instructions stored within the image capture device 200. The storage
module 210 may also include memory cards or high speed memories configured to store
captured images which may be removable from the camera.

[0056] Although Figure 2 depicts a device having separate components to
include a processor, imaging sensor, and memory, one skilled in the art would recognize
that these separate components may be combined in a variety of ways to achieve
particular design objectives. For example, in an alternative embodiment, the memory
components may be combined with processor components to save cost and improve

performance. In some embodiments, a device may include a single processor that can
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perform the functionality that is described in reference to the device processor 250 and
the image processor 220.

[0057] Additionally, although Figure 2 illustrates two memory components,
including memory component 230 comprising several modules and a separate memory
205 comprising a working memory, onc with skill in the art would recognize several
cmbodiments utilizing different memory architectures. For cxample, a design may
utilize ROM or static RAM memory for the storage of processor instructions
implementing the modules contained in memory 230. The processor instructions may
be loaded into RAM to facilitate execution by the image processor 220. For example,
working memory 205 may comprise RAM memory, with instructions loaded into

working memory 205 before execution by the image processor 220.

1I1. Overview of Folded Optic Array Cameras Free From Parallax and Tilt

Artifacts

[0058] Figures 3A and 3B illustrate an embodiment of an array camera free
of parallax and tilt artifacts due to arrangement of the various components according to
the predetermined spatial relationships defined below. As illustrated by Figures 3A and
3B, two mirror surfaces 330, 335 and two corresponding sensors 311A, 311B can be
configured based on a predefined spatial relationship to avoid causing parallax and tilt
artifacts in a captured image. A scnsor of the array and its corresponding lens is
referred to as a “camera,” and the cooperation of all cameras in the array is referred to
ag a “virtual camera.” Though not illustrated, each camera may have a secondary light
redirecting surface as described above in order to redirect light toward a sensor that is
not positioned at the illustrated angle relative to an optical axis of the camera. For
example, in some embodiments all sensors may be positioned in a common plane. In
the illustrated embodiment, the virtual camera 320 includes the virtual sensor 321 and
the virtual lens 322 associated with the virtual sensor. As will be understood, the virtual
camera 320 is depicted to show the virtual sensor 321 and the virtual lens 322
corresponding to the synthetic aperture (field of view 340) of the overall array 300
generated by stitching images captured by the physical sensors 311A, 311B, and the

virtual camera is not physically present in an actual construction of the array.
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[0059] Each camera 310A, 310B looks at the apex A of the central mirror
prism 350, the optical axis 315A, 315B of each camera 310A, 310B passing through the
apex A. The lens centers of the lenses 312A, 312B associated with each of the cameras
310A, 310B are at the same distance from the apex, and each camera 310A, 310B sees
half the field of view 340 of the virtual camera 320. The angle of the optical axis 315A,
315B of each camera 310A, 310B relative to the vertical axis 325 can be double the
angle of a plane formed by its corresponding mirror 330, 335 relative to the vertical axis
325. In the illustrated embodiment, the vertical axis 325 denotes the vertical axis of
symmetry of the array 300 and is also the virtual optical axis (e.g., the optical axis of the
virtual camera 320 represented by virtual sensor 321 and virtual lens 322).

[0060] As illustrated, the planes formed by the mirror surfaces 330, 335
intersect at a common point, referred to as the apex and labeled as A in the figures,
along thc virtual optical axis 325 of thc array. The camcras 310A, 310B can be
positioned so that the optical axis 315A, 315B of each camera intersects with the apex
A. In addition, each camera 310A, 310B can be positioned such that the angle (labeled
ag angle 2a) formed between the camera’s optical axis 315A, 315B and the virtual
optical axis 325 is twice the angle (labeled as angle o) formed between the
corresponding mirror surface 330, 335 and the virtual optical axis 325. However, these
angles do not have to be the same for all cameras in the array. The distance D between
the apcx A and the center of projection 313B (located within the lens 312B
corresponding to a sensor 311B) can be the same or essentially the same for all the
cameras in the array. All cameras 310A, 310B of the array virtually merge into (read
“serve as”) one single virtual camera 320 looking upward along the virtual optical axis
325 of the array 300. In this way each individual camera/lens/mirror combination
represents only a sub-aperture of the total array 300. The virtual camera 320 has a
synthetic aperture made of the sum of all individual aperture rays.

[0061] Figure 3C illustrates an cxample of the above-described design
constraints for one camera 310B in the array 300. The ficld of view 340 of the virtual
camera 320 formed by stitching images from all cameras 310A, 310B in the array 300
can be based on optimization of the mechanical parameters of the system. However, a

rough estimate can be obtained based on the assumption of an infinitely small (point-
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size) individual camera 310B. The maximum possible field of view (FOV) for the
virtual camera 320 is related to angles in Figure 3C, where:
FOV =2
B=90—a
FOV =180 —2a

[0062] Beyond the angle B, the light rays that the virtual camera 320 “sees”
can be obstructed by the physical structure of the real camera 310B. In some
embodiments of array cameras, the FOV may be smaller.

[0063] Additionally, the array camera is desirably thin (e.g., 4 mm or less in
height) in some embodiments, which constrains the angle a to less than 45° and to more
than a certain value. Other practical requirements may make o > 30°. In various
embodiments, the focal length and angle o do not have to be the same for all cameras.

[0064] Figurc 4 illustratcs an cxample of design parameters and an cxample
ray trace for various angles of light incident on a mirror 335 corresponding to one
sensor 311B and mirror 335 of the array camera 300 of Figures 3A-3C, which can result
in a FOV = 60° (approximately). However, this is an example and not a limitation and
wider angles are realistically possible. Assuming an ideal lens 312B, with similar
results expected for a real lens, the focal length of the camera 310B is approximately 5
mm, the aperture is 2.5 mm, the distance from A to lens 312B center of projection 313B
is approximately 10.9 mm, A is at approximately 4 mm height H from the base 400
(though the height H can vary based on the overall thickness or height for the array), the
lens center of projection 313B is at approximately 2 mm height from the base 400, and
a=40°. A FOV = 60° can be determined from computing relative illumination, and can
be constrained by the mirror 335 size and distance from lens center of projection 313B
to the mirror 335. The constraint of a mirror height H of approximately 4 mm may not
be increased due to form factor limitations of the array camera, while the distance to the
mirror 335 can be reduced, but at the cost of physical camera obstructing some of the
rays. As illustrated, the sensor 311B can be positioned off-center from the optical axis
315B in order to gather light from more of the field of view provided by the mirror than
if the sensor 311B was conventionally positioned centered with the optical axis 315B.
In other embodiments, the sensor may be positioned in a different position and at a

different angle relative to the optical axis and a secondary light redirecting surface can
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be included to redirect the light into the sensor. For example, the base 400 of the
central mirror pyramid may be positioned on (or inset into) a substrate, and the sensor
311B (and all other sensors in the array 300) may be positioned on (or inset into) the
substrate.

[0065] Figures SA through 5C illustrate an embodiment of an array camera
500 exhibiting little or no parallax and tilt artifacts, the array camera including four sub-
cameras S10A, 510B, 510C, 510D and a central mirror pyramid 520. Here, camera is
used to refer to the sensor, lens, and possible secondary light redirecting surface
corresponding to a facet of the central mirror pyramid 520. Each of the four cameras
510A, 510B, 510C, 510D has an optical axis intersecting the apex A of the mirror
pyramid, the Iens centers of projection for each camera are at the same distance from
the apex, and cach camera sees approximately Y4 of the field of view of the virtual
camera. In some embodiments, each camera 510A, 510B, 510C, 510D can have an
optical axis intersecting a common point other than the apex A. In such embodiments,
the resulting image can exhibit little or no parallax artifacts but can exhibit tilt artifacts.

[0066] The central mirror pyramid 520 can include four reflective facets or
mirrored surfaces 525A, 525B, 525C, 525D each directing light toward one of the four
cameras 510A, 510B, 510C, 510D and forming the apex A of the pyramid. FEach
camera 510A, 510B, 510C, 510D can include an image sensor and lens assembly, and in
somc implementation a sccondary light redirecting surface, represented in the figures as
the two joined rectangular boxes. Each camera 510A, 510B, 510C, 510D can have an
optical axis 515A, 515B, 515C, 515D passing through the apex A of the mirror
pyramid, and can see, using a corresponding reflective facets 525A, 525B, 525C, 525D,
a portion of the total field of view of the virtual camera. The spatial relationships
between each of the cameras 510A, 510B, 510C, 510D, the apex A, and the
corresponding one of reflective facets 525A, 525B, 525C, 525D can be defined as above
in order to reduce or climinate parallax and tilt artifacts. Although commonly described
herein as a mirror pyramid, in some embodiments the reflective facets may form a
reflecting component having a different shape, for example by being positioned a
distance apart and therefore not forming a unified structure, or by being positioned

together to form a reflecting component having a flat upper surface rather than a pointed
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apex. As such, the apex A may not be a physical point but rather a point in space
representing an intersection of the planes of the facets.

[0067] Other array camera designs with optical axis alignment for parallax
reductions are also possible, for example an eight camera design using four mirrors or
reflective facets in addition to a central mirror pyramid (or other shape/structure of
central reflective component). Other numbers of cameras and corresponding mirrored
surfaces are possible. In addition, as discussed above with respect to Figure 1, in some
embodiments a second reflective surface may be positioned above or below the image
sensor to reflect light from the central mirror pyramid to the sensor. Accordingly, the
sensor can be mounted on a substrate with the central mirror pyramid 520, and the array
camera design can accommodate sensors having a length greater than the height of the
array camera.

[0068] Figure 5C illustrates an example of the ficld of view 530 of the
virtual camera, shown as a circle over the central mirror pyramid 520.

[0069] Figures 6A through 6C illustrate an embodiment of an array camera
600 free of parallax and tilt artifacts. Like the four-camera design 500 described above,
the eight-camera array design 600 includes a central mirror pyramid 620 surrounded by
an array of cameras 610A-610H. Compared to the four-camera design 500 described
above this eight-camera design 600 has four additional mirrors 625E, 625F, 625G,
625H and four corresponding additional cameras 610E, 610F. 610G, 610H following
the same principle of spatial relationships described above with respect to Figures 3A-
3C regarding planes intersecting at the apex A, though the additional mirrors 625E,
625F, 625G, 625H may be positioned at different angles relative to a vertical axis of the
array 600 compared to the angle of the primary mirrors 610A, 610B, 610C, 610D. The
four additional mirrored surfaces 625E, 625F, 625G, 625H may be shaped by cutting off
part of their usable area so that they do not obstruct the cones of rays captured by the
original four cameras. The additional mirrors and cameras compared to the four-camera
design are shown in gray. The distance from the lens center to the apex A can be the
same for all eight cameras 610A-610H. This is meant to illustrate one example of an
array camera, and other cameras with a different number of cameras/mirrors as well as

other modifications are possible.
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[0070] Figure 6C illustrates an example of the field of view 630 of the
virtual camera, shown as a circle over the central mirror pyramid 620. Compared to
Figure 5C, the illustrated circle 630 shows the increase in the FOV of the eight-camera
array 600 compared to the four-camera array 500. More than eight-camera designs are
possible for cxpanding the ficld cven further, but the complexity of the system increascs
proportionally. Some embodiments may be constructed to achieve a FOV of

approximately 100°,

IV. Overview of Example Captured Images

[0071] Figure 7A illustrates an example of design parameters for one sensor
710 and mirror 720 of a four-camera array camera. Assuming an ideal lens 715, with
similar results expected for a real lens, the focal length of the camera 310B is
approximatcly 5 mm, the aperturc is 2.5 mm, the distance from A to lens 715 center of
projection 313B is approximately 7 mm, A is at approximately 4 mm height H from the
base 725 (though the height H can vary based on the overall thickness or height for the
array), and a=39.713°. The constraint of a mirror height H of approximately 4 mm may
not be increased in some implementations due to form factor limitations of the array
camera. As illustrated, the sensor 710 can be positioned off-center from the optical axis
730 in order to gather light from more of the field of view provided by the mirror than if
the sensor 710 was conventionally positioned centered with the optical axis 730. In
other embodiments, the sensor 710 may be positioned in a different position and at a
different angle relative to the optical axis and a secondary light redirecting surface can
be included to redirect the light into the sensor. For example, the base 725 of the
central mirror pyramid may be positioned on (or inset into) a substrate, and the sensor
710 (and all other sensors in the array) may be positioned on (or inset into) the
substrate.

[0072] Figure 7B illustrates an example ray trace for light incident upon the
mirror 720 at various angles, where the number of lines corresponds to the relative
amount of light at each angle that arrives at the sensor 710. As illustrated by the
numbers of lines in the ray trace for the various angles, less light from the outer angles
(e.g., -6 degrees, 0 degrees, 36 degrees, and 44 degrees) reach the sensor 710 than from

the inner angles (e.g., 12 degrees and 24 degrees).
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[0073] Figure 7C illustrates a set of views captured by a four-camera array
camera having the design parameters illustrated in Figures 7A and 7B. Simple linear
blending of the images captured with the four-camera array can produce high quality
results with no artifacts. The total field of view can reach 88° if overlap between the
four camera ficlds of view i1s minimized. In the illustrated simulated sct of views, the
object is approximately 50 mm from the camera, and the camera is focused exactly on
the object. There is little or no parallax in the areas of overlap between the fields of
view, providing significant improvements for image stitching over previous array
camera designs.

[0074] When all images are in focus, the in-focus object should preferably
be at one distance, for example, in one plane. Proper aligning removes any parallax.
When the depth to different objects is different, they can be neither all in focus nor all
aligned at the same time. Even if onc object is aligned in the overlapping views, some
other object at different depth may not be aligned.

[0075] In some examples, in-focus objects will be aligned properly, however
there can be misalignment between images of out of focus objects in the same scene.
Extensive simulation in Zemax has shown that with such objects there is visible
parallax between overlapping views from different mirrors. However the mixture of two
such images is the true defocused view of the object from a larger aperture. Views from
individual cameras show partial (incomplete) aperture imaging. The result of mixing
such individual views is full aperture imaging. The array camera generates a synthetic
aperture images from all of the partial views.

[0076] In one experiment with the four-camera array, with the in-focus
object at 50 mm and cameras focused at 40 mm, the experiment revealed slight parallax
in the overlapping regions between individual views. However, linear blending of the
views still produced cleanness and absence of ghosting in the final image.

[0077] Figure 8A illustrates an embodiment of an imperfect central mirror
pyramid 800. Rcal mirrors uscd in array camcras can possibly have imperfections at the
sharp edges. The mirror of Figure 8A represents an imperfect mirror used to investigate
the effect of blocking the edge 805 of the pyramid by 0.25 mm and cutting the top 810

by 0.5 mm (referred to as a mirror pyramid with cutoffs). The effects of the blocked
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edges 805 and cut top 810 are discussed with respect to the example image of Figure
9A.

[0078] Figure 8B illustrates another embodiment of an imperfect central
mirror pyramid 820. The mirror of Figure 8B represents an imperfect mirror used to
investigate the cffect of cdges 805 blocked and also a wall 815 at the top of the
pyramid, the wall 815 having a height of approximately 0.5 mm, blocking certain rays
coming at an angle (referred to as a mirror pyramid with walls). The effects of the
blocked edges 805 and blocked top §15 are discussed with respect to the example image
of Figure 9B.

[0079] Figure 9A illustrates an image 900 with magnification of the absolute
value of the difference between an image captured with an ideal central mirror pyramid
and the central mirror pyramid of Figure 8A. The effect of the cutoffs on an image
capturcd using a central mirror pyramid as is illustrated in Figure 8A is darkening of the
image in the 45 degree diagonals and double the darkening in a diamond-shaped region
in the center of the image.

[0080] Figure 9B illustrates an image 905 with magnification of the absolute
value of the difference between an image captured with an ideal central mirror pyramid
and the central mirror pyramid of Figure 8B. As illustrated by the magnified absolute
value of the difference, the effect of wall on an image captured using a central mirror
pyramid as is illustrated in Figure 8B is a black cross in the center of the image.

[0081] Although real and imperfect mirrors may cause darkening in captured
images, such darkening will be constant across all images capture by the array using the
imperfect mirror.  Accordingly, in some embodiments post-capture processing
techniques can be used to correct for the known darkening of the image due to the
mirror, for example by multiplying the captured image by a mask of the known
darkened regions. The result would appear as if it was captured by an ideal mirror with
sharp edges and a sharp apex. In other embodiments, manufacturing constraints can be
placed on mirror construction to avoid darkening artifacts, for example requiring mirror

edges to be precise and sharp to better than 0.25 mm.
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V. Overview of Example Image Capture Process

[0082] Figure 10 illustrates an embodiment of a folded optic image capture
process 1000. The process 1000 begins at block 1005, in which a plurality of imaging
sensors are provided. This block can include providing any of the sensor array
configurations discussed above, including number and positioning of the sensors.

[0083] The process 1000 then moves to block 1010, in which at Icast one
reflective surface is mounted proximate to and in a predefined spatial relationship with a
corresponding one of the plurality of imaging sensors. For example, this block could
comprise mounting a central mirror pyramid in the middle of a surrounding array of
two, four, or eight sensors, wherein the central mirror pyramid comprises a surface
associated with each sensor in the arrays. As described above, the predefined spatial
relationship can provide for an array camera that is substantially free of parallax and tilt
artifacts, for cxample by specifying that all plancs formed by the facets or mirrored
surface of the central mirror pyramid intersect at a common point (the apex), that each
mirror is positioned at an angle o relative to a vertical axis of the array passing through
the apex (though different mirrors may be mounted at different angles or all at the same
angle in various embodiments), that the corresponding sensor of each mirror is
positioned at an angle 2a relative to the vertical axis of the array passing through the
apex, and that the center of projection of the lens assembly associated with each sensor
is positioncd the samc distance D from the apex as cach of the other centers of
projection. In some embodiments, blocks 1005 and 1010 of process 1000 can be
implemented as a method of manufacturing an array camera that is substantially free of
parallax and tilt artifacts.

[0084] The process 1000 then transitions to block 1015, in which light
comprising a target image of a scene is reflected off of the at least one reflective surface
toward the imaging sensors of an array camera manufactured by blocks 1005 and 1010.
For example, a portion of the light may be reflected off of each of a plurality of surfaces
toward each of the plurality of sensors. This may further comprise passing the light
through a lens assembly associated with each sensor, and may also include reflecting
the light off of a second surface onto a sensor. Block 1015 may further comprise
focusing the light using the lens assembly or through movement of any of the reflective

surfaces.
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[0085] The process 1000 may then move to block 1020, in which the sensors
capture a plurality of images of the target image scene. For example, each sensor may
capture an image of a portion of the scene corresponding to that sensor’s field of view.
Due to the predetermined spatial relationship used in constructing the array camera, the
ficlds of view may cxhibit little or no parallax and tilt artifacts. Togcther, the ficlds of
view of the plurality of sensors cover at least the target image in the object space.

[0086] The process 1000 then may transition to block 1025 in which an
image stitching method is performed to generate a single image from the plurality of
images. In some embodiments, the image stitching module 240 of Figure 2 may
perform this block. This may include known image stitching techniques. Further, any
areas of overlap in the fields of view may generate overlap in the plurality of images,
which may be used in aligning the images in the stitching process. For example, block
925 may further include identifying common featurcs in the overlapping arca of
adjacent images and using the common features to align the images. In some
embodiments block 1025 can include compensation for known artifacts caused by
imperfections in the central mirror pyramid.

[0087] Next, the process 1000 transitions to block 1030 in which the stitched
image is cropped to a specified aspect ratio, for example 4:3 or 1:1. Finally, the process
ends after storing the cropped image at block 1035. For example, the image may be
stored as a full resolution final image in storage 210 of Figure 2, or may be stored in

working memory 205 of Figure 2 for display as a preview image of the target scene.

VI. Implementing Systems and Terminology

[0088] Implementations disclosed herein provide systems, methods and
apparatus for multiple aperture array cameras free from parallax and tilt artifacts. One
skilled in the art will recognize that these embodiments may be implemented in
hardware, software, firmware, or any combination thereof.

[0089] In some embodiments, the circuits, processes, and systems discussed
above may be utilized in a wireless communication device. The wireless
communication device may be a kind of electronic device used to wirelessly
communicate with other electronic devices. Examples of wireless communication

devices include cellular telephones, smart phones, Personal Digital Assistants (PDAs),

25



CA 02948550 2016-11-17

WO 2015/195297 PCT/US2015/033195

e-readers, gaming systems, music players, netbooks, wireless modems, laptop
computers, tablet devices, etc.

[0090] The wireless communication device may include one or more image
sensors, two or more image signal processors, a memory including instructions or
modules for carrying out the processes discussed above. The device may also have
data, a processor loading instructions and/or data from mcmory, onec or more
communication interfaces, one or more input devices, one or more output devices such
as a display device and a power source/interface. The wireless communication device
may additionally include a transmitter and a receiver. The transmitter and receiver may
be jointly referred to as a transceiver. The transceiver may be coupled to one or more
antennas for transmitting and/or receiving wireless signals.

[0091] The wircless communication device may wirclessly connect to
another clectronic device (ec.g., base station). A wircless communication device may
alternatively be referred to as a mobile device, a mobile station, a subscriber station, a
user equipment (UE), a remote station, an access terminal, a mobile terminal, a
terminal, a user terminal, a subscriber unit, etc. Examples of wireless communication
devices include laptop or desktop computers, cellular phones, smart phones, wireless
modems, e-readers, tablet devices, gaming systems, etc. Wireless communication
devices may operate in accordance with one or more industry standards such as the 3rd
Gencration  Partnership  Project  (3GPP). Thus, the gencral term  “‘wircless
communication device” may include wireless communication devices described with
varying nomenclatures according to industry standards (e.g., access terminal, user
equipment (UE), remote terminal, etc.).

[0092] The functions described herein may be stored as one or more
instructions on a processor-readable or computer-readable medium. The term
“computer-readable medium” refers to any available medium that can be accessed by a
computer or processor. By way of example, and not limitation, such a medium may
comprise RAM, ROM, EEPROM, flash memory, CD-ROM or other optical disk
storage, magnetic disk storage or other magnetic storage devices, or any other medium
that can be used to store desired program code in the form of instructions or data
structures and that can be accessed by a computer. Disk and disc, as used herein,

includes compact disc (CD), laser disc, optical disc, digital versatile disc (DVD), floppy
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disk and Blu-ray® disc where disks usually reproduce data magnetically, while discs reproduce
data optically with lasers. It should be noted that a computer-readable medium may be tangible
and non-transitory. The term “computer-program product” refers to a computing device or
processor in combination with code or instructions (e.g., a “program”) that may be executed,
processed or computed by the computing device or processor. As used herein, the term “code”
may refer to software, instructions, code or data that is/are executable by a computing device or
processor.

[0093] Software or instructions may also be transmitted over a transmission
medium. For example, if the software is transmitted from a website, server, or other remote
source using a coaxial cable, fiber optic cable, twisted pair, digital subscriber line (DSL), or
wireless technologies such as infrared, radio, and microwave, then the coaxial cable, fiber optic
cable, twisted pair, DSL, or wireless technologies such as infrared, radio, and microwave are
included in the definition of transmission medium.

[0094] The methods disclosed herein comprise one or more steps or actions for
achieving the described method. In other words, unless a specific order of steps or actions is
required for proper operation of the method that is being described, the order and/or use of
specific steps and/or actions may be modified without departing from the scope of the described
herein.

[0095] It should be noted that the terms “couple,” “coupling,” “coupled” or other
variations of the word couple as used herein may indicate either an indirect connection or a
direct connection. For example, if a first component is “coupled” to a second component, the
first component may be either indirectly connected to the second component or directly
connected to the second component. As used herein, the term “plurality” denotes two or more.
For example, a plurality of components indicates two or more components.

[0096] The term “determining” encompasses a wide variety of actions and,
therefore, “determining” can include calculating, computing, processing, deriving,
investigating, looking up (e.g., looking up in a table, a database or another data structure),
ascertaining and the like. Also, “determining” can include receiving (e.g., receiving
information), accessing (e.g., accessing data in a memory) and the like. Also, “determining”

can include resolving, selecting, choosing, establishing and the like.
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[0097] The phrase “based on” does not mean “based only on,” unless
expressly specified otherwise. In other words, the phrase “based on” describes both
“based only on” and “based at least on.”

[0098] In the foregoing description, specific details are given to provide a
thorough understanding of the examples. However, it will be understood by one of
ordinary skill in the art that the examples may be practiced without these specific
details. For example, electrical components/devices may be shown in block diagrams in
order not to obscure the examples in unnccessary detail. In other instances, such
components, other structures and techniques may be shown in detail to further explain
the examples.

[0100] Headings are included herein for reference and to aid in locating
various sections. These headings are not intended to limit the scope of the concepts
described with respect thercto.  Such concepts may have applicability throughout the
entire specification.

[0101] It is also noted that the examples may be described as a process,
which is depicted as a flowchart, a flow diagram, a finite state diagram, a structure
diagram, or a block diagram. Although a flowchart may describe the operations as a
sequential process, many of the operations can be performed in parallel, or concurrently,
and the process can be repeated. In addition, the order of the operations may be re-
arranged. A process is terminated when its operations are completed. A process may
correspond to a method, a function, a procedure, a subroutine, a subprogram, ctc. When
a process corresponds to a software function, its termination corresponds to a return of
the function to the calling function or the main function.

[0102] The previous description of the disclosed implementations is
provided to enable any person skilled in the art to make or use the present invention.
Various modifications to these implementations will be readily apparent to those skilled
in the art, and the generic principles defined herein may be applied to other
implementations without departing from the spirit or scope of the invention. Thus, the
present invention is not intended to be limited to the implementations shown herein but
is to be accorded the widest scope consistent with the principles and novel features

disclosed herein.
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CLAIMS

1. An imaging system comprising:

a reflecting component including a plurality of primary light reflecting surfaces,
the reflecting component comprising an apex at a location of an intersection of each of the
plurality of primary light reflecting surfaces;

a plurality of cameras each of the plurality of cameras having an optical axis
aligned to intersect only with a single point, the single point located at the apex of the reflecting
component, and each of the plurality of cameras associated with one of the plurality of primary
light reflecting surfaces and arranged to receive light reflected from the associated one of the
primary light reflecting surfaces, wherein the reflecting component is disposed between at least
two of the plurality of cameras; and

a virtual optical axis of the plurality of cameras, passing through the apex,
wherein at least one of the plurality of light reflecting surfaces is positioned such that a plane
formed by the at least one of the plurality of primary light reflecting surfaces relative to the
virtual optical axis form a first angle, the optical axis of one of the plurality of cameras that
receives light from the at least one of the plurality of primary light reflecting surfaces forms a
second angle relative to the virtual optical axis, the second angle having a value equal to double

a value of the first angle.

2. The system of claim 1, wherein each of the plurality of primary light reflecting
surfaces are positioned such that planes formed by each of the plurality of primary light
reflecting surfaces form the first angle relative to the virtual optical axis, the optical axis of each

of the plurality of cameras forming the second angle relative to the virtual optical axis.

