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(57) Abstract: The present disclosure relates to methods
and systems that may reduce pixel noise due to defective
sensor elements in optical imaging systems. Namely, a
camera may capture a burst of images with an image
sensor while adjusting a focus distance setting of an op-
tical element. For example, the image burst may be cap-
tured during an autofocus process. The plurality of im-
ages may be averaged or otherwise merged to provide a
single, aggregate image frame. Such an aggregate image
frame may appear blurry. In such a scenario, "hot"
pixels, "dead" pixels, or otherwise defective pixels may
be more easily recognized and/or corrected. As an ex-
ample, a defective pixel may be removed from a target
image or otherwise corrected by replacing a value of the
defective pixel with an average value of neighboring
pixels.
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Calibration of Defective Image Sensor Elements

CROSS-REFERENCE TO RELATED APPLICATION
16061} This application claims prionity to U.S. Patent Application No. 14/972,075,
filed December 16, 2015 which is hereby incorporated by reference in s entirety.

BACKGROUND

G002} Optical imaging systems mav be emploved as standalone hardware devices or
integrated into other tvpes of devices. For instance, still and video cameras are now regularly
mcluded in wireless computing devices (e.g., smartphones and tablets), laptop computers,
video game interfaces, home automation devices, and even automobiles and other types of
vehicles.
{3603} Optical imaging svstems include image sensors that may atilize millions of
sensor elements, or more. Sensor elements may malfunction due o fabrication imperfections
or other factors. For cxample, some sensor elements may provide permanent or intermittent
high, low, or fixed values independent of the light impinging on them through the optical
imaging system. Some sensor elements may report values that are proportional to maeident
light, but that are corrupted by excessive levels of light-independent signal accumulating in
the clement during the exposure time. Furthemmore, sensor clements mav become occluded
by, for example, a dust particle. The output of sach sensor clements may lead to
corresponding “dead,” “stuck,” “hot,” or obstructed pixels in images captured by the optical
imaging system.
10604} Image calibration processes may be performed to identify such abnormal
sensor elements to make it possible to reduce or remove the effect of such image-degrading
offects. For example, a camera calibration process may include capturing an image with a

fens cap over the optical path to more easily identity “hot” pixels from a dark background
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tmage. However, such cabbration processes may be limited to factory testing, may require

the interaction of a user and/or may only be hnuted to identification of hot pixels.

)
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SUMMARY
THELRY Svstems and methods disclosed berein relate to a cabibration technigue that
may be applied to compensate a broad range of sensor element problems.
3606} In an aspect, a method is provided. The method imchides capturing a plurality
of images via an image sensor. The mmage sensor includes a plurality of sensor elements.
The sensor elements are configured to represent respective pixels in the captured plurality of
images. The plurality of images are captured with different respective values for at least one
property of the optical element. The optical clement 18 coupled to the image sensor. The
method further includes combining the plurality of images udo an aggregate image and,
based on the aggregate image, determining a condition of a particular sensor ciement of the
plurality of sensor elements. The method vet further inclodes adjusting, in a payload image, a
value of a particular pixel that 1s associated with the particular sensor element. Optionally, the
plurality of images are capturcd with different respective focus distance settings defined by
the optical element.
(6007} In an aspect, an optical imaging system 1s provided. The system comprises an
image sensor comprising a plurality of sensor elements, the sensor clements configured to
represent respective pixels in captured images. The system further comprises an optical
element coupled to the image sensor and configured to define a focus distance setting of the
captured mmages. The system further comprises a controller comprising a memory and at jeast
ong processor, wherein the processor is configured to execute instructions stored in the
memory o as to carry out a method according to the above aspect providing a method,
[6608] In an aspect, an optical imaging system 1s provided. The optical image system
mcludes an image sensor, an optical element, and a controlier. The image sensor includes a
plucality of sensor clements. The sensor clements are configured to represent respective

pixels in captured images. The optical clement is coupled to the 1mage sensor and configured
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to define a focus distance setting of the captured tmages. The controller includes a memory
and at least one processor. The processor 1s configured to execute nstructions stored 1n the
memory so as {o carry ouf operations. The operations melude causing the image sensor o
capture a plurality of images. The images are capiured with different respective focus
distance settings defined by the optical element. The operations nclude combining the
plurality of images into an aggregate image and, based on the aggregate image, determining a
condition of a particular sensor clement of the plurality of sensor elements. The operations
also include causing the 1mage sensor to capture a payload image. The operations vet further
include adjusting, i the payvload mmage, a value of a particular pixel that is associated with
the particular sensor element.

3609} In an aspect, a method is provided. The method imchides capturing a plurality
of images via an image sensor. The image sensor includes a plurality of sensor elements.
The sensor elements are configured to represent respective pixels in the captured plurality of
images. The method also inchides, while capturing the plurality of images, adjusting at least
one property of an optical element. The optical element 1s coupled to the 1mage sensor. The
method further includes combining the plurality of images into an aggregate image and,
based on the aggregate image, deteomining a condition of 3 particufar sensor element of the
plurality of sensor elements. The method vet further inclodes adjusting, in a payload image, a
value of a particular pixel that is associated with the particular sensor element. Optionally,
the plurality of images are captured with different respective focus distance settings defined
by the optical element.

6014} Each aspect may comprise the following optional features. Adjusting the at
lcast one property of the optical clement may comprise at least one of) adjusting a field of
view of the optical clement, adjusting a zoom setting of the optical clement, adjusting an

aperture setting of the optical element, or adjusting a position of the optical element. The
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operations and method may further comprise metering a ficld of view of the image sensor
and, based on the metering, selecting a shutier speed and a sensitivity of the wnage sensor
with which to capture the plurality of images. The operations and method may further
comprise mapping the determined condition in a sensor element condition map, and wherein
adjusting the value of the particular pixel is based on the sensor element condition map. The
operations and method may further comprise associating the sensor element condition map
with a time and providing a historical record of a phirality of sensor element condition maps
associated with a corresponding plurality of different times, and wherein adjusting the value
of the particular pixel is further based on the historical record. Adjusting the at least onc
property of the optical element may comprise causing the optical element to carry out an
autofocus process, wherein the autofocus process comprises adjusting a position of the
optical element with respect to the image sensor to provide different respective focus distance
settings for cach respective image. Combining the plurality of images into the aggrogate
image may comprise averaging associated pixel valies of the plurabity of images.
Determining the condition of a particular sensor element may comprise: comparing a value of
the respective pixel to that of at least one neighboring pixel in the aggregate image; and
determining, based on the comparison, that a difference between the respective pixel and the
at least one neighboring pixel 1s above a predeternined threshold. The determined condition
comprises at least one of a non~-defective sensor clement, a hot sensor element, a dark sensor
clement, or an occluded sensor element. Adjusting the vahue of the particular pixel may
compnse setting the value of the particular pixel to a corresponding value of at least one
neighboring pixel. Adjusting the value of the particular pixel may compnise setting the value
of the particular pixel to a corresponding average value of a plurality of neighboring pixels.

{6611} In an aspect, a systern may inchude varnous means for carrying out the

operations of the other respective aspects described herein
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[6612] In an aspect, a computer-readable medium comprises processor-executable
instructions, that when executed, causes a computer to carry out the operations of the other
respective aspects described herein

3613} The above aspects seek to address problems associated with identifving
defective image sensor ¢lements and reducing the effect of defoctive image sensor elements
in image capture systoms.

{06814} These as well as other embodiments, aspects, advantages, and alternatives will
become apparent to those of ordinary skill i the art by reading the following detaled
description, with reference where appropriate to the accompanying drawings. Further, it
should be understood that this summary and other descriptions and figures provided herein
are intended fo illustrate embodiments by way of example only and, as such, that numerous
variations are possible. For mstance, structural elements and process steps can be rearranged,
combined, distributed, eliminated, or otherwise changed, while remaining within the scope of

the embodiments as claimed.
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BRIEF DESCRIPTION OF THE FIGURES

[6615] Figure | idlustrates an optical imaging system, according to an example
cmbodiment.
3616} Figure 2A illustrates front and right side views of a digital camera device,

according to example embodiments.
G817} Figure 2B illustrates a rear view of a digital camera device, according 1o

example embodiments.

[6618] Figure 3A ilustrates an image capture scenario, according to an example
embodiment.

[6619] Figure 3B ilustrates a plorality of images, according tc an example
embodiment.

3620} Figure 3C illustrates an aggregate image, according to an example
embodiment.

106621} Figure 3D dlustrates a sensor element condition map. according to an example
embodiment.

6622} Figure 3E ilustrates an image capture scenario, according to an example
cmbodiment.

3623} Figure 4 illustrates a method, according to an example embodiment.

3024} Figure 5A illustrates an image captured by a digital camera device, according

to an example embodiment.
[0625] Figure 5B illustrates an image captured by a digital camera device, according
1o an example embodiment.
6026} Figure 5C ilustrates an image captured by a digital camera device, according

to an example embodiment.
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16027} Figure 5D illustrates an aggregate image of a scene captured by a digital
camera device, according to an example embodiment.

{6628} Figure 3E illustrates a payload image captured by a digital camera device,
according to an example embodiment.

[3629] Figure 5F illustrates a corrected pavload image, according to an example

cmbodiment.
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BETAILED DESCRIPTION

I Overview
[6630] Example methods, devices, and systems are described hergin. It should be
understood that the words “example” and “exemplary” are used herein to mean “serving as an
example, mstance, or tlustration.” Any embodiment or feature descnibed herein as being an
“example” or “exemplary” is not necessarily to be construed as preferred or advantageous
over other embodiments or features. Other embodiments can be utilized, and other changes
can be made, without departing from the scope of the subject matter presented herein.
16031} Thus, the example embodiments described herem are not meant to be imiting.
Aspects of the present disclosure, as generally described herein, and tustrated 1n the figures,
can be arranged, substituted, combined, separated, and designed in a wide vanety of different
configurations, all of which are contemplated heremn.
[6032] Further, unless context suggests otherwise, the features illustrated in cach of
the figures may be used in combination with one another. Thus, the figures should be
generally viewed as component aspects of one or more overall embodiments, with the
understanding that not all illustrated features are necessary for cach cmbodiment.
[6633] The present disclosure rmelates to methods and systems for detecting and
correcting defects in captured images. Such defects may anse from maperfoctions in image
sensor elements. For example, “hot” pixels are a class of structural and/or electrical defects
common in image sensors. Hot pixels are caused by tmpurities in the base materials of image
sensors as well as imperfections introduced duning the fabrication process. The umpurities
and imperfections may lead to increased dark current leakage in the photodetector. Hot
pixels manifest themselves as sensor elements with abnormal levels of photodetector current
gven when not tluminated, ¢ g., high dark current. These sensor clements may correspond o

pixels in a captured image that appear brighter than the surrounding normal pixels. Similardy,
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dead pixels manifest themselves as sensor clements with zero or abnommally low
photodetector current, even when iluminated.  Such sensor elements may correspond to
pixels in a captured image that appear darker than surrounding normal pixels. In some cases,
defective sensor elements may be permanently or intermittently stuck at high (white), low
{black), or an ntermediate {grey) level.

G834} Defective sensor clements degrade captured mmage quality. However, the
effects of such defects may be corrected during image processing typically by replacing the
value of a pixel that corresponds to a defective sensor clement with an estimated or average
value of neighboring pixels. In order to perform such corrections, locations of these defective
pixels need to be ascertained.

3635] One way of detecting defective sensor elements from an image 13 {0 capture a
dark image {dark to keep photocurrent from mcident ilumination at low levels) at long
cxposure times (5o as to maximize the accumulated charge of leaky sensor clements), often at
clevated device temperature {80 as to increase the leakage current and again maximize the
accumudated charge}. Capturing a dark image typically requires the ability (e.g., an optical
shutter) to block the light coming in through the lens. However, physical shutters are not
generally available in mobile device cameras due to space and cost limitations.

13636} Ancther possible approach is to capture an illuminated image with the lens
removed {or a diffusing element placed in front of the imaging lens) so as to blur out any
scene features and make abnormal pixels stand out. However, this method s impractical in
mobile devices, which gencerally have fixed lenses that cannot be removed.

[6637] Alternatively, hot pixels may be identified during manufacturing fests and
stored as calibration data for a given tmage sensor. However, it is also desirable to perform a
field calibration of the hot pixels afier the device has been shipped to the user, as sensor

clement behavior 1s known to change over time {e.g., sensor ¢lements may fail over time or

10
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may change their characteristics intermittently).  As such, conventional mobile device
cameras do not provide a satisfactory method o perform such recalibration in the field due to
the lack of an optical shutter in the optical path.

3638} The disclosed systems and methods offer an alternative way to identify and
compensate for hot pixels and other cosmetic defects. A series of images may be captured,
cach image of which is captured at a different focus distance sctting of a lens.  For example,
this image “burst” may be conveniently performed during an avtofocus (AF) sweep. In some
embodiments, the 1mage burst may occur afier an autoexposure (AE) process, which may
provide image capture setiings {c.g., exposure time, 15O, gain, cic) sclected to prevent
saturation and/or underexposure of a given scene.

13639} The series of images may be averaged or otherwise combined to provide an
aggregate image. Due 1o field of view scaling at different focus distance setting and also that
cach of the images is captured at a different focus setting, the aggregate image will bikely be
blurry and devoid of sharp features. In such a scenario, hot pixels and other abnormal pixels,
not subject to lens blurring, will remain sharply defined against the blurry aggregate mmage.
As such, an edge detection algonithm or another tvpe of contrast~-sensitive feature recognition
algorithm may more cffectively identify and map the abnormal sensor elements for later
correction.  The disclosed svstems and methods make possible automatic recabbration of
cosmetic defects of an image sensor 1o the ficld by efficiently using a set of images captured
dunng the AF process. When the recalibration is performed on sufficiently iluminated
scenes (as is usually the case during AF sweep), other types of cosmetic defects than hot
pixels {e.g., dark pixels, dust particles) may also be detected.

3640} The process disclosed herein need not depend on explicit user action.  For
cxample, the recalibration process may occur automatically during cach AF sweep or

periodically (e.g., every 10™ AF sweep or after powering up the camera). Additionally or

I
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alternatively, a user may perform this recalibration on command (e.g., via a meno, soft key,
and/or shutter button). This calibraion method may leverage computation imaging
techniques based on burst capture and burst processing and may provide improvements m
image quality from mobile device cameras.

1.  Example Optical Imaging Systems

G041} Figure 1 illustrates an optical imaging svstem 100, according to an example

2
cmbodiment. The optical imaging system 100, which may also be considered a camera,
includes at least one wmage sensor 110, at least one optical element 120, a user interface 130,
a communication interface 140, and a controller 150,

[6042] As used hercin, a “camera’ may refer to an ndividual image capture
component, or a device that contains one or more image captore components, depending on
the usage context.

[G043] The image sensor 110 may include a plurality of sensor clements for captunng
images based on light received at cach sensor clement location. As such, the sensor elements
may be configured to represent respective pixels in captured tmages. As described herein, the
tmage sensor 110 may include an clectronic image sensor {¢.g., a charge coupled device
(CCD) or a complementary metal-oxide-senuconductor (CMOS) sensor). Ag such, the tmage
sensor 110 may melude millions of mdivideal photosensors or sensor clements. In an
example embodiment, the image sensor 110 mav be amranged m a 3:2 aspect ratio and may
mclude 3,872 x 2,592 sensor clements, or approximately ten million sensor elements.
However, many other image sensors with different aspect ratios and more or fewer sensor
clements are contemplated. Such an image sensor may be operable to transfer and/or store
captured images in a data storage unit {¢.g., memory 154).

[6044] The optical clement{s) 120 may include one or more lenses, which may be

optically coupled to the image sensor 110, The one or more lenses may be configured to
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define a focus distance setting in a field of view of the image sensor 110, In other words, the
ong or more lenses may be adjustable to define the focus distance setting of images captured
by the image sensor 110,

3645] Additionally or alternatively, the optical element{s) 120 may include one or
more apertures through which light enters and/or one or more lenses positioned in front of
cach aperture to focus at least part of the image onto the 1mage sensor 110, The apertures
may be fixed size or adjustable.

6646} Additionally or alternatively, the optical element(s) 120 may include one or
more shutters, which may be coupled to or nearby the lenses or image sensor 110, EHach
shutter may either be in a closed position, in which it blocks light from reaching the image
sensor, or an open position, in which light s allowed to reach to 1mage sensor. The position
of cach shutier may be controlled by a shutier bution.  For mstance, a shutter may be in the
closed position by default. When the shutier 15 triggered {¢.g., bv pressing the shutier button),
the shutter may change from the closed position to the open position for a period of time,
known as the shutter cycle. During the shutier cycle, an wmage may be captured from the
mmage sensor. At the end of the shutter cycle, the shutter may change back to the closed
position.

3647} Alternatively, the shuttenng process may be electronic. For example, before
an electronic shutter of a CCD image sensor is “opened,” the sensor may be reset to remove
any residual signal in its photodiodes. While the clectronic shutter remains “open”, the
photodiodes may accumulate charge. When or after the shutter “closes”, the accumulated
charges may be read out and results transferred to longer-term data storage. Combinations of
mechanical and electronic shutiering may also be possible.

[30438] Regardless of type, a shutter may be activated and/or controlled by something

other than a shutter button. For instance, the shutter may be activated by a softkey, a timer, or
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some other trigger. Hevem, the ferm “tmage captare” may refer to any mechanical and/or
clectronic shuttering process that may result in one or more images being recorded, regardiess
of how the shuttering process is triggered or controlled.

3649} In an example embodiment, the aser interface 130 may function to allow
optical imaging system 100 to interact with a human or non-human user, such as to receive
input from a user and to provide output to the user. Thus, user interface 130 may nclude
input components such as a keypad, keyboard, touch-sensitive or presence-sensitive panel,
computer mouse, {rackball, jovstick, microphone, and so on. User mterface 130 may also
include one or more output components such as a display 132, which may be a multi~element
touchscreen display.  Other types of displays are possible and contemplated herein. The
display 132 may be based on cathode ray tube (CRT), light emitting diode (LED), liquid
crystal {(LLCD)}, plasma, or any other tvpe of display technologies, or other technologies now
known or later developed. User interface 130 may also be configured to generate audible
and/or tactile ouiput{s), via a speaker, speaker jack, audio output port, audio output device,
carphones, vibrators, and/or other similar devices.

6650} In some embodiments, user interface 130 may include a display that serves as
a viewhnder for still camera and/or video camera functions supported by optical imaging
system 100, Additionally, user interface 130 may mclude controls 134, which may include
one or more buttons, swiiches, knobs, softkevs, and/or dials that facilitate the configuration
and focusing of a camera function and the capturing of images {¢.g., taking a picture}. I may
be possible that some or all of these buttons, switches, knobs, softkevs, and/or dials are
implemented by way of a touchscreen mterface or a presence-sensitive panel.  Specifically,
the controls 144 may include a shutter button and controls operable to adjust focus, field of

view, zoom, shutier speed, aperture, and/or ISO, among many other possibilities.
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{0051} The exposure of a captured image may be deternuned by a combmation of the
size of the aperture, the brightness of the light entering the aperture, and the length of the
shutter cyele (also referred to as the shutter speed or the exposure length). In an example
embodiment, the exposure may be controlled by a user of the optical imaging system 100,
Additionally or alternatively, an AE process may provide information about lighting levels
within a scene. Based on results of the AE process, some or all image capture setiings (c.g.,
aperture, shutter speed, and/or IS0} may be automatically selected. Vet further, the optical
imaging system 100 may mclude one or more exposure modes.  Such exposure modes may
allow automatic control of a given set of exposure parameters based on a result of the AE
process while allowing a user to select one or more exposure parameters. For example, the
optical pmaging system 100 mayv melude aperture priority, shutter priority, and/or other
“program” modes for image capture under speetfic highting and/or subject conditions.

[B052] Additionally, a digital and/or analog gain may be applied to the 1mage and/or
the sensor elements of the image sensor, thereby influencing the exposure. Adjusting the
sensitivity of the image sensor may be represented by changing the 80 of the image capture
device.

[6053] A still camera may capture one or more mnages each time image capture is
triggered. A video camera may continuously capture images at a particular rate {e.g., 30
tmages — or frames — per second) as long as umage capture remains triggered {e.g., while the
shutter button is held down).

10054} Cameras may include software to control one or more camera functions and/or
settings, such as aperture size, exposure time, gain, and so on. Additionally, some cameras
may include software that digitally processes images during or afier when these images are

captured.
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(653} The commupmcation mterface 140 may allow optical imaging system 100 to
comimunicate, using analog or digital modulation, with other devices, access networks, and/or
transport networks.  Thus, communication interface 140 mav facilitate circuit-swiiched
and/or packet-switched commumnication, such as plam old telephone service (POTS)
communication and/or Intemet protocol (IP) or other packetized communication.  For
instance, communication interface 140 may include a chipset and antenna arranged for
wirgless communication with a radio access network or an access point.  Alsg,
communication interface 140 may take the form of or include a wireline interface, such as an
Fthemet, Universal Serial Bus (USB), or High-Definition Multimedia Interface (HDMI) port.
Communication interface 140 may alsc take the form of or include a wireless interface, such
as a Wifi, BLUETOOTH®, global positiomng system (GPS), or wide-area wireless interface
(e.g., WiMAX or 3GPP Long-Term Evolution {(LTH)). However, other forms of physical
layer interfaces and other types of standard or proprictary communication protocols may be
ased over communication interface 140. Furthermore, communication mterface 140 may
comprise multiple physical communication interfaces (g, a Wifi inierface, a
BLUETOOTH® interface, and a wide-arca wircless interface).

13056] The controller 150 may include a processor 152 and a memory 154 The
processor 152 may include one or more general purpose processors — ¢.g., MICIoprocessors —
and/or one or more special purpose processors — ¢.g., image signal processors (ISPs}), digital
signal processors {DSPs), graphics processing units {GPUs), floating pomnt units {FPUs),
network processors, or application-specific mtegrated circuits (ASICs).  Additionally or
alternatively, the processor 152 may include at least one programmable n~circuit serial
programming (ICSP) microcontrolier. In some instances, special purpose processors may be
capable of image processing, image alignment, and merging images, among other
possibilitics. The memory 154 may include one or more volatile and/or non-volatile storage

6
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components, such as magnetic, optical, flash, or organic storage, and may be integrated in
whole or m part with the processor 152, Memory 1534 may include removable and/or non-
removable components.

{3657} Processor 152 may be capable of executing program instructions {e.g.,
compiled or non-compiled program logic and/or machine code) stored m memory 154 1o
carry out the various functions described herein. Therctore, memory 154 may mclude a non-
transitory computer-readable medium, having stored thereon program instructions that, upon
execution by optical imaging system 100, cause optical imaging system 100 to carry out any
of the mecthods, processes, or operations disclosed in this specification and/or the
accompanying drawings. The execution of prograim instructions by processor 152 may resudt
in processor 152 using data provided by various other elements of the optical imaging system
100, Speaifically, the controller 150 and the processor 152 may perform operations on mmage
data captured via the image sensor 110, While Figure 1 tlustrates the controlier 150 as being
schematically apart from other elements of the optical imaging system 100, the controller 150
may be physically located at, or mcorporated into, one or more clements of optical imaging
system 100, For example, in an embodiment, the controller 150 may include a distributed
computing network and/or a cloud computing network.

[3658] The controller 150 may be operable to carry cut various operations as
described herein. For example, the controller 150 may be operable to carry out an AE, or
metering, process so as to determine and select appropriate shutter speed and image sensor
sensitivity with which to capture the plurality of images.

6659} Additionally, the controller 150 may cause the image sensor to capture a
plurality of tmages. Specifically, the images may be captured with different respective focus

distance settings defined by respective locations of an optical element 120 (e.g., a lens).
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[0064] In some embodiments, the images may be captured while carrving out an AF
operation with the optical imaging system 100, AF 15 a methodology used to focus an image
capture component with little or no assistance from a user. AF may automatically select an
arca of a scene on which fo focus, or may focus on a pre-selected area of the scene. AF
software may automatically adjust the lens position of the image capture component unfil it
determines that the tmage capiure component is sutficiently well-focused on an object.

10861} An example AF methodology s described below. This example, however, is
just one way of achieving AF, and other technigues may be used within the scope of the
present disclosure.

[6062] In contrast-based AF, an image or a plurality of images, from the image
sensor, may be digitally analyzed. Particularly, the contrast n brightness between pixels
{c.g.. the difference between the brightoess of the brightest pixel and the least-brightest pixel)
is determined. In general, the higher this contrast, the better the mmage is in focus. After
determining the contrast, the lens posttion 15 adjusted, and the contrast s measured again.
This process repeats until the contrast 1s at least at some pre-defined value. Onece this pre-
defined value is achieved, an image of the scene is captured and stored.

[6063] Additionally or alternatively, multiple AF tterations may be applied. That is,
an mittal AF scan with widely-spaced focus positions may provide a rough estimation of a
“oood” focus position. However, subsequent scans with finer differences in focus position
may be applied so as o tterate to a “better” or “best” focus position by attempting o find vet
higher contrast values in the tmage as a whole or at/mear the focus spot.

06664} The image data from the image sensor 110 may be processed into a plurality of
captured images. In an example embodiment, the captured digital images may be reprosented
as a one-dimensional, two-dimensional, or multi-dimensional array of pixels. Each pixel may

be represented by one or more values that may encode the respective pixel’s color and/or
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brightness. For example, one possible encoding uses the YCbCr color model. In this color
model, the Y channel may represent the bnightness of a pixel, and the Cb and Cr channels
may represent the blue chromimance and red chrominance, respectively, of the pixel. For
instance, gach of these channels may take values from 0 to 255, Thus, the brightness of a
pixel may be represented by a 0 or a value near zero if the pixel 1s black or close to black, and
by a 255 or a value near 2355 if the pixel 15 white or close to white. However, the value of 255
is a non-limiting reference point, and some implementations may use different maximum
values {¢c.g., 1023, 4095, ¢tc ).

3665} Other color models such as a red-green-blue (RGB) color model or a cvan-
magenta-yellow {(CMY) may be employed with the embodiments herein.  Further, the pixels
in an image may be represented in various file formats, including raw (uncompressed)
formats, or compressed formats such as Joint Photographic Experts Group (JPEG), Portable
Network Graphics (PNG), Graphics Interchange Format (GIF). and so on.

(G066} In an example cmbodiment, the optical imaging system 100 may be
configured to capture 1mage frames at a rate of 30 frames per second (FPS). However,
optical imaging systems having greater or fesser frame rates are possible.

[6067] Additionally or alternatively, the optical imaging system 100 may mclude a
“burst” capture mode having a burst frame rate. The burst frame rate may melude a capture
frame rate that 1s faster than normal over a brief period of time. For example, in a scenario in
which the optical imaging system 100 has a “normal” frame rate of 30 FPS, the optical
mmaging system 100 may be operable to provide burst image data, which may tnclade two
sets of ten image frames (one set from each image capture system} captured consecutively at
60 FPS. Other burst image framce amounts and other burst frame rates are possible.

[6068] The controller 150 may be configured to combine the plurality of images mito

an aggregate image. That 1s, the plurality of images may be merged nfo a single aggregate
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tmage. Additionally or alternatively, an aggregate image may be generated for each color
channel. In an example embodiment, the aggregate mmage may include an average of
associated pixel values within the plurality of captured images. For example, for all (x, v}
coordinates in the aggregate image, the pixel at location (x, v} in the aggregate image may be
assigned an average value of pixels at location (x, v) in all captured images. As describe
clsewhere berein, the aggregate image may be blurry due to: a) adjusting a focus distance
setting during multiple image capture; and b) field of view scaling or image “breathing”,
which slightly modifies the field of view of the optical imaging svstem 100 and slightly shifis
locations of scene features in images recorded at different focus scttings of the optical
clement.

3669} Based on the aggregate image, the controlier 150 may be operable to
determine a condition of a particular sensor element of the plurality of sensor clements. In
other words, the controller may be operable to determine particular hot, dead. stuck, or
occluded sensor clements. This determination may be based on detecting presence of local
contrast (sharpness) in a specific pixel location, indicating a local deviation in the pixel value
due to sensor clement characteristics, rather than incident illununation. Optionally, a sensor
clement condition map may be generated and/or updated based on this information. In such a
scenario, the sensor element condition map may be associated with a current time {¢.g.,
timestamnped).  As such, a historical record of the condition of sensor clements may be
maintained and/or periodically updated based on carrying out the calibration processes
described herein.

[6674] The controller 150 may be operable to cause the 1mage sensor to capture a
pavioad tmage. The pavioad image might or nught not be one of the plurality of images

captured dunng the AF process. In some embodiments, the payload image may be captured
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subseguent to completing an AF process (e.g., while the camera s in-focus). The pavicad
image may be a single tmage, a series (burst) of consecutive images, or a video stream.

[6671] The countroller 150 may be operable to adjust a value {¢.g.. a brightness, color
value, etc.) of a pixel or pixels in the payvload image assoctated with the particular hot, dead,
stuck, and/or occluded sensor clements. That 13, the controller 150 may adjust pixels from
the payload image that had been previously mapped as defective or malfunctioning.

16872} The adjustment of the value of a particular pixel may ioclade replacing the
value of the defective pixel with an average of the values of at least one neighboring pixel.
(6673} Optical imaging systema 100 mav be incorporated into other systems or
devices. Asg an example, Figures ZA and 2B illustrate various views of a digital camera
device 200. For example, Figure 2A ilustrates front and right side views of the digital
camera device 200, according to exampie embodiments. Dhigital camera device 200 may be,
for example, a mobile phone, a smartphone, a tablet computer, or a wearable computing
device. However, other embodimenis are possible. In an example embodiment, digital
camera device 200 may include some or all of the clements of optical imaging system 100 as
illustrated and descrbed in relation to Figure 1.

[6674] Digital camera device 200 may mchide various elements, such as a body 202,
a front-facing camera 204, a multi-clement display 206, a shutter button 208, and other
buttons 210. Front-facing camera 204 may be positioned on a side of body 202 typically
facing a user while in operation, or on the same side as multi-element display 206.

{6075} Figure 2B illustrates a rear view (201C), of a digital camera device 200,
according to example embodiments. As depicted in Figure 2B, digital camera device 200
could further include a rear-facing camcra 212 In such a scenario, the rear-facing camera
212 mayv be positioned on a side of body 202 opposite front-facing camera 204. Other

arrangements arc possible. Also, referring to the cameras as front facing or rear facing 1s
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arbitrary, and digital camera device 200 may include mudtiple cameras positioned on varions
sides of body 202,

[6676] Muiti-element display 206 could represent a CRYT display, a LED display, an
LECD, a plasma display, or any other type of display. In some embodiments, multi-element
display 206 may display a digital representation of the current mmage being captured by front-
facing camera 204 and/or rear-facimg camera 212, or an image that could be captured or was
recently captured by any one or more of these cameras. Thus, multi-¢clement display 206 may
serve as a viewfinder for the cameras. Multi~clement display 206 may also support
touchscreen and/or presence~sensitive functions that may be able to adjust the settings and/or
configuration of any aspect of digital camera device 200.

13677} Front-facing camera 204 may include an image sensor and associated optical
clements such as lenses. Front-facing camera 204 may offer zoom capabilitics or could have
a fixed focal length. In other embodiments, interchangeable lenses could be used with front-
facing camera 204. Front-facing camera 204 may have a vanable mechanical aperture and a
mechanical and/or electronic shutter. Front-facing camera 204 also could be configured to
capture still images, video images, or both.

13078] Either or both of front facing camera 204 and rear-facing camera 212 may
include or be associated with an ilunnnation component that provides mcident light to
iluminate a target object. For instance, an illumination component could provide flash or
constant illomination of the target object.  An iHumination component could also be
configured to provide illumination that inclades one or more of stroctured light, polanized
light, and light with specific spectral content.  Other types of illumination forms known and
used to recover 3D models from an object arc possible within the context of the embodiments

herein.
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{6679} {Ome or more of front facing camera 204 and/or rear-facing camera 212 may
include or be associated with an ambient light sensor that may contmuously or from time to
time determine the ambient brightness of a scene that the camera can capture. In some
devices, the ambient light sensor can be used to adjust the display brighiness of a screen
associated with the camera {e.g., a viewfinder). When the determined ambient brightness 1s
high, the brightoess level of the screen may be increased to make the screen casicr to view.
When the determined ambient brightness is low, the brightness level of the screen may be
decreased, also to make the screen easier to view as well as to potentially save power. The
ambicent light sensor may also be used to deternmine an exposure times for image capture. For
cxample, the ambient Hight sensor may be operable to “meier” a sceng so as to determing a
shutter speed, aperture, and/or image sensor sensitivity.

{3088} Digital camera device 200 could be configured to use multi-clement display
206 and cither front-facing camera 204 or rear-facing camera 212 to capture images of a
target object. For example, the multi-element display 206 may provide a preview of the
image to be captured as well as provide a user interface with which to select exposure
settings, trigger the image capture, cic. Additionally or altematively, the multi-element
display 206 may provide ilomination during image capture. The captured images could be a
plurality of still images or a video stream. The image capture could be triggered by activating
shutter button 208, pressing a softkey on multi-element display 206, or by some other
mechanism.  Depending upon the buplementation, the images could be captored
automatically at a specific time interval, for example, upon pressing shutter button 208, upon
appropriate lighting conditions of the target object, upon moving digital camera device 200 a
predetermined distance, or according to a predetermined capture schedule.

{6081} As noted above, the functions of digital camera device 200 ~ or another type

of digital camera — may be integrated into a computing device, such as a wireless computing
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device, cell phone, tablet computer, laptop computer and so on. Furthermore, while Figures
2A and 2B illustrate a single front-facing camera 204 and a single rear-facing camera 212,
alternative camera arrangements are possible. For example, multiscopic imaging systerms are
possible and contemplated herein.  In an example embodiment, a plurality of rear-facing
cameras may be arranged as a mulfiscopic armay {e.g., a stereoscopic pair). Hach of these
cameras may be a distinet, independently-controllable image capture component, including
an aperture, lens, image sensor, and shutter. In such a scenario, digital camera device 200
may mstruct the rear-facing cameras to simultancously capture respective monoscopic 1mages
of a scene, and may then use a combination of these monoscopic images to form a sterco
image with depth.

16082} Figures 3A-3E illustrate varions operational aspects of an optical imaging
system according to an example embodiment. For example, Figure 3A illustrates side and top
views of an tmage capture scenario 300, according to an example embodiment. Image
capture scenario 300 may imchude objects 302, 304, and 306, at near, medium, and distant
locations, respectively, 1n relation to a camera such as the optical imaging svstem 100 as
ithustrated and described in relation to Figure 1. Furthermore, objects 302, 304, and 306 may
be arranged at locations left, centered, and right, respectively, in relation to an optical axis
308 of the optical imaging system 100

{3083} Although Figure 3A includes a scene that onlv includes objects 302, 304, and
306, it is understood that such a simplistic description is provided for brevity and explanatory
purposes.  The optical imaging system 100 may be configured to capture more complex
scenes. For example, the optical imaging svstem 100 may be configured to image a variety
of different scenes that may include any number of objects or features {or lack of such objects

or features).
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{0084} Figure 3B illustrates a plurabity of images captured by optical imaging svstem
100, according to an example embodiment. The captured images may represent image
frames captured in image capture scenario 300 as illustrated and described in relation to
Figure 3A. In an example embodiment, a plurality of images, or an image burst, may be
captured with the optical element at different focus distance settings while the optical
tmaging svstem 100 is carrving out an AF process. Each image of the plurality of images
may include defective and/or occluded sensor elements. However, such sensor elements may
be difficult to identify based on pixel values from a smgle image. In such a scenano, the AF
process may nclude capturing several images while adjusting the focus distance setting from
a close focus distance to a distant focus distance. For example, while capturing a first frame
310, a focus distance setting of an optical element (¢.g., at least one lens) may correspond (0 a
close focus posiion. As such, object 302 (the object closest to the optical imaging system
100) may be represented in the tirst frame 310 as in-focus object 312, while objects 304 and
306 may be represented in first frame 310 as out-of-focus objects 314 and 316, respectively.
The first frame 310 may have a first field of view based on the focus distance setting bemng a
close focus position.

