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DETERMINING IMAGE ALIGNMENT FAILURE

BACKGROUND

{0001} Generally, iaging way refer to representing the color and brightness
characteristics of digital images. Low dynamic range (LDR) imaging may represent
digital tmages (e.g., photographs and motion video) with § or fewer bits for each color
chanmel of a pixel. As a result, up to 256 levels of brightness may be supporied.
Currently, a wide range of video output devices (e.g., computer monitors, