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Description
Title of Invention: APPARATUS AND METHOD FOR

OPERATING MULTIPLE CAMERAS FOR DIGITAL PHO-

TOGRAPHY
Technical Field

This disclosure relates generally to image capturing systems. More specifically, this
disclosure relates to an apparatus and method for operating multiple cameras for digital
photography.

Background Art

Single sensor or camera-based digital photography devices have reached saturation in
terms of image quality and usable functionality. As a result, many smartphone vendors
have begun selling multi-camera devices that provide additional functionality, such as
zoom, improved low light photography, and wide-angle field of view (FOV). Others
have tried to build multi-camera devices in "array" configurations, such as by using up
to sixteen small fixed cameras in a four-by-four configuration or movable FOV
cameras using mirror devices. One potential benefit of array cameras is that, with
proper array components, multiple cameras operating together can improve the pho-
tography experience beyond what can be achieved with a single camera or with
separate cameras operating independently. However, so far, array cameras have not
seen good success in the market since the cost of building array cameras is high, the
user benefits provided have been limited, and system architecture enhancements
needed to build array cameras on consumer devices (such as smartphones) have not

come together seamlessly.
Disclosure of Invention

Technical Problem

Embodiments of this disclosure provides an apparatus and method for operating
multiple cameras for digital photography.
Solution to Problem

This summary is provided to introduce a selection of concepts in a simplified format
that is further described in the detailed description of the present disclosure. This
summary is not intended to identify key or essential inventive concepts of the claimed
subject matter, nor is it intended for determining the scope of the claimed subject
matter. In accordance with the purposes of the disclosure, this disclosure as embodied
and broadly described herein describes method and apparatus for controlling packet

flow. In a first embodiment, a method includes, in a first mode, positioning first and
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second tiltable image sensor modules of an image sensor array of an electronic device
so that a first optical axis of the first tiltable image sensor module and a second optical
axis of the second tiltable image sensor module are substantially perpendicular to a
surface of the electronic device, and the first and second tiltable image sensor modules
are within a thickness profile of the electronic device. The method also includes, in a
second mode, tilting the first and second tiltable image sensor modules so that the first
optical axis of the first tiltable image sensor module and the second optical axis of the
second tiltable image sensor module are not perpendicular to the surface of the
electronic device, and at least part of the first and second tiltable image sensor modules
are no longer within the thickness profile of the electronic device.

In a second embodiment, an electronic device includes an image sensor array and at
least one processing device operatively coupled to the image sensor array. The image
sensor array includes first and second tiltable image sensor modules. The image sensor
array is configured to operate in a first mode in which a first optical axis of the first
tiltable image sensor module and a second optical axis of the second tiltable image
sensor module are substantially perpendicular to a surface of the electronic device, and
the first and second tiltable image sensor modules are within a thickness profile of the
electronic device. The image sensor array is also configured to operate in a second
mode in which the first optical axis of the first tiltable image sensor module and the
second optical axis of the second tiltable image sensor module are not perpendicular to
the surface of the electronic device, and at least part of the first and second tiltable
image sensor modules are no longer within the thickness profile of the electronic
device. The at least one processing device is configured to control a tilting of the first
and second tiltable image sensor modules between the first mode and the second mode.

In a third embodiment, a method for operating an electronic device with an image
sensor array includes capturing, by an image sensor module, a stream from a pixel
array. The method also includes processing, by the image sensor module, the stream to
generate a preview stream and a full frame stream. The method further includes com-
pressing, by the image sensor module, the preview stream using a first compression
and the full frame stream using a second compression. In addition, the method includes
outputting, by the image sensor module, the compressed preview stream and the
compressed full frame stream.

Other technical features may be readily apparent to one skilled in the art from the
following figures, descriptions, and claims.

Before undertaking the DETAILED DESCRIPTION below, it may be advantageous
to set forth definitions of certain words and phrases used throughout this patent

"o

document. The terms "transmit,” "receive,” and "communicate,” as well as derivatives

thereof, encompass both direct and indirect communication. The terms "include" and
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"comprise," as well as derivatives thereof, mean inclusion without limitation. The term
"or" is inclusive, meaning and/or. The phrase "associated with," as well as derivatives
thereof, means to include, be included within, interconnect with, contain, be contained
within, connect to or with, couple to or with, be communicable with, cooperate with,
interleave, juxtapose, be proximate to, be bound to or with, have, have a property of,
have a relationship to or with, or the like.

Brief Description of Drawings

For a more complete understanding of this disclosure and its advantages, reference is
now made to the following description taken in conjunction with the accompanying
drawings, in which like reference numerals represent like parts:

FIGURE 1 illustrates an example network configuration including an electronic
device in accordance with this disclosure;

FIGURES 2A, 2B, 2C, and 2D illustrate an example architecture of a camera module
in an electronic device in accordance with this disclosure;

FIGURES 3A, 3B, 3C, and 3D illustrate an example normal mode and an example
panoramic ("pano”) mode in accordance with this disclosure;

FIGURES 4A, 4B, 4C, 4D, 4E, 4F, 4G, 4H, 41, and 4] illustrate example camera
module movements in accordance with this disclosure;

FIGURES 5A, 5B, 5C, 5D, SE, 5F, and 5G illustrate example operating modes for a
four-camera array in accordance with this disclosure;

FIGURES 6A, 6B, 6C, and 6D illustrate example operating modes for a two-camera
array in accordance with this disclosure;

FIGURES 7A, 7B, and 7C illustrate an example operating mode for a five-camera
array in accordance with this disclosure;

FIGURES 8A, 8B, 8C, 8D, 8E, 8F, and 8G illustrate example camera arrays in ac-
cordance with this disclosure;

FIGURE 9 illustrates an example synchronization of multiple cameras in accordance
with this disclosure;

FIGURE 10 illustrates an example sensor and application processor connectivity for
power reduction in accordance with this disclosure;

FIGURE 11 illustrates an example data flow for an image signal processor and
dynamic random access memory (DRAM) bandwidth in accordance with this
disclosure;

FIGURE 12 illustrates an example normal mode processing pipeline for a camera
array in accordance with this disclosure;

FIGURE 13 illustrates an example pano mode processing pipeline for a camera array

in accordance with this disclosure;
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FIGURE 14 illustrates an example method for operating multiple cameras for digital

photography in accordance with this disclosure;
FIGURES 15A, 15B, and 15C illustrate example pano-Bokeh mode operations in ac-

cordance with this disclosure; and

FIGURES 16A, 16B, 16C, 16D, 16E, and 16F illustrate an example camera array
that can be tilted inwards in accordance with this disclosure.Further, skilled artisans
will appreciate that elements in the drawings are illustrated for simplicity and may not
have been necessarily been drawn to scale. For example, the flow charts illustrate the
method in terms of the most prominent steps involved to help to improve under-
standing of aspects of the present disclosure. Furthermore, in terms of the construction
of the device, one or more components of the device may have been represented in the
drawings by conventional symbols, and the drawings may show only those specific
details that are pertinent to understanding the embodiments of the present disclosure so
as not to obscure the drawings with details that will be readily apparent to those of
ordinary skill in the art having benefit of the description herein.

Mode for the Invention

FIGURES 1 through 16F, discussed below, and the various embodiments of this
disclosure are described with reference to the accompanying drawings. However, it
should be appreciated that this disclosure is not limited to these embodiments, and all
changes and/or equivalents or replacements thereto also belong to the scope of this
disclosure. The same or similar reference denotations may be used to refer to the same
or similar elements throughout the specification and the drawings.

As noted above, one potential benefit of array cameras is that, with proper array
components, multiple cameras operating together can improve the photography ex-
perience beyond what can be achieved with a single camera or with separate cameras
operating independently. However, so far, array cameras have not seen good success in
the market since the cost of building array cameras is high, the user benefits provided
have been limited, and system architecture enhancements needed to build array
cameras on consumer devices (such as smartphones) have not come together
seamlessly. Moreover, array cameras have had limited success in consumer pho-
tography due to bulkiness, power consumption, and few user benefits given the cost.

One challenge here involves the efficient use of a multi-camera system. For example,
many devices in the market have a linear array of mostly-independent cameras that do
not provide the maximum benefits achievable using multi-camera configurations.
Another challenge here is that current devices have significantly non-traditional
designs (so they cannot be easily mass-produced), are too bulky and costly in design

for use in thin form factors (such as for smartphones), or use configurations that cannot
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be handled using traditional image processing techniques. Further, current devices are
challenged to maximize the use cases of array cameras in order to provide improved
user benefits or an increased number of usage modes. In addition, current array camera
uses are often focused on only low-light photography, high dynamic range (HDR)
imaging, and multi-based Bokeh effects. This is a direct consequence of the fact that
current array camera configurations that can fit into mobile form factors have fixed
fields of view (FOVs) that are all very similar. A final challenge here involves
reducing or minimizing power consumption when multiple camera modules are used in
an electronic device (particularly a mobile device).

This disclosure provides various techniques for using a camera array or other image
sensor array for digital photography. In some embodiments, an array includes wide-
angle cameras or other image sensors and optionally at least one telephoto camera or
other image sensor or other type(s) of image sensor(s). As an example, the wide-angle
camera may have a 35 millimeter film camera equivalent focal length of 28 millimeters
Each wide-angle image sensor may operate with a movable field of view. In a
"normal” mode of operation, all image sensors can point in one direction and allow for
computational imaging algorithms to benefit from the use of an array configuration
(such as better synthetic lens blur, low light imaging, motion blur reduction, high
dynamic range video, or high frame rate video). In a "panoramic" or "pano" mode of
operation, the wide-angle image sensors tilt outwards to provide a panoramic capture
of a scene. This allows an electronic device to capture distortion free wide-angle
pictures, which can additionally be enhanced with synthetic lens blur effects or other
effects.

Depending on the implementation, an electronic device may use an array of standard
or custom camera components to build an array of image sensors, and the con-
figuration may include wide, telephoto, or other type(s) of image sensors as needed or
desired. Also, in some cases, an electronic device may utilize "pop-out" image sensor
modules that change the field of view of different image sensors by physically moving
the image sensors. In at least one mode, these pop-out image sensor modules can move
the image sensors so that they are diverging and mostly disjoint (but possibly with
partial overlap) in their fields of view. This can be accomplished without the need for
mirrors or folded optics that add significant bulk to the overall design. Also, these pop-
out image sensor modules can expand the usability of the imaging array to include ad-
ditional functionality, such as single-shot panoramic photography, as well as to new
use cases, such as "pano-Bokeh". In particular embodiments, the pop-out mechanisms
can be used to minimize device bulk and thickness while still supporting panoramic
photography. Additional features described below include functions for optimizing

system architecture components used for camera synchronization and timing as well as
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for power reduction.

In addition, some embodiments of this disclosure can be used to enhance the user ex-
perience. For example, some features that may be used in an electronic device may
include (1) one or more "center" cameras used to increase image quality in the center
of the field of view during pano mode, (2) one or more monochrome cameras within
the array used to improve light sensitivity, (3) a higher pixel size (sensitivity) but lower
resolution used to achieve higher light sensitivity, lower noise, and better signal-
to-noise ratio (SNR), (4) a global shutter camera used to remove rolling shutter
artifacts, (5) one or more cameras with a variable aperture, (6) one or more uncon-
ventional cameras, such as coded aperture cameras used to reduce motion blur,
cameras with no infrared filters used to improve low light sensitivity, and lenses with
higher modulation transfer functions (MTFs) used to produce moire in images that is
then digitally removed using multi-camera multi-frame super resolution, time-of-flight,
or depth information, and/or (7) a specialized array to perform only some functionality,
such as a multi-baseline camera array only (without a movable FOV) or a panoramic
camera array (PCA) only.

FIGURE 1 illustrates an example network configuration 100 including an electronic
device in accordance with this disclosure. The embodiment of the network con-
figuration 100 shown in FIGURE 1 is for illustration only. Other embodiments of the
network configuration 100 could be used without departing from the scope of this
disclosure.

According to embodiments of this disclosure, an electronic device 101 is included in
the network configuration 100. The electronic device 101 can include at least one of a
bus 110, a processor 120, a memory 130, an input/output (I/O) interface 150, a display
160, a communication interface 170, or a sensor 180. In some embodiments, the
electronic device 101 may exclude at least one of these components or may add at least
one other component. The bus 110 includes a circuit for connecting the components
120-180 with one another and for transferring communications (such as control
messages and/or data) between the components.

The processor 120 includes one or more of a central processing unit (CPU), an ap-
plication processor (AP), or a communication processor (CP). The processor 120 is
able to perform control on at least one of the other components of the electronic device
101 and/or perform an operation or data processing relating to communication. In
some embodiments, the processor 120 can be a graphics processor unit (GPU). For
example, the processor 120 can receive image data captured by multiple cameras and
process the image data to produce images of scenes, and the processor 120 can control
multiple camera modules as described below.

The memory 130 can include a volatile and/or non-volatile memory. For example,



WO 2020/117007 PCT/KR2019/017221

[36]

[37]

[38]

7

the memory 130 can store commands or data related to at least one other component of
the electronic device 101. According to embodiments of this disclosure, the memory
130 can store software and/or a program 140. The program 140 includes, for example,
a kernel 141, middleware 143, an application programming interface (API) 145, and/or
an application program (or "application") 147. At least a portion of the kernel 141,
middleware 143, or API 145 may be denoted an operating system (OS).

The kernel 141 can control or manage system resources (such as the bus 110,
processor 120, or memory 130) used to perform operations or functions implemented
in other programs (such as the middleware 143, API 145, or application 147). The
kernel 141 provides an interface that allows the middleware 143, the API 145, or the
application 147 to access the individual components of the electronic device 101 to
control or manage the system resources. The application 147 includes one or more ap-
plications for image capture and image processing as discussed below. These functions
can be performed by a single application or by multiple applications that each carries
out one or more of these functions. The middleware 143 can function as a relay to
allow the API 145 or the application 147 to communicate data with the kernel 141, for
instance. A plurality of applications 147 can be provided. The middleware 143 is able
to control work requests received from the applications 147, such as by allocating the
priority of using the system resources of the electronic device 101 (like the bus 110,
the processor 120, or the memory 130) to at least one of the plurality of applications
147. The API 145 is an interface allowing the application 147 to control functions
provided from the kernel 141 or the middleware 143. For example, the API 145
includes at least one interface or function (such as a command) for filing control,
window control, image processing, or text control.

The 1/0 interface 150 serves as an interface that can, for example, transfer commands
or data input from a user or other external devices to other component(s) of the
electronic device 101. The I/O interface 150 can also output commands or data
received from other component(s) of the electronic device 101 to the user or the other
external device.

The display 160 includes, for example, a liquid crystal display (LCD), a light
emitting diode (LED) display, an organic light emitting diode (OLED) display, a
quantum-dot light emitting diode (QLED) display, a microelectromechanical systems
(MEMS) display, or an electronic paper display. The display 160 can also be a depth-
aware display, such as a multi-focal display. The display 160 is able to display, for
example, various contents (such as text, images, videos, icons, or symbols) to the user.
The display 160 can include a touchscreen and may receive, for example, a touch,
gesture, proximity, or hovering input using an electronic pen or a body portion of the

user.
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The communication interface 170, for example, is able to set up communication
between the electronic device 101 and an external electronic device (such as a first
electronic device 102, a second electronic device 104, or a server 106). For example,
the communication interface 170 can be connected with a network 162 or 164 through
wireless or wired communication to communicate with the external electronic device.
The communication interface 170 can be a wired or wireless transceiver or any other
component for transmitting and receiving signals, such as images.

The wireless communication is able to use at least one of, for example, long term
evolution (LTE), long term evolution-advanced (LTE-A), Sth generation wireless
system (5G), millimeter-wave or 60 GHz wireless communication, Wireless USB,
code division multiple access (CDMA), wideband code division multiple access
(WCDMA), universal mobile telecommunication system (UMTS), wireless broadband
(WiBro), or global system for mobile communication (GSM), as a cellular commu-
nication protocol. The wired connection can include, for example, at least one of a
universal serial bus (USB), high definition multimedia interface (HDMI), rec-
ommended standard 232 (RS-232), or plain old telephone service (POTS). The
network 162 or 164 includes at least one communication network, such as a computer
network (like a local area network (LAN) or wide area network (WAN)), Internet, or a
telephone network.

The electronic device 101 further includes one or more sensors 180 that can meter a
physical quantity or detect an activation state of the electronic device 101 and convert
metered or detected information into an electrical signal. For example, one or more
sensors 180 include multiple cameras or other imaging sensors for capturing images of
scenes, and the cameras can be, for instance, a camera array that pops-out. The
sensor(s) 180 can also include one or more buttons for touch input, a gesture sensor, a
gyroscope or gyro sensor, an air pressure sensor, a magnetic sensor or magnetometer,
an acceleration sensor or accelerometer, a grip sensor, a proximity sensor, a color
sensor (such as a red green blue (RGB) sensor), a bio-physical sensor, a temperature
sensor, a humidity sensor, an illumination sensor, an ultraviolet (UV) sensor, an elec-
tromyography (EMG) sensor, an electroencephalogram (EEG) sensor, an electro-
cardiogram (ECGQG) sensor, an infrared (IR) sensor, an ultrasound sensor, an iris sensor,
or a fingerprint sensor. The sensor(s) 180 can further include an inertial measurement
unit, which can include one or more accelerometers, gyroscopes, and other
components. In addition, the sensor(s) 180 can include a control circuit for controlling
at least one of the sensors included here. Any of these sensor(s) 180 can be located
within the electronic device 101.

The first external electronic device 102 or the second external electronic device 104

can be a wearable device or an electronic device-mountable wearable device (such as
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an HMD). When the electronic device 101 is mounted in the electronic device 102
(such as the HMD), the electronic device 101 can communicate with the electronic
device 102 through the communication interface 170. The electronic device 101 can be
directly connected with the electronic device 102 to communicate with the electronic
device 102 without involving with a separate network. The electronic device 101 can
also be an augmented reality wearable device, such as eyeglasses, that include one or
more cameras.

The first and second external electronic devices 102 and 104 and the server 106 each
can be a device of the same or a different type from the electronic device 101.
According to certain embodiments of this disclosure, the server 106 includes a group
of one or more servers. Also, according to certain embodiments of this disclosure, all
or some of the operations executed on the electronic device 101 can be executed on
another or multiple other electronic devices (such as the electronic devices 102 and
104 or server 106). Further, according to certain embodiments of this disclosure, when
the electronic device 101 should perform some function or service automatically or at a
request, the electronic device 101, instead of executing the function or service on its
own or additionally, can request another device (such as electronic devices 102 and
104 or server 106) to perform at least some functions associated therewith. The other
electronic device (such as electronic devices 102 and 104 or server 106) is able to
execute the requested functions or additional functions and transfer a result of the
execution to the electronic device 101. The electronic device 101 can provide a
requested function or service by processing the received result as it is or additionally.
To that end, a cloud computing, distributed computing, or client-server computing
technique may be used, for example. While FIGURE 1 shows that the electronic
device 101 includes the communication interface 170 to communicate with the
external electronic device 104 or server 106 via the network 162 or 164, the electronic
device 101 may be independently operated without a separate communication function
according to some embodiments of this disclosure.

The server 106 can include the same or similar components 110-180 as the electronic
device 101 (or a suitable subset thereof). The server 106 can support to drive the
electronic device 101 by performing at least one of operations (or functions) im-
plemented on the electronic device 101. For example, the server 106 can include a
processing module or processor that may support the processor 120 implemented in the
electronic device 101. In some embodiments, the server 106 processes data using a
multi-task fusion neural network architecture to perform multiple tasks using the data
as described below. In particular embodiments, the server 106 processes image data
using the multi-task fusion neural network architecture to perform multiple tasks using

the image data and generate images of scenes.
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Although FIGURE 1 illustrates one example of a network configuration 100
including an electronic device 101, various changes may be made to FIGURE 1. For
example, the network configuration 100 could include any number of each component
in any suitable arrangement. In general, computing and communication systems come
in a wide variety of configurations, and FIGURE 1 does not limit the scope of this
disclosure to any particular configuration. Also, while FIGURE 1 illustrates one op-
erational environment in which various features disclosed in this patent document can
be used, these features could be used in any other suitable system.

FIGURES 2A, 2B, 2C, and 2D illustrate an example architecture of a camera module
205 in an electronic device 200 in accordance with this disclosure. In particular,
FIGURE 2A illustrates an example profile of the electronic device 200 with the camera
module 205, FIGURE 2B illustrates an example four-camera array 201 in the
electronic device 200, FIGURE 2C illustrates an example two-camera array 202 in the
electronic device 200, and FIGURE 2D illustrates example dimensions of the camera
module 205. The electronic device 200 here may represent the electronic device 101 of
FIGURE 1, and the camera module 205 here may represent at least some of the sensors
180 in the electronic device 101 of FIGURE 1. Note, however, that the electronic
device 200 may be used in any other suitable system.

In the example shown in FIGURE 2A, the electronic device 200 includes the camera
module 205, which is positioned on or otherwise electrically coupled to a camera
printed circuit board (PCB) 210. The camera PCB 210 is positioned on or otherwise
electrically coupled to a main PCB 215 for the electronic device 200. In addition, the
electronic device 200 includes a display 220. As shown here, a thickness 225 of the
electronic device 200 is dependent on thicknesses of the camera module 205, the
camera PCB 210, the main PCB 215, and the display 220. With current physical lim-
itations of photography, the camera module 205 extends past an outer housing of the
electronic device 200. Otherwise, the electronic device 200 would be unnecessarily
bulky with an extended housing.

Different electronic devices 200 may include different numbers (and possibly
different types) of camera modules 205 in a camera array. For example, FIGURE 2B
illustrates a four-camera array 201, and FIGURE 2C illustrates a two-camera array
202. The four-camera array 201 may be formed with the camera modules positioned in
a square configuration, and the two-camera array 202 may be formed with the camera
modules in either a horizontal configuration or a vertical configuration. An additional
camera module 205 located on the electronic devices 200 in FIGURES 2B and 2C may
typically represent a telephoto camera module. Also, each of the electronic devices 200
in FIGURES 2B and 2C may include an LED module that can be used in combination

with the camera modules, such as for generating a flash.
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In some embodiments, the camera array in FIGURE 2B or 2C may use standard
wide-angle or telephoto camera modules that are commonly used with smartphones.
As shown in FIGURE 2D, a depth 280 and width 285 of the camera module 205 can
vary, but the size is generally determined based on a focal length and field of view 270.
For example, a wide-angle camera module 205 may be a 12 megapixel (MP) 1/2.5"
28mm equivalent focal length camera module, or the camera module 205 can use a 32
MP 28mm camera module. A typical field of view 270 of the wide-angle camera can
be about 60 degrees horizontally. A telephoto camera module 205 may provide 2x total
optical zoom with an equivalent focal length of S56mm using a 12 MP sensor. The
typical field of view 270 of the telephoto camera can be about 30 degrees horizontally.
The use of a two-dimensional array configuration of array cameras (such as in "4x1+1"
and "2x1+41" configurations as shown in FIGURES 2B and 2C) allows for better use of
a baseline diversity. Thus, one of the array cameras could be designated as a "main" or
"reference” camera with respect to which the other cameras can be operated.

Although FIGURES 2A, 2B, 2C, and 2D illustrate one example of an architecture of
a camera module 205 in an electronic device 200, various changes may be made to
FIGURES 2A, 2B, 2C, and 2D. For example, the electronic device 200 may include
two or more image sensors in any other suitable configuration. Also, the specific types
of image sensors described above are for illustration and do not limit this disclosure to
any specific image sensor types, sizes, or resolutions.

FIGURES 3A, 3B, 3C, and 3D illustrate an example normal mode 300 and an
example panoramic ("pano”) mode 305 in accordance with this disclosure. For ease of
explanation, the modes 300 and 305 may be described as being used with the
electronic device 200 of FIGURE 2, which could represent the electronic device 101 of
FIGURE 1. However, the modes 300 and 305 may be used with any suitable electronic
device and in any suitable system.

As shown in FIGURE 3A, in the normal mode 300, camera modules in a camera
array 310 are in a normal or predefined position within a housing of the electronic
device 200. In this mode, the optical axes 275 of the camera modules are substantially
perpendicular to a back surface of the housing of the electronic device 200 and are sub-
stantially parallel to each other. As shown in FIGURE 3C, a combined field of view
320 of the camera modules in the camera array 310 during the normal mode has sig-
nificant overlap between the individual fields of view 270 of the camera modules.
Thus, in the normal mode 300, an image having greater detail can be generated by
combining the images produced from the array cameras. For example, the overlap
between the individual fields of view 270 can provide depth information to be used to
enhance the quality or focus of a final generated image. Moreover, in the normal mode

300, the overlapping fields of view 270 provide algorithmic opportunities for multi-
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baseline depth estimation, synthetic lens simulation, light sensitivity improvement,
motion blur reduction, high dynamic range imaging, high frame rate imaging, super-
resolution, aperture stacking (same scene captured with different aperture sizes), and
focal stacking (for synthetic lenses).

In the cases of multi-baseline depth estimation, synthetic lens simulation, and super-
resolution, all overlapping cameras can be configured similarly in terms of aperture,
exposure time, and ISO. In the case of motion blur reduction, all cameras can be set to
the same focal point, the reference/main camera can be set to one exposure time/ISO
setting, and the other cameras can be set to higher/lower ISO settings and corre-
sponding gains to capture the same scene with different amounts of motion blur/sensor
noise. In the case of high dynamic range imaging, the overlapping cameras can be set
to capture higher/lower total exposures (such as EV-2, EV-1, EV-0, and EV+1). In the
cases of focal stacking and aperture stacking, the camera lens array can be configured
so that one camera captures a scene with one focal distance and/or aperture, and other
cameras capture the same scene with different focal distances and/or apertures.

As shown in FIGURE 3B, in the pano mode 305, the cameras modules in the camera
array 310 are angled away from each other. In other words, the optical axes 275 are
tilted at opposing angles. The tilted optical axes 275 achieve a pano array field of view
330 that is much wider than the normal array field of view 320. The camera array 310
can produce a full panoramic image without needing to move the electronic device 200
itself. This allows for the image to not be affected by movement of the electronic
device 200 or movement within the image itself since images can be captured by the
camera modules in the camera array 310 at the same time. In addition, warping is
reduced due to the entire image being captured at the same time. As shown in FIGURE
3D, in the pano mode 305, the individual fields of view 270 of the cameras overlap
only in a small region. This provides algorithmic opportunities for functions such as
panoramic stitching and simulated lens blur in wide-angle photography. Focal stacking
can also be used in the pano mode 305, where one set of cameras produces one pano
view at one focal length and another set of cameras produces another pano view at a
different focal length and are used to provide simulated lens effects.

Although FIGURES 3A, 3B, 3C, and 3D illustrate one example of a normal mode
300 and an example pano mode 305, various changes may be made to FIGURES 3A,
3B, 3C, and 3D. For example, while two camera modules are shown in the array 310,
the array 310 may include more than two camera modules in any suitable arrangement.

FIGURES 4A, 4B, 4C, 4D, 4E, 4F, 4G, 4H, 41, and 4] illustrate example camera
module movements in accordance with this disclosure. For ease of explanation, the
camera module movements may be described as being used with the electronic device
200 of FIGURE 2A, which could represent the electronic device 101 of FIGURE 1.
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However, the camera module movements may be used with any suitable electronic
device and in any suitable system.

FIGURE 4A illustrates an example side view of a first camera module 400 and a
second camera module 405 in the normal mode configuration, FIGURE 4B illustrates
an example side view of the first camera module 400 and the second camera module
405 in the pano mode, FIGURE 4C illustrates an example front view of the first
camera module 400 and the second camera module 405 in the normal mode con-
figuration, and FIGURE 4D illustrates an example front view of the first camera
module 400 and the second camera module 405 in the pano mode configuration. These
figures therefore relate to a two-camera array. As shown here, an actuator 410 is
retracted in FIGURES 4A and 4C, and bases of the camera modules 400, 405 are in
planar alignment. As a result, optical planes of the camera modules 400, 405 are
parallel to a surface of the electronic device. In the pano mode, the actuator 410
provides motion 415 and is extended as shown in FIGURES 4B and 4D, and the bases
of the camera modules 400, 405 form an isosceles triangle with the plane of the
actuator 410. As a result, the optical planes of the camera modules 400, 405 are not
parallel to a surface of the electronic device.

As shown in FIGURES 4G and 4H, a hinge 440 may be used to couple the camera
modules 400, 405 to enable the movements shown here. Thus, the movable camera
modules 400, 405 may be pushed together from the side so that the camera modules
400, 405 angle outwards. In some cases, the amount of movement outward can be less
than half of the field of view of each of the camera modules 400, 405. For example, if
the field of view of each camera is 60 degrees horizontally, the actuator 410 may
provide a maximum tilt of 25 degrees, at which point the cameras' fields of view would
overlap by 10 degrees. Note that while one or more hinges 440 are used here, other
mechanical couplings may be used to couple multiple camera modules.

In some embodiments, the actuator 410 only has two usable positions, normal
(retracted) and wide (extended). Intermediate positions are defined by transitory
movement of the actuator 410 and are not used for image capture in these em-
bodiments. In other embodiments, the actuated fields of view can be adjustable (such
as in steps or continuously) between the normal view and the widest view, and various
intermediate positions can be selected and used for image capture. Also, in some em-
bodiments, the actuator 410 can be designed to move the camera modules' fields of
view horizontally as well as vertically.

FIGURE 4E illustrates an example front view of four camera modules 400, 405, 420,
425 in the normal mode configuration, and FIGURE 4F illustrates an example front
view of the four camera modules 400, 405, 420, 425 in the pano mode configuration.

These figures therefore relate to a four-camera array. As shown here, two actuators 430
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and 435 are retracted in FIGURE 4E, and bases of the camera modules 400, 405, 420,
425 are in planar alignment. In FIGURE 4F, the two actuators 430 and 435 have been
extended to apply horizontal motion 431 and vertical motion 436, and bases of the
camera modules 400, 405, 420, 425 are no longer in planar alignment. This can be ac-
complished using suitable connections between the camera modules 400, 405, 420,
425, such as hinged connections.

Note that the use of one or more actuators to push or pull one or more camera
modules from the side is for illustration only and that other embodiments may be used.
For example, as shown in FIGURES 41 and 4J, an actuator 455 can be positioned
below the center of the movable camera modules 400, 405, where the actuator 455
pushes the modules upward or pulls the modules downward.

The actuator(s) 410, 430, 435, 455 here are used to provide a controllable amount of
tilt to multiple camera modules. "Tilt" in this disclosure refers to movement (such as
rotation and/or translation) that changes the optical axis of a camera. In some em-
bodiments, larger displacements of the optical axes may be more desirable, such as to
achieve larger baseline for better depth estimation. Another benefit of a device that
uses tilted camera modules compared to a single camera that uses a wide field of view
lens (with a shorter focal length) is that the overall imaging surface is no longer one
plane but closer to the surface of a sphere. A planar image sensor with a short focal
length has several problems, such as large geometric distortion, loss of focus sharpness
towards corners, and lesser angular resolution (pixels per degree) compared to em-
bodiments of this disclosure. Moreover, a short focal length lens typically has a fixed
focus, limiting image clarity and making it very difficult to design to achieve ad-
justable focus.

The actuator(s) 410, 430, 435, 455 here can provide a dynamic tilting mechanism
that provides the ability to use multiple camera modules in both the normal mode 300
as well as the pano mode 305. Additionally, since the camera modules may only be
tilted during the pano mode 305, the device thickness during the normal mode can be
very close to conventional cameras. This can be important for thickness-sensitive
devices such as smartphones. Thus, in some embodiments as shown in FIGURE 4G,
the camera modules may normally point in the same direction, helping to keep the
camera modules normally within a thickness profile 445 of the device. When the user
desires to capture pano still or video images, the camera modules can be tilted
outwards such that the camera modules are no longer within the thickness profile 445
of the device as shown in FIGURE 4H. When the user is finished with the pano mode,
the camera modules can be retracted back into the normal mode. As a result, a device
thickness 450 can remain the same as or similar to current designs.

In cases of two-dimensional arrays of movable camera modules (such as in
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FIGURES 4E and 4F), the camera modules can be moved in horizontal and vertical di-
rections to create overlap in both directions when in the pano mode. This may allow,
among other things, multiple pano images to be captured with different offsets in order
to digitally produce simulated lens effects in pano mode.

Although FIGURES 4A, 4B, 4C, 4D, 4E, 4F, 4G, 4H, 41, and 4] illustrate examples
of camera module movements, various changes may be made to these figures. For
example, while camera modules are shown as being connected, separate actuators may
be used to move individual camera modules or subsets of camera modules.

FIGURES 5A, 5B, 5C, 5D, SE, 5F, and 5G illustrate example operating modes for a
four-camera array in accordance with this disclosure. In particular, FIGURES 5A il-
lustrates a four-camera array with camera modules 500, 505, 510, 515, an additional
camera module 520 (such as a telephoto camera), and an LED 525. FIGURE 5B il-
lustrates a four-camera with wide-angle camera modules 530 and an additional
telephoto camera module 535, which may represent a particular implementation of the
camera modules in FIGURE 5A. FIGURE 5C illustrates example motions 540 of
either four-camera array. Two-dimensional configurations of array cameras allow for
better use of baseline diversity (where lines joining optical axes of cameras span a
plane). Here, wide-angle cameras are designated using "W", and telephoto cameras are
designated using "T". One of the cameras in an array can be designated as the "main”
or "reference" camera with respect to which other cameras in the array operate. One or
more actuators can be used as described above to move the cameras in each array and
achieve the identified motions in FIGURE 5C.

FIGURES 35D, 5E, 5F, and 5G illustrate example views of the camera modules. In
these figures, image frames 545, 550, 555, and 560 are associated with different
camera modules 500, 505, 510, 515, respectively. For example, the image frame 545
corresponds to the camera module 500, the image frame 550 corresponds to the camera
module 505, the image frame 555 corresponds to the camera module 510, and the
image frame 555 corresponds to the camera module 515 in FIGURES 5D, 5E, 5F, and
5G. These image frames can be captured simultaneously.

As shown in FIGURE 5D, when in the normal mode, all camera modules 500-520
point in the same direction, so the fields of view of the camera modules 500-520
overlap (completely or substantially). As shown in FIGURE 5E, when in a "full" pano
mode, the camera modules 500-520 are tilted to a maximum extent in four different di-
rections with small overlap between them. As shown in FIGURE 5F, when in a
"vertical" pano mode, two pairs of camera modules 500-520 are tilted to a maximum
extent in two different directions vertically, with small overlap between the camera
modules in different pairs. As shown in FIGURE 5G, when in a "horizontal" pano

mode, two pairs of camera modules 500-520 are tilted to a maximum extent in two



WO 2020/117007 PCT/KR2019/017221

[69]

[70]

[71]

[72]

16

different directions horizontally, with small overlap between the camera modules in
different pairs. In all of these modes, an additional wide-angle camera (not illustrated)
can be used to cover the entire field of view for all of the camera modules 500-520.
Imaging processing can be used to combine the image data from multiple camera
modules 500-520 in order to produce a desired image of a scene.

To create panoramic views, device makers typically require the user to move the
camera in a particular way while capturing the picture, or are forced to use one large-
megapixel sensor with a very short focal length lens to make an ultra-wide-angle
camera. In contrast, it is possible to increase an overall resolution of generated images
using the approaches here without having to use one large-megapixel sensor and
without sacrificing pixel counts or device thicknesses. For example, four 32 MP
camera modules in full pano mode may be used to create images greater than 100 MP
(up to 128 MP). As described below, since different camera modules capture images
with different fields of view and overlap between them, an application processor can
employ one or more digital algorithms to generate final images of scenes. For instance,
in the views in FIGURES 5F and 5G, the application processor can use two pairs of
overlapping images to estimate depth and then generate a panoramic image having
Bokeh (meaning the background of the image is blurred computationally). Additional
features of this pano-Bokeh funtionality are provided below.

The motions 540 in FIGURE 5C illustrate combinations of movements for a 4x4
array. For example, the wide-angle camera modules 530 can be tilted in the horizontal
direction and/or vertical direction as described above. For example, when not being
affected by the actuators 430 and 435, the wide-angle camera modules 530 may
achieve the normal view shown in FIGURE 5D. When both actuators 430 and 435
have been activated, the wide-angle camera modules 530 may achieve the full pano
view shown in FIGURE 5E. When one but not both actuators 430 and 435 has been
activated, the wide-angle camera modules 530 may achieve the pano view shown in
FIGURE 5F or FIGURE 5G.

Although FIGURES 5A, 5B, 5C, 5D, 5E, 5F, and 5G illustrate examples of operating
modes for a four-camera array, various changes may be made to these figures. For
example, four camera modules may be used in different ways to capture images of
scenes.

FIGURES 6A, 6B, 6C, and 6D illustrate example operating modes for a two-camera
array in accordance with this disclosure. In particular, FIGURE 6A illustrates an
example two camera-array having camera modules 600, 605, an additional camera
module 610 (such as a telephoto camera), and an LED 615. FIGURE 6B illustrates an
example two-camera array using two wide-angle camera modules 620 and an ad-

ditional telephoto camera module 625, which may represent a particular imple-
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mentation of the camera modules in FIGURE 6A. FIGURES 6C illustrates an example
normal view mode, and FIGURE 6D illustrates an example pano view mode. In
FIGURES 6C and 6D, image frames 630, 635 are associated with different camera
modules 600, 603, respectively. These image frames can be captured simultaneously.

As shown in FIGURE 6C, when in the normal mode, both camera modules 600, 605
point in the same direction, so the fields of view of the camera modules 600, 605
overlap (completely or substantially). As shown in FIGURE 6D, when in a
"horizontal" pano mode, the camera modules 600, 605 are tilted to a maximum extent
in two different directions horizontally, with small overlap between the camera
modules. In both modes, an additional wide-angle camera (not illustrated) can be used
to cover the entire field of view for the camera modules 600, 605. Imaging processing
can be used to combine the image data from multiple camera modules 600, 605 in
order to produce a desired image of a scene.

Although FIGURES 6A, 6B, 6C, and 6D illustrate examples of operating modes for a
two-camera array, various changes may be made to these figures. For example, two
camera modules may be used in different ways to capture images of scenes.

FIGURES 7A, 7B, and 7C illustrate an example operating mode for a five-camera
array in accordance with this disclosure. In particular, FIGURE 7A illustrates an
example five-camera array having camera modules 700, 705, 710, 715, 720, an ad-
ditional camera module 725, and an LED 730. FIGURE 7B illustrates an example five-
camera array using five wide-angle camera modules 735 with an additional telephoto
camera module 740, which may represent a particular implementation of the camera
modules in FIGURE 7A. FIGURE 7C illustrates an example full pano view mode,
where image frames 7435, 750, 755, 760, 765 are associated with different camera
modules 700, 705, 710, 715, 720, respectively. These image frames can be captured si-
multaneously.

As shown in this example, when operating as shown in FIGURE 7C, the images
745-760 slightly overlap, and the image 765 remains focused on the center of the
scene. The image 765 can be used to provide greater detail at the center of a panoramic
image and to provide enhanced clarity at stitched portions between the images
745-760. In some embodiment, the camera module 725 or 740 can be used in place of
or in combination with the camera 720 to capture the image 765. The camera 720
could be independently tiltable to automatically determine the focus of the image. For
example, the electronic device could determine that the focus of the image is slightly
above the center of the pano view and tilt the camera 720 to focus upwards. In other
embodiments, however, the camera 720 does not need to include the independent
tilting functionality.

Although FIGURES 7A, 7B, and 7C illustrate one example of an operating mode for
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a five-camera array, various changes may be made to these figures. For example, five
camera modules may be used in different ways to capture images of scenes.

FIGURES 8A, 8B, 8C, 8D, 8E, 8F, and 8G illustrate example camera arrays 800-806
in accordance with this disclosure. Here, FIGURE 8A illustrates an example three-
camera array 800, FIGURE 8B illustrates an example four-camera array 801, FIGURE
8C illustrates an example horizontal two-camera array 802, and FIGURE 8D illustrates
an example vertical two-camera array 803. Also, FIGURE 8E illustrates an example
three-camera array 804 with wide-angle camera modules and optional wide or
telephoto camera modules, FIGURE 8F illustrates an example three-camera array 805
with RGB camera modules and an optional RGB or monochrome camera module, and
FIGURE 8G illustrates an example three-camera array 806 with 12 megapixel camera
modules and an optional 12 or 18 megapixel camera module.

In these examples, FIGURES 8A-8D illustrate different configurations for camera
arrays. The camera arrays can include two or more of a first camera module 810, a
second camera module 815, a third camera module 820, and a fourth camera module
825. The camera arrays can also include different type of camera modules, such as
wide or telephoto cameras (FIGURE 8E), RGB or monochrome camera modules
(FIGURE 8F), and differing megapixel camera modules (FIGURE 8G). When camera
modules of different types are used, the ¥ ain camera module could be the chosen
based on the type of camera module available, such as when the main camera module
is designated as the 18 MP camera.

Although FIGURES 8A, 8B, 8C, 8D, 8E, 8F, and 8G illustrate examples of camera
arrays 800-806, various changes may be made to these figures. For example, these con-
figurations are merely meant to illustrate other example types of configurations that
may be used in an electronic device.

FIGURE 9 illustrates an example synchronization 900 of multiple cameras in ac-
cordance with this disclosure. For ease of explanation, the synchronization 900 of
multiple cameras may be described as being used with the electronic device 200 of
FIGURE 2, which could represent the electronic device 101 of FIGURE 1. However,
the synchronization of multiple cameras may be used with any suitable electronic
device and in any suitable system.

As shown in FIGURE 9, multiple camera modules 910-925 in an array can be
connected with a central application processor (AP) 905 that controls and configures
the individual camera modules. The camera modules 910-925 are synchronized by a
common synchronization signal 930 (such as frame V-sync) that can be provided by
the AP 905 or by one of the camera modules that is configured by the AP 905 to do so.
The synchronization allows the camera modules 910-925 to capture time-synchronized

image frames and to send the captured image frames the AP 905. This help to freeze
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motion between cameras. The AP 905 can store these frames in a buffer or process
them right away in an "on the fly" fashion. Typically, the AP 905 has fewer image
signal processing (ISP) circuits than the camera modules in the array. A memory frame
buffer can be used to allow time-slicing of the AP's ISP between multiple camera
modules, meaning the same ISP circuits can be used to process images from different
camera modules at different times.

Programmable delay elements 935-945 can be inserted in the path of the synchro-
nization signal 930 in order to delay receipt of the synchronization signal 930 at the
camera modules 915-925. Using these delay elements 935-945, it is possible to operate
the camera modules 910-925 with staggered frame captures, such as to enable high
frame rate video recording. The delay elements 935-945 can also be bypassed or set to
zero delay when the camera modules 910-925 are used to capture image frames simul-
taneously.

Although FIGURE 9 illustrates one example of the synchronization 900 of multiple
cameras, various changes may be made to FIGURE 9. For example, while four camera
modules are shown here, any other suitable number of camera modules may be used.

FIGURE 10 illustrates an example sensor and application processor connectivity
1000 for power reduction in accordance with this disclosure. For ease of explanation,
the sensor and application processor connectivity 1000 may be described as being used
with the electronic device 200 of FIGURE 2, which could represent the electronic
device 101 of FIGURE 1. However, the sensor and application processor connectivity
may be used with any suitable electronic device and in any suitable system.

As shown in FIGURE 10, each pixel array 1005 in one of multiple cameras
1001a-1001g can transmit data to an application processor 1010 (which may represent
the AP 905). In some embodiments, the architecture of the pixel array 1005 allows for
use of a dual-stream sensor over camera serial interface (CSI) virtual channels. For
example, a first stream can be generated at a preview resolution (such as 2 MP at thirty
frames per second), and a second stream can be generated at full frame resolution
(such as 30 MP at thirty frames per second). A third stream can be generated for a
video scenario (such as 12 MP at 60 frames per second single stream) as an alternative
to one or both of the first stream or second stream. Power can be reduced here due to
the use of a dual-stream architecture, and the dual stream architecture allows for
different resolutions and frame rates for preview versus still images. For instance, the
second stream at the full frame resolution may have a lower frame rate than the first
stream at the preview resolution.

As shown here, each of the camera modules 1001a-1001g includes a corresponding
remosaic function 1015, a Bayer scaling (SCL) function 1020, at least two Bayer com-
pression functions 1025, 1030, and an MIPI CSI transmit function 1035. Each camera
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module 1001a-1001g can capture a stream using the associated pixel array 1005. The
remosaic function 1015 can convert an RGB array from the input captured by the
camera module 1001a-1001g into an intensity array. The remosaic function 1015
outputs the converted stream to the Bayer compression function 1025 and the Bayer
scaling function 1020.

The Bayer scaling function 1020 performs a scaling of the output of the remosaic
function 1015. The Bayer scaling function 1020 can scale the converted stream into a
preview stream, which is generated at or converted to a lower resolution than the full
frame stream. The Bayer scaling function 1020 outputs the preview stream to the
Bayer compression function 1030. The Bayer compression function 1025 compresses
the output or the full frame stream directly from the remosaic function 1015, and the
Bayer compression function 1030 compresses the scaled output or preview stream
from the Bayer scaling function 1020. In some embodiments, each Bayer compression
function 1025, 1030 can provide lossy compression up to 4 bpp, although typically 6-8
bpp is experienced. Also, in some embodiments, each Bayer compression function
1025, 1030 can provide a guaranteed fixed-rate compression. The Bayer compression
functions 1025, 1030 can perform separate compressions on the full frame stream and
the preview stream simultaneously.

The MIPI CSI transmit function 1035 converts the outputs from the Bayer com-
pression functions 1025 and 1030 for output to an external component, such as the ap-
plication processor 1010. In some embodiments, a MIPI CSI receive function 1040 can
output the compressed preview stream and the compressed full frame stream to the ap-
plication processor on separate virtual channels but over the same physical CSI
interface channel.

The AP 1010 in this example includes the MIPI CSI receive function 1040, which
receives information from the MIPI CSI transmit function 1035 and outputs the in-
formation to an external device and to a Bayer decompression function 1045 of the AP
1010. The Bayer decompression function 1045 processes the information for an ISP
1050 to decompress the information and to provide a preview or video of the in-
formation. The external output can send the compressed Bayer to storage for later
processing or to any other suitable destination.

Although FIGURE 10 illustrates one example of a sensor and application processor
connectivity 1000 for power reduction, various changes may be made to FIGURE 10.
For example, pixel arrays and application processors may be implemented in any other
suitable manner. Also, while described as processing image data in the Bayer domain,
note that image data in any other suitable domain can be used here. Thus, the Bayer
scaling function 1020, Bayer compression functions 1025, 1030, and Bayer decom-

pression function 1045 can be replaced with other suitable scaling, compression, and
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decompression functions.

FIGURE 11 illustrates an example data flow 1100 for an image signal processor and
dynamic random access memory (DRAM) bandwidth in accordance with this
disclosure. For ease of explanation, the data flow 1100 may be described as being used
with the electronic device 200 of FIGURE 2A, which could represent the electronic
device 101 of FIGURE 1. However, the data flow 1100 may be used with any suitable
electronic device and in any suitable system.

As shown in FIGURE 11, the data flow 1100 begins at a sensor (the pixel array 1005
described above), which generates one or more images and transmits the image(s) to
the AP 1010. For simplicity, the MIPI CSI transmit and receive functions 1035 and
1040 are not shown in FIGURE 11. Although one pixel array 1005 is illustrated in
FIGURE 11, all cameras may output generated images to the AP 1010. Also, all
cameras can operate simultaneously to provide images for generation of a time-
consistent panoramic image. In some embodiments, the MIPI CSI receiver's virtual
channel demultiplexer function 1150 can demultiplex and output two virtual streams
(preview/video stream and still image/frame stream) from the single physical channel
between the pixel array 1005 and the AP 1010.

The Bayer decompression function 1045 can decompress the preview or video
stream that was earlier compressed in the sensor 1005 by the Bayer decompression
function 1030 to a thirty frames per second video path (such as 12 MP at thirty frames
per second) that is sent to an image signal processor (ISP) 1105. The demultiplexer
1150 can also generate a thirty frames per second still path full frame, where a typical
still path is generated at five to ten frames per second. This output is sent to a Bayer
DRAM storage 1110a to await further processing. The ISP 1105 can process the video
feed from the AP 1010 into a preview stream and a video stream. A 3A output
(auto-focus, auto-exposure, auto-white-balance) from the ISP 1105 can be sent to a 3A
DRAM storage 1110b. The ISP 1105 can also process the video feed into a mullti-
frame (MF) HDR output and send the MF HDR output to a MF DRAM storage 1110c.
The preview/video stream can be processed on-the-fly for a lower power and lower
latency result. While 3A processing is indicated on a separate path, the preview/video
path and the still path are also able to run 3A processing, face detection, or other
functions.

A DRAM storage 1110 (DRAM storage 1110a, DRAM storage 1110b, and DRAM
storage 1110c) includes one or more DRAM memories. The DRAM storage 1110
operates as a buffer for image or video data captured by the pixel array 1005 and sub-
sequently processed by the AP 1010. The DRAM storages 1110a-1110c can operate as
a single unit that is partitioned into separate buffers or as separate units based on the

inputs received. The still stream can be processed memory-to-memory with Bayer pre-
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processing as well as YUV post-processing. The still stream can be full resolution but
typically not at thirty frames per second to reduce power dependency. Although not
typically at thirty frames per second, the DRAM storage 1110a can support full thirty
frames per second bandwidth (peak bandwidth).

The information in the DRAM storage 1110a is read by a Bayer multi-camera, mullti-
frame image processor 1115 and further processed by a still shot ISP 1120 and a multi-
camera, multi-frame image processor 1125 and output as a still shot 1130. The in-
formation in the DRAM storage 1110b is read by a multi-camera 3A function 1135 and
stored internally. The information in the DRAM storage 1110c is read by a multi-
camera, multi-frame image processor 1140 and output as a preview/video image 1145.
Depending on the scenario, the preview/video stream can be processed up to 12 MP at
thirty frames per second (at a minimum operation using two cameras) or up to 4 MP at
thirty frames per second (at a maximum operation using all 5 cameras).

Although FIGURE 11 illustrates one example of a data flow 1100 for an image
signal processor and DRAM bandwidth, various changes may be made to FIGURE 11.
For example, image data may be processed in any other suitable manner.

FIGURE 12 illustrates an example normal mode processing pipeline 1200 for a
camera array in accordance with this disclosure, and FIGURE 13 illustrates an
example pano mode processing pipeline 1300 for a camera array in accordance with
this disclosure. For ease of explanation, the processing pipelines 1200, 1300 may be
described as being used with the electronic device 200 of FIGURE 2, which could
represent the electronic device 101 of FIGURE 1. However, the processing pipelines
1200, 1300 may be used with any suitable electronic device and in any suitable system.

As described above, an array camera can be used for typical camera use cases, such
as still photography and video photography, while also providing preview images on a
device's display. To conserve system power, all cameras need not be active for preview
and video. For example, for preview photo or video recording in normal mode, only
two cameras with overlapping fields of view may need to be active. In cases where
zooming is used during preview photo or video recording, only the telephoto camera
and one wide-angle camera need to be active. While preview is on, both active and
non-active camera modules may be sending full resolution frame buffers into memory
to provide "zero shutter lag" capability. Thus, once the AP 905 receives a capture
command, the AP 905 can process the frames in memory for multiple active/
non-active cameras to generate an output. Similarly, all cameras need not be "booted
up" or started at the same time, which reduces camera startup times.

In some embodiments, once the AP 905 receives a command to start, it can decide to
boot up the camera in one of several modes. For example, the AP 905 can decide to

boot up in the normal mode 300, in which case the AP 905 can boot up the main wide-
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angle camera first followed by additional wide-angle cameras. The main camera can
provide a single-camera preview, and only single camera-based lens blur effects can be
enabled until a second wide-angle camera can turn on, after which multi-camera lens
blur effects can be enabled in preview. Thereafter, additional wide-angle cameras can
be booted up whose frames can populate the memory buffer but need not be used for
generation of preview or video recording. The AP 905 may also decide to boot up in
one of the "pano"” modes, such as horizontal pano, vertical pano, or full pano. In such a
case, the AP 905 can boot up a minimum number of wide-angle cameras and control
one or more actuators to achieve the desired field and view, and then additional
cameras can be enabled as needed.

Each processing pipeline 1200, 1300 can use calibration information stored in system
memory to be able to process images from multiple cameras. The calibration in-
formation can include calibration for camera optics (such as geometric distortion or vi-
gnetting), photometric differences (such as brightness and color), pose calibration
(relative position and orientation of the various cameras that can have small tolerances
due to manufacturing), camera intrinsic parameters (focal length), and parameters for
auto focus and optical image stabilization (OIS). Each processing pipeline 1200, 1300
can also run online calibration adjustment to continuously calculate adjustment of cal-
ibration parameters from dynamic scenes.

As shown in FIGURE 12, control logic 1205 can control the processing of frames
captured from each of the cameras (denoted MAIN, 1, ..., N). The control logic 1205
can provide camera control features 1210 to each of multiple wide-angle processors
1215 for performing autofocus, exposure, OIS, tilt, etc. on the frames captured by a
specific associated camera. In some embodiments, the wide-angle processors 1215 can
include one or more processors that run in parallel, and frames processed by the wide-
angle processors 1215 are output to multiple ISPs 1225. The control logic 1205 can
also provide ISP control features 1220 to the ISPs 1225 for performing color or tone
processing on the frames. The ISPs 1225 output processed frames to geometric cal-
ibration functions 1235. The control logic 1205 can further provide geometric cal-
ibration information 1230 to the geometric calibration functions 1235 for performing
geometric alignment processing on the frames.

The geometric calibration functions 1235 output processed frames to photometric
calibration functions 1245 and to a flow alignment function 1260. The control logic
1205 can provide photometric calibration information to the photometric calibration
functions 1245 for performing photometric processing on the frames. The photometric
calibration functions 1245 output processed frames to a multi-baseline flow estimator
1250. The photometric calibration function 1245 on the MAIN flow path also outputs

the processed frames to a multi-camera blending operation 1270 via a path 1265.
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The multi-baseline flow estimator 1250 can receive processed frames from the re-
spective photometric calibration functions 1245. The multi-baseline flow estimator
1250 can determine positions and orientations of the respective processed images and
objects within the images. The determined positions and orientations can be in relation
to a MAIN frame or other previously-processed frame(s). The multi-baseline flow
estimator 1250 outputs a MAIN to WIDE disparity 1255 for each respective flow (1,
..., N) to a respective flow alignment function 1260. The multi-baseline flow estimator
1250 also outputs a refined multi-camera depth estimate 1275 to a synthetic aperture
and lens simulation function 1280.

The flow alignment function 1260 receives the geometric calibration information and
the positions and orientations based on the photometric calibration functions 1245. The
flow alignment function 1260 aligns the respective frames in relation to the MAIN
frame. The flow alignment function 1260 can output aligned images from the flows
with the respective positioning information in relation to the MAIN frame to the multi-
camera blending operation 1270.

The multi-camera blending operation 1270 can position the MAIN frame in a
reference position. The multi-camera blending operation 1270 can also proceed
through the different flow align outputs in order of the flow (1, ...., N) and stitch the
full output image. The synthetic aperture and lens simulation function 1280 can
process the blended frame from the multi-camera blending operation 1270 using the
refined multi-camera depth estimate 1275. The output from the synthetic aperture and
lens simulation 1280 can be further post-processed 1285 before being output to a
display or other destination.

As shown in FIGURE 13, components 1305-1345 can function in the same or similar
manner as the components 1205-1045 in FIGURE 12. The exception is that the
geometric calibration functions 1335 only provide output to the photometric calibration
functions 1345 and the photometric calibration functions 1345 only provide output to a
panoramic stitching function 1350. Once the geometric calibration information and the
photometric calibration information are processed into the respective frames, the
outputs are stitched together by the panoramic stitching function 1350 into a panoramic
frame. The panoramic frame can be further post-processed 1355 before being output to
a display or other destination.

Although FIGURE 12 illustrates one example of a normal mode processing pipeline
1200 for a camera array and FIGURE 13 illustrates one example of a pano mode
processing pipeline 1300 for a camera array, various changes may be made to
FIGURES 12 and 13. For example, image frames captured using multiple camera
modules can be processed in any other suitable manner.

It should be noted that the various operations and functions described above can be
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implemented in an electronic device 101 in any suitable manner. For example, in some
embodiments, the operations and functions can be implemented or supported using one
or more software applications or other software instructions that are executed by the
processor 120 of the electronic device 101. In other embodiments, at least some of the
operations and functions can be implemented or supported using dedicated hardware
components. In general, the operations and functions can be performed using any
suitable hardware or any suitable combination of hardware and software/firmware in-
structions.

FIGURE 14 illustrates an example method 1400 for operating multiple cameras for
digital photography in accordance with this disclosure. For ease of explanation, the
method 1400 shown in FIGURE 14 is described as being performed using the
electronic device 101 shown in FIGURE 1. However, the method 1400 shown in
FIGURE 14 could be used with any other suitable electronic device and in any suitable
system.

In operation 1405, the electronic device 101 operates a camera array in a normal
mode. This may include, for example, the processor 120 maintaining cameras in the
camera array in (or returning the cameras in the camera array to) a position where their
optical axes are substantially perpendicular to a surface of the electronic device 101 or
are otherwise substantially parallel to each other. During this time, the cameras are
generally within a thickness profile of the electronic device 101. In operation 1410, the
electronic device 101 may capture image frames from the cameras in the camera array.
This may include, for example, the processor 120 receiving and processing image
frames having substantially similar fields of view. In operation 1415, the electronic
device 101 may process the image frames into one or more images. This may include,
for example, the processor 120 processing the image frames to produce standard
(non-panoramic) images of a scene.

In operation 1420, the electronic device 101 receives an input for operating the
camera array in a pano mode. This may include, for example, the processor 120
receiving a command to operate in the pano mode when the electronic device 101 is in
the normal mode. In operation 1425, the electronic device 101 controls the cameras in
the camera array in a manner that causes their optical axes to tilt. This may include, for
example, the processor 120 controlling one or more actuators to cause the cameras to
tilt away from or towards each other. As a result, the optical axes of the cameras are no
longer substantially perpendicular to the surface of the electronic device 101 or are
otherwise no longer substantially parallel to each other. This also causes at least part of
the cameras to "pop out" from the thickness profile of the electronic device 101. In
operation 1430, the electronic device 101 captures image frames from the cameras in

the camera array. This may include, for example, the processor 120 receiving and
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processing image frames having different fields of view. In operation 1435, the
electronic device 101 processes the image frames into one or more panoramic images.
This may include, for example, the processor 120 stitching the image frames together
to produce the panoramic image. This may optionally include the processor 120 using
depth information from pairs of image frames to provide Bokeh effects or to perform
other operations.

In operation 1440, the electronic device 101 resets the camera array to normal mode.
Here, once one or more images are captured or a video is completed, the electronic
device 101 can cause the cameras to tilt back to where their optical axes are sub-
stantially perpendicular with the surface of the electronic device 101 or are otherwise
substantially parallel to each other.

Although FIGURE 14 illustrates one example of a method 1400 for operating
multiple cameras for digital photography, various changes may be made to FIGURE
14. For example, while shown as a series of steps, various steps in FIGURE 14 may
overlap, occur in parallel, occur in a different order, or occur any number of times.

FIGURES 15A, 15B, and 15C illustrate example pano-Bokeh mode operations in ac-
cordance with this disclosure. For ease of explanation, the operations shown in
FIGURES 15A, 15B, and 15C may be described as being used with the electronic
device 200 of FIGURE 2A, which could represent the electronic device 101 of
FIGURE 1. However, the operations shown in FIGURES 15A, 15B, and 15C may be
used with any suitable electronic device and in any suitable system.

As described above, one possible use of the electronic device 200 is for capturing
"pano-Bokeh" images of a scene, meaning panoramic images of the scene in which the
background of the scene has been computationally blurred to provide the Bokeh effect.
As shown in FIGURES 15A and 15B, at least four camera modules 1500 are used to
provide this functionality. The camera modules 1500 can be placed in any suitable ar-
rangement, such as in a 2x2 array. Also, the camera modules 1500 are used in pairs,
meaning at least two pairs of camera modules 1500 are used to generate pano-Bokeh
images. The camera modules 1500 in each pair are pointed in the same general
direction, which allows the electronic device 200 to identify depth in different portions
of a scene (which is used to produce the Bokeh effect). Different pairs of camera
modules 1500 are pointed in opposite or different directions, which allows the
electronic device 200 to capture image data over a wider angle (which is used to
produce panoramic images).

Note that the pairs of camera modules 1500 in FIGURE 15A are pointed up and
down, while the pairs of camera modules 1500 in FIGURE 15B are pointed left and
right. The configuration shown in FIGURE 15A may be useful in capturing vertical

pano-Bokeh images, meaning the images are much taller than they are wide. In
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contrast, the configuration shown in FIGURE 15B may be useful in capturing
horizontal pano-Bokeh images, meaning the images are much wider than they are tall.
However, note that this is based on the orientations shown in FIGURES 15A and 15B.
Since the electronic device 200 is often easily rotated by a user, there is no requirement
that the configuration in FIGURE 15A only be used to capture vertical pano-Bokeh
images or that the configuration in FIGURE 15B only be used to capture horizontal
pano-Bokeh images.

The camera modules 1500 in FIGURES 15A and 15B can operate similar to those
shown in FIGURES 4C and 4D. That is, the camera modules 1500 can be moved using
one or more actuators between a normal mode in which all camera modules 1500 are
pointing in the same direction (helping to keep the camera modules normally within a
thickness profile of the device 200) and at least one pano-Bokeh mode in which
different pairs of camera modules 1500 are pointing in different directions. Depending
on the electronic device 200, the camera modules 1500 may be pointed in different
ways to support different pano-Bokeh modes, such as horizontal pano-Bokeh mode,
vertical pano-Bokeh mode, and full pano-Bokeh mode. In some embodiments, multiple
camera modules 1500 (and possibly all camera modules 1500) may be coupled
together, such as via hinges, so that the camera modules 1500 move together when
switching between modes. In other embodiments, each camera module 1500 may have
its own associated actuator used to reposition that camera module 1500.

FIGURE 15C illustrates an example pano-Bokeh image 1505 that may be produced
using the camera modules 1500 in the configuration shown in FIGURE 15B (meaning
a horizontal pano-Bokeh image). As can be seen here, the image 1505 is panoramic in
that it is wider than a standard image. Moreover, a subject in the image 1505 remains
sharp, while a background of the image 1505 has been computationally blurred to
provide the Bokeh effect. This can be achieved since pairs of camera modules 1500
can be used by the electronic device 200 to identify depth in the scene, allowing the
electronic device 200 to produce blur in portions of the image 1505 associated with the
background of the scene (which are associated with larger depths).

Although FIGURES 15A, 15B, and 15C illustrate examples of pano-Bokeh mode op-
erations, various changes may be made to FIGURES 15A, 15B, and 15C. For example,
pano-Bokeh images may be generated using other numbers of camera modules. Also,
the image shown in FIGURE 15C is for illustration only and is merely meant to il-
lustrate one example of the type of Bokeh effect that can be created in a panoramic
image.

It should be noted here that while camera modules are often described above as being
tilted outward to support various operations, other embodiments can be used that tilt

camera modules in other ways. For example, any of the embodiments described above
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may also or alternatively support the inward tilting of camera modules in order to
support various operations.

FIGURES 16A, 16B, 16C, 16D, 16E, and 16F illustrate an example camera array
1600 that can be tilted inwards in accordance with this disclosure. As shown in
FIGURES 16A and 16B, the camera array 1600 includes multiple camera modules
1605. In this example, there are two camera modules 1605, although more than two
camera modules 1605 may also be used here. As can be seen in FIGURE 16A, the
camera modules 1605 in a normal mode may normally have fields of view that overlap
quite a bit. As can be seen in FIGURE 16B, the camera modules 1605 in a pano mode
may have fields of view that overlap only to a small extent. As described above, this
allows the electronic device 200 to generate panoramic images by combining multiple
images captured at the same time, rather than requiring a user to physically move the
electronic device 200.

In FIGURES 16A and 16C, the camera modules 1605 may normally point in the
same direction, helping to keep the camera modules 1605 normally within a thickness
profile 1610 of an electronic device 200. In FIGURES 16B and 16D, when the user
desires to capture pano still or video images, the camera modules 1605 can be tilted
inwards such that the camera modules are no longer within the thickness profile 1610
of the device. When the user is finished with the pano mode, the camera modules 1605
can be retracted back into the normal mode. As a result, a device thickness 1610 can
remain the same as or similar to current designs.

As shown in FIGURES 16E and 16F, one or more actuators 1615 can be used to
move the camera modules 1605 between the different modes. In this example, two
actuators 1615 are used to push the outer edges of the camera modules 1605 upwards.
However, other arrangements of one or more actuators 1615 may be used here to
provide the desired movements to the camera modules 1605. In some embodiments,
the actuators 1615 only have two usable positions (normal and wide), and intermediate
positions defined by transitory movement of the actuators 1615 are not used for image
capture. In other embodiments, the actuated fields of view can be adjustable (such as in
steps or continuously) between the normal view and the widest view, and various in-
termediate positions can be selected and used for image capture. In some em-
bodiments, the camera modules 1605 are coupled by one or more hinges or other me-
chanical couplings in order to support the collective movement of the camera modules
1605.

Although FIGURES 16A, 16B, 16C, 16D, 16E, and 16F illustrate one example of a
camera array 1600 that can be tilted inwards, various changes may be made to
FIGURES 16A, 16B, 16C, 16D, 16E, and 16F. For example, while camera modules

are shown as being connected, separate actuators may be used to move individual
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camera modules or subsets of camera modules.

[126] Although this disclosure has been described with reference to various example em-
bodiments, various changes and modifications may be suggested to one skilled in the
art. It is intended that this disclosure encompass such changes and modifications as fall

within the scope of the appended claims.
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Claims

A method comprising:

in a first mode, positioning first and second tiltable image sensor
modules of an image sensor array of an electronic device so that a first
optical axis of the first tiltable image sensor module and a second
optical axis of the second tiltable image sensor module are substantially
perpendicular to a surface of the electronic device, and the first and
second tiltable image sensor modules are within a thickness profile of
the electronic device; and

in a second mode, tilting the first and second tiltable image sensor
modules so that the first optical axis of the first tiltable image sensor
module and the second optical axis of the second tiltable image sensor
module are not perpendicular to the surface of the electronic device,
and at least part of the first and second tiltable image sensor modules
are no longer within the thickness profile of the electronic device.

The method of Claim 1, further comprising, when configured in the
second mode:

capturing image frames of a scene using the first and second tiltable
image sensor modules; and

combining the image frames to produce a panoramic image of the
scene.

The method of Claim 1, further comprising:

activating at least one actuator to cause the first and second tiltable
image sensor modules to move, the first and second tiltable image
sensor modules mechanically coupled together.

The method of Claim 3, wherein activating the at least one actuator
comprises activating multiple actuators.

The method of Claim 1, wherein the image sensor array is arranged
linearly in a horizontal or vertical direction.

The method of Claim 1, wherein:

the image sensor array further includes a third tiltable image sensor
module and a fourth tiltable image sensor module; and

the image sensor array is arranged in a square pattern.

The method of Claim 6, wherein:

each of the first, second, third, and fourth tiltable image sensor modules
is tiltable in horizontal and vertical directions; and

in the second mode, the first, second, third, and fourth tiltable image
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sensor modules are tilted in different directions.

The method of Claim 6, wherein, in the second mode:

a first pair of the tiltable image sensor modules are tilted in one
direction; and

a second pair of the tiltable image sensor modules are tilted in an
opposite direction.

The method of Claim 8, further comprising:

capturing image frames of a scene using the tiltable image sensor
modules;

combining the image frames to produce a panoramic image of the
scene; and

blurring a background of the scene in the panoramic image based on
depths identified using different pairs of the image frames.

An electronic device comprising:

an image sensor array comprising first and second tiltable image sensor
modules, wherein:

the image sensor array is configured to operate in a first mode in which
a first optical axis of the first tiltable image sensor module and a second
optical axis of the second tiltable image sensor module are substantially
perpendicular to a surface of the electronic device, and the first and
second tiltable image sensor modules are within a thickness profile of
the electronic device; and

the image sensor array is also configured to operate in a second mode
in which the first optical axis of the first tiltable image sensor module
and the second optical axis of the second tiltable image sensor module
are not perpendicular to the surface of the electronic device, and at least
part of the first and second tiltable image sensor modules are no longer
within the thickness profile of the electronic device; and

at least one processing device operatively coupled to the image sensor
array, the at least one processing device configured to control a tilting
of the first and second tiltable image sensor modules between the first
mode and the second mode.

The electronic device of Claim 10, further comprising:

at least one actuator configured to cause the first and second tiltable
image sensor modules to move, the first and second tiltable image
sensor modules mechanically coupled together.

The electronic device of Claim 11, wherein the at least one actuator

comprises multiple actuators.
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The electronic device of claim 10, wherein the electronic device is
further configured to perform the method of any one claims 2 and 5-9.
A method for operating an electronic device with an image sensor
array, the method comprising:

capturing, by an image sensor module, a stream from a pixel array;
processing, by the image sensor module, the stream to generate a
preview stream and a full frame stream;

compressing, by the image sensor module, the preview stream using a
first compression and the full frame stream using a second com-
pression; and

outputting, by the image sensor module, the compressed preview
stream and the compressed full frame stream.

The method of Claim 14, wherein the preview stream has a lower
resolution than the full frame stream, wherein the full frame stream has
a lower frame rate than the preview stream,

wherein the preview stream and the full frame stream are compressed
simultaneously, and

wherein the compressed preview stream and the compressed full frame

stream are output on separate virtual channels.
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