[6085] While capturing a second frame 320, a focus posttion of the optical element
may correspond to a middle, or medium distance, focus position.  As such, object 304 (the
medium distance object) may be represented in the second frame 320 as m-focus object 324,
whilc objects 302 and 306 may be represented in second frame 320 as out-of-focus objects
322 and 326, respectively. The sccond frame 320 may have a sccond field of view based on
the focus distance setting being a medium distance posifion.

3686} While capturing a third frame 330, a focus position of the optical clement may
corrgspond to a distant, or nfinity, focus position.  As such, object 306 (the distant object)

may be represented in the third frame 330 as m-focus object 336, while objects 302 and 304
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may be represented m third frame 330 as out-of-focus objects 332 and 334, respectively. The
third frame 330 may have a third field of view based on the focus distance seiting being a
distant position.

13687} In addition, as tHustrated m Figure 3B, each of the focus positions assumed by
the optical element 120 produces a different optical magmification factor, leading to a
different ficld of view at each focus position. This phenomenon is commonly referred to as
“focus breathing”. The consequence of this behavior is that fine features of the sceng objects
302, 304, 306 projected by the optical element onto the image sensor change their location 1n
the captured image depending on the focus setting. (Later on, when these captured images are
combined {e.g., averaged)} together, this misalignment of fine features leads to blurring of
these features in the aggregate image 340.

{30838} it 15 understood that the image frames 310, 320, and 330 are provided for
thustrative purposes only and that more or fewer image frames may be captured according to
the systems and methods described herein.  Furthermore, captured image frames need not
melude any in-tocus objects within the field of view. That 1s, the captured image frames need
not be in~focus, in whole or part.

[6089] Figure 3C ilustrates an aggregate image 340, according to an cxample
embodiment. The aggregate image 340 may be formed by combining corresponding pixels
from the plurality of images (¢ .g., first image 310, second mmage 320, and third image 330).
Combining pixels from the plurality of images may include a pixel-by-pixel combination of
tmages. Additionally or alternatively, corresponding tile or gnid portions of the respective
images may be added, multiplied, and/or averaged 1o provide the aggregaie image 340. Other
methods may be used to combine or aggregate pixels from a plurality of captured tmages.
[(6690] In an ¢xample embodiment, the aggregate image 340 may include blurry

features. The blurrmess miroduced into scene features by aggregating images captured while
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rumming an AF sweep may be duoe at least to: a) causing a field of view the image to scale
{c.g., “breathe”) slightly while changing focus; and b) capturing detocused objects i the
sceng based on the focus position and object depth.  Both of these effects may cause
aggregated image features to blur if the plurality of images 1s captured while adjusting focus
posttion, even if some objects are in-focus m some respective image frames of the plurality of
nages.

[G091 ] In an gxample embodiment, blurry objects 342, 344, and 346 may appear in
the aggregate image 340, which may be blurred representations of objects 302, 304, and 306,
respectively. Additionally, some sharp {¢.g., not blurry or, at least, less blurry) objects may
be evident in the scene. For example, image feature 348 may relate to a defective sensor
element causing a hot pixel. Dmage feature 350 may include a dust particle dirgctly on the
surface of the image sensor. In other words, the dust particle may occlude one or more sensor
clements, which may result in a dark-looking shape. The shape may resemble dust (¢, a
fiber or other type of recognizable particle) and may appear sharp {e.g.. in-focus) depending
on which optical element the dust is actually coupled or affixed to. Image feature 352 may
include a defective sensor clement causing a dead, or dark, pixel. Furthermore, image feature
354 may include a defective sensor element causing a “stuck”™ or permanently grey-level
pixel.

6692} The mmage features 348, 350, 352, and 354 may appear sharp, or in-focus, at
least for the reason that their inclusion in the aggregate image 340 is not based substantially
on a focus position of an optical clement. That 18, the image features 348, 350, 352, and 354
may be due to sensor-clement level defects or occlusion.  Such defects are not subject to
optical blur duc to mus-focus and do not change their position within individual tmages due to
the optical magnification change (“breathing”™). As such, the pixel-level representation of

such image featurcs may appear substantially m-focus in the aggregaie 1image 340.
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16693} The respective tmage features may be determined based on an edge-detection
algorithm, a contrast-detection algorithm, or another shape/image recognition algorithm. In
an example embodiment, sharp image features may be detected via scarch-based and/or zero-
crossing edge detection methods.  Furthermore, Canny edge detection, differential edge
detection, and Cannyv-Deriche edge detection algonthms are all specifically contemplated
herein.

16694} Generally, the image recognition algorithm may be operable to identify pixels,
or a cluster of pixels, in the aggregate image 340 that have a brightness level {or a collective
brightness level) deviating in a significant way from that of neighboring pixels. For example,
the image features may be identified based on a difference in brightness level, compared to
that of neighboring pixels, being different by more than a threshold level. In an example
embodiment, a brightness threshold level may be 30 levels of brightness m a given color
chaonel  As such, if a given pixel in the aggrogate image 340 is equal to or more than 50
brightness levels brighter or darker than adjacent and/or neighboring pixels, the given pixel
and corresponding sensor element may be identified as defective and/or occluded. 1 is
understood that other threshold levels are possible. For example, the threshold level may be
25 brightness levels, or 250 bnghtness levels. Lower threshold values may include an
increasing portion of the sensor clements. Accordingly, in some cases, image sharpness may
be negatively affected by over-inclusion of sensor elements.  Accordingly, in some
embodiments, the threshold level may be adjustable based on a desired or selected level of
compensation. Further, a plurality of threshold levels may be adjostable so as to compensate
for sensor clements associated with vanous color channels. In some embodiments, the
threshold level for a given pixel may vary based on noise levels of neighboring pixels, and/or

a sensor element noise model.
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16695} For example, the given pixel may have a brightness level of 200 and its eight
closest neighboring pixels each have a brightness level of 130 or less. In the scenario above
with a threshold level of 50 brighiness levels, the given pixel may be identified as being a hot
or stuck pixel based on a difference of the relative brightness levels being equal or greater
than the threshold level difference.

[B096] As uvsed herein, “neighboring” pixels may include “nearest-neighbor”™ {c.g.,
directly adjacent) pixels. Additionally or alternatively, neighboring pixels may include one or
more pixels within a finite distance from the pixel or pixels determined to be dead, hot, stuck,
and/or occluded (e.g., 2 to 5 pixels away).

[6697] In some embodiments, the nature of defective/occluded sensor elements may
be further investigated by observing an output of the given sensor element dunng an AE
series.  For example, the output of the given sensor element may provide mformation
mdicative of whether the sensor clement 15 a dead clement, a hot clement, or a non-defective
clement. MNamely, if the sensor element does not respond to light similarly o neighboring
clements, it may be considered a dead sensor element.

16098} Figure 313 illustratcs a sensor element condition map 360, according to an
example embodiment. The sensor clement condition map 360 may mclude information
mdicative of locations and corresponding conditions of defective and/or occloded sensor
clements of the image sensor. That 1s, as a result of determining a condition of the respective
sensor glement {¢.g., dead, hot, stuck, and/or occluded), the condition may be added to the
sensor element condition map 360, which may be a real-time and/or historical map of the
condition of some or all of the sensor clements on the 1mage sensor.

63699} Figure 3E illustrates an image capture scenario 370, according to an example
embodiment. lmage capture scenario 370 may provide a partial timeline for some or all of

the events iHustrated and described in relation to Figures 3A-3D. For example, image capture
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scenarto 370 may include an AE process 372, which may take place between o and t;. As a
result of the AE process 372, some or all exposure settings may be selected based on hight
conditions, user settings, and/or camera settings.

[36166] The image capture scenario 370 may inclade an AF process 374, which may
take place between t; and t;. Durnng the AF process 374, a plurality of images {(e.g., first
frame 310, second frame 320, and third frame 330) may be captured while moving an optical
clement {e.g., a lens). Accordingly, cach of the plurality of images may be captured at a
different focus distance setting. Afier the AF process 374, the camera may be considered to
be “in-focus” with respect to a given focus spot and/or scene.

1066101 ] Subsequent to capturing the plurality of images, the aggregate image 340 may
be processed from the images. The aggregate image 340 may be further processed so as 1o
wdentify locations of defective sensor elements based on their corresponding pixels n the
aggrcgate image 340, Such information about the locations of defective scnsor clements may
be used to make or update a sensor element condition map 360, In an example embodiment,
aggregate image 340 and sensor element condition map 360 may be processed in paralle] by
the processor.

[66102] While the optical imaging system is in-focus, ¢.g., beginning at §, a payioad
image 380 may be captured. The payload image 380 may be a single image, a serigs of
tmages (burst), or a video stream. The payload image 380 capture may be triggered by a user
{c.g., by pushing a shutter button) or it may be triggered automatically. In an example
embodiment, payload mmage 380 may be captored mmmediately after the end of the AF
process so as to minmmuze shutter delay.  As illustrated in Figure 3E, the pavicad image 380
may be captured while the aggregate image 340 and the sensor element condition map 360
are still being processed. However, the payload image 380 may be altematively captured at

other times.
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[08103] Subsequent to capturing the payvioad image 380 and the sensor clement
condition map 360 being processed, the payload image 380 may be corrected so as to provide
a corrected payload tmage 382, In an example embodiment, the payload image 380 may be
adjusted based on the sensor element condition map 360, For mstance, values of pixels in the
pavioad image that correspond to defective sensor clements in the sensor element condition
map 360 may be replaced by an average of values of neighboring pixels. In other words, a
brightness value of pixels in the payvload image 380 representing a signal from defoctive
sensor elements may be replaced by an average value of surrounding and/or adjacent pixels n
the pavioad image 380, As an cxample, the replacement valuc may be an average of the
value of four nearest neighbor pixels {e.g., pixels directly to the night, left, up, and down
relative to the pixel corresponding to the defective sensor element).  Additionally or
alternatively, the replacement value may be an average of the value of eight nearest neighbor
pixels {c.g., pixels further mcluding the “comer” pixels to the upper left, upper night, lower
left, and lower right). Other substitute pixel values and sets of ncighboring pixels are
possible.

66104} In an cxample embodiment, the corrected pavicad image 382 may be
displaved via a multi-element display of the optical mmage system.  Additionally or
alternatively, the corrected pavload image 382 may be stored in memory and/or transmitted (o
another device,

(681 05] While Figure 3E illustrates a particular order and arrangement of the vanous
operations described heremn, it is anderstood that the specific timing sequences and exposure
durations may vary. Furthermore, some operations may be omitted, added, and/or performed
i parallel with other operations.

Hi. Example Methods

3
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06106} Figure 4 illustrates a method 400, according to an example embodiment. The
method 400 may include various blocks or steps. The blocks or steps may be camed out
individually or in combination. The blocks or steps may be carried out 1n any order and/or in
serigs or in parallel. Further, blocks or steps may be omitted or added to method 400,

66187} Some or all blocks of method 400 may nvolve clements of optical imaging
systern 100 or digital camera device 200 as illustrated and described in reference to Figures 1,
2A, and 2B. For example, some or all blocks of method 400 may be carried out by controller
150 and/or processor 152 and memory 154, Furthermore, some or all blocks of method 400
may be similar or identical to operations illustrated and described i relation to Figures 3A-
3E.

[36108] Block 402 includes captaring a plurality of images via an image sensor. The
tmage sensor includes a plurality of sensor elements and the sensor clements are configured
to represent respective pixels in the captured plurality of images.

{68109} Optionally, the method may include metering a field of view of the mmage
sensor prior to, or while capturing the plurality of images. Based on the metenng, a shutter
speed and a sensitivity of the mmage sensor may be sclected with which to capture the
plurality of images.

{60110} Block 404 inclodes, while capturing the plurality of images, adjusting at least
one property of an optical element. The optical element 1s coupled to the mmage sensor. In
some embodiments, adjusting the optical element may include one or more of adjusting a
field of view of the optical element, adpusting a zoom setting of the optical element, adjusting
an aperture setting of the optical element, or adjusting a focus posttion of the optical clement.
66111} As described clsewhere herein, adjusting the optical cloment may be

performed during an AF process. That 1s, a position of the optical clement may be adjusted
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with respect to the image sensor so as to achieve a different focus distance setting for each
image of the plurality of captured images.

[66112] Block 406 includes combiing the plurality of images into an aggregate image.
In an example embodiment, combining the plorality of images into the aggregate image may
nclude averaging corresponding pixel values of the plarality of images. Generally, the
process of aggregation and/or averaging provided a reduction in random poise in the
ageregate image, as compared to any of the individual images. Furthermore, the combination
of the plurality of images into the aggregate image makes the detection of detective/occluded
sensor elements more reliable.

[66113] Block 408 includes based on the aggregate image, determining a condition of
a particular sensor element of the phurabty of sensor clements.  As an example, the
determined condition may include one or more of a functional sensor element, a hot sensor
clement, a dark sensor clement, or an occluded sensor element.

68114} In an example embodiment, determining the condition of a particular sensor
clement may include comparmg a value of the respective pixel to that of at least one
neighboring pixel in the aggregatc image. Additionally, the deternunation mav nclude
determining, based on the comparison, that a difference between the respective pixel and the
at least ong neighboring pixel is above a predetermined threshold.

[60115] Optionally, the method may also include mapping the determined condition n
a sensor element condition map. That is, upon identifving a defective or oocluded sensor
clement, that sensor element’s condition may be associated with a corresponding location in a
map that includes imformation indicative of similar defective/occluded sensor clements on the
image sensor. Captured images may be corrected by adjusting the value of pixels that

corrgspond to defective/occluded sensor elements 1o the sensor element condition map.
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160116} Block 41¢ includes adjusting, in a pavload image, a value of a particular pixel
that 1s associated with the particular sensor element. In an example embodiment, adjusting
the value of the particular pixel may mmchude setting the valoe of the particular pixel tc a
corresponding value of at least one neighboring pixel. Additionally or altematively, adjusting
the value of the particular pixel may include setting the value of the particular pixel 1o a
corresponding average value of a plurality of neighboring pixels.

68117} Figure SA illustrates an image 510 captured by a digital camera device,
according to an example embodiment. Image 510 may have been captured using a relatively
high ISO. Furthermore, the image 510 includes a number of hot pixels and possibly cold or
occluded pixels.