3. The system of claim 1, wherein:

planes formed by a first subset of the plurality of primary light reflecting surfaces
form the first angle relative to the virtual optical axis;

the optical axis of a corresponding first subset of the plurality of cameras form

the second angle relative to the virtual optical axis;
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planes formed by a second subset of the plurality of primary light reflecting
surfaces form a third angle relative to the virtual optical axis, the third angle having a value
different than the value of the first angle; and

the optical axis of a corresponding second subset of the plurality of cameras form
a fourth angle relative to the virtual optical axis, the fourth angle having a value equal to double

the value of the third angle.

4. The system of claim 1, wherein each camera of the plurality of cameras
comprises a lens assembly and a sensor, and for each camera

the optical axis of the camera intersecting with a center of projection of the lens
assembly, and

the optical axis of the camera intersects with the sensor at a location offset from

a center of the sensor.

5. The system of claim 1, further comprising a plurality of lens assemblies and a
plurality of image sensors, wherein each of the plurality of cameras comprises one of the

plurality of lens assemblies and one of the plurality of image sensors.

6. The system of claim 5, each of the plurality of lens assemblies having a center
of projection, wherein at least two of the plurality of lens assemblies are positioned such that
the apex is equidistant from the center of projection of each of the at least two of the plurality

of lens assemblies.
7. The system of claim 5, wherein the plurality of lens assemblies are identical to
one another, and wherein the plurality of lens assemblies are positioned equidistant from the

apex.

8. The system of claim 5, further comprising a flat substrate, wherein each of the

plurality of image sensors are positioned on the flat substrate.
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9. The system of claim 8, further comprising a plurality of secondary light
reflecting surfaces, each of the plurality of secondary light reflecting surfaces configured to
receive incoming light from a corresponding one of the plurality of lens assemblies and redirect

the incoming light toward a corresponding one of the plurality of image sensors.

10. The system of claim 9, wherein the plurality of secondary light reflecting

surfaces each comprise one of a reflective surface of a refractive prism.

11. The system of claim 5, further comprising a flat substrate, wherein each of the

plurality of image sensors are positioned inset into the substrate.

12. A method of manufacturing a folded optic array camera , the method comprising:

providing areflecting component including a plurality of primary light reflecting
surfaces, the reflecting component comprising an apex at a location of an intersection of planes
formed by each of the plurality of primary light reflecting surfaces, a virtual optical axis of the
folded optic array camera passing through the apex;

arranging a plurality of cameras around the reflecting component such that the
reflecting component is disposed between at least two of the plurality of cameras, said arranging
comprising, for each camera of the plurality of cameras:

positioning a lens assembly to receive a portion of light representing a target
image scene from an associated one of the plurality of primary light reflecting surfaces, the lens
assembly having an optical axis, and

positioning the lens assembly such that the optical axis is aligned to intersect
with the apex and to intersect with an optical axis of the others of the plurality of cameras only
at a single point, the single point located at the apex; and

positioning at least one of the plurality of primary light reflecting surfaces such
that a plane formed by the atleast one of the plurality of primary light reflecting surfaces relative
to the virtual optical axis form a first angle, the optical axis of one of the plurality of cameras

that receives light from the at least one of the plurality of primary light reflecting surfaces forms
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a second angle relative to the virtual optical axis, the second angle having a value equal to

double a value of the first angle.

13. The method of manufacturing a folded optic array camera of claim 12, further
comprising, for each camera of the plurality of cameras, positioning an image sensor to receive

light from the lens assembly.

14. The method of manufacturing a folded optic array camera of claim 12, wherein
the folded optic array camera comprises a virtual optical axis of a virtual camera, the virtual

camera formed by combining a field of view of each of the plurality of cameras.

15. The method of manufacturing a folded optic array camera of claim 12, further
comprising:

providing a flat substrate; and

for each of the plurality of cameras:

providing an image sensor positioned to receive light from the lens
assembly, and

positioning the image sensor on the flat substrate.
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