[36118] Figure 5B illustrates an image 3520 captured by a digital camera device,
according to an example embodiment. Image 520 may have been captured using a relatively
bigh ISO m a dark environment. As such, image 520 includes significant noise and it may
prove difficult to identify defective or occluded pixels based on differences i brightness
levels.

66113} Figure 5C illustrates an image 530 captured by a digital camera device,
according 1o an example embodiment.  Image 530 may have been captured in a dark
environment with a long exposure time and/or relatively low ISO.  Accordingly, the noise
tevel is much less than that of image 520, As such, hot/dead/stuck pixels are much easier to
wdentify.  However, long exposurc times and/or user inferaction to create the dark
environment {¢.g., put on a lens cap) are both undesirable.

[6612¢] Figure 3D itlustrates an aggregate image 540 of a scene captured by a digital
camera device, according to an example embodiment. The aggregate image 540 may have

been captured using at least some of the method blocks iHustrated and described with regard
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to Figure 4. For example, the aggregate image 540 may have been merged from a plurality of
tmages captured during an AF process.

[66121] Figure 3E ilustrates a pavicad image 550 captured by a digital camera device,
according to an example embodiment. The pavlsad image 550 may be captured subsequent
to the AF process or may be one of the plurality of images captured during the AF process.
As can be observed in Figure 5E, the pavload tmage 550 includes a substantial amount of
defects (in the form of white spots) due 1o hot pixels.

66122} Figure 5F illustrates a corrected payioad image 560, according to an example
embodiment. The corrected payload image 560 may be corrected based on a sensor clement
condition map created from identifving defective/oecluded sensor elements from the
aggregate image 540. Pixels in the pavlcad image 550 corresponding to defective/oceluded
sensor elements n the sensor element condition map may be adjusted by replacing their
respective values with a value of a neighboring pixel and/or an average value of neighboring
pixels so as to form the corrected payload image 560,

[66123] The particular arrangements shown i the Figures should not be viewed as
tooiting. 1t should be understood that other erabodiments may include more or less of cach
clement shown in a given Figure. Further, some of the illustrated clements may be combined
or omutted.  Yet further, an illustrative embodiment may inclade elements that are not
iltustrated in the Figures.

68124} A step or block that represents a processing of information ¢an correspond to
circuitry that can be configured to perform the specific logical functions of a herein-described
method or technique.  Alternatively or additionally, a step or block that represents a
processing of information can correspond to a module, a scgment, or a portion of program
code {mchuding related data). The program code can include one or more instructions

executable by a processor for implementing specific logical functions or actions in the
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method or technigue. The program code and/or related data can be stored on any type of
computer readable medium such as a storage device including a disk, hard drive, or other
storage mediam,

[B6125] The computer readable medium can also include non-transitory computer
readable media such as computer-readable media that store data for short periods of time fike

register memory, processor cache, and random access memory (RAM). The computer
readable media can also include non-transitory computer readable media that store program
code and/or data for longer periods of ume. Thus, the computer readable media may include
secondary or persistent long term storage, like read only memory (ROM]}, optical or magnetic
disks, compact-disc read only memory (CD-ROM), for example. The computer readable
media can also be any other volatile or non-volatide storage svstems. A computer readable
medium can be considered a computer readable storage medium, for example, or a tangible
storage device.

068126} While various examples and embodiments have been disclosed, other examples
and embodiments will be apparent to those skilled m the art. The various disclosed examples
and embodiments are for purposes of ilustration and are not intended to be nuting, with the

true scope being indicated by the following claims.
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CLAIMS

What is claimed 1s:

1. A method comprising:

capturing a plurality of images via an umage sensor, wherein the image sensor
comprises a plurality of sensor clements, the sensor elements configured to represent
respective pixels n the captured plurality of images:

wherein the plurality of images are captured with different respective values for at
least one property of an optical element, wherein the optical element is coupled to the image
SenSor;

combining the plurality of images into an aggregate wmage;

based on the aggregate image, determining a condition of a particular sensor element
of the plurality of sensor elements; and

adjusting, in a pavload image, a value of a particular pixel that is associated with the

particular sensor element.

2. The method of claim 1, wherein the plurality of images are captured with different
respective focus distance settings defined by the optical element.

3. The method of any preceding claim, wherein adjusting the at least ong property of the
optical ¢lement comprises at least one of: adjusting a field of view of the optical element,
adjusting a zoom setting of the optical element, adjusting an aperture sctting of the optical

clement, or adjusting a position of the optical element.
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4. The method of any preceding claim, further comprising metering a field of view of
the tmage sensor and, based on the metering, selecting a shutter speed and a sensitivity of the

image sensor with which to capture the plurality of images.

5. The method of any preceding claim, further comprising mapping the deternuned
condition in a sensor clement condition map, and wherein adjusting the value of the particular

pixel is based on the sensor clement condition map.

6. The method of claim 3, further comprising associating the sensor clement condition
mayp with 3 time and providing a historical record of a plurality of sensor element condition
maps associated with a corresponding plarality of different times, and wherein adjusting the

value of the particular pixel is further based on the historical record.

7. The method of any preceding ¢laimy, wherein adjusting the at least one property of the
optical clement comprises causing the optical element to carry out an autofocus process,
wherein the autofocus process comprises adjusting a position of the optical element with
respect to the 1mage sensor to provide different respective focus distance settings for each

respective nmage.

. The method of any preceding claim, further comprising combining the plurality of
8. Th thod of am ding claim, furth g bining the plurality of
tmages into the aggregate image comprises averaging associated pixel values of the plurality

of images.
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9. The method of any preceding claim, wherein determining the condition of a particular
sensor clement comprises:
comparing a value of the respective pixel to that of at least one neighbonng pixel in
the aggregate image; and
determuning, based on the comparison, that a difference between the respective pixel

and the at least one neighboring pixel is above a predetermined threshold.

10. The method of any preceding claim, wherein the determined condition comprises at
fecast one of: a non-~defective sensor element, a hot sensor clement, a dark sensor clement, or

an occluded sensor element.

11. The method of any preceding claim, wherein adjusting the value of the particular
pixel comprises setting the value of the particular pixel to a corresponding value of at least

ong neighboring pixel

12. The method of any preceding claim, wherein adjusting the value of the particular
pixel comprises setting the vahie of the particular pixel to a corresponding average value of a

plurality of neighboring pixels.

13. An optical imaging system comprising:
an image sensor comprising a plurality of scnsor elements, the sensor clemenis
configured to represent respective pixels i captured images:;
an optical element coupled to the wmage sensor and configured to define a focus

distance seiting of the captured images; and
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a controller comprising a memory and at least one processor, wherein the processor is
configured to execute mstructions stored in the memory so as fo carry out a method according

to any preceding claim.

14. A computer readable medium comprising processor-executable mstructions that when

cxecuted, causes a computer to carry out a method according to any one of claims 1 to 12,
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400

402
\ Capturing a plurality of images via an image sensor, whersin the image sensor
comprises a plurality of sensor elements, the sensor elements configured to represent
respective pixels in the captured plurality of images

4
\ Yhile capturing the plurality of images, adjusting at least one property of an oplical
element, wherein the optical element is coupled fo the image sensor

K Combining the plurality of images into an aggregate image

\ Based on the aggregats imags, determining a condition of a particular sensor element of
the plurality of sensor elements

416
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Adjusting, in a payload image, a value of & particular pixel that is associated with the
particular sensor slement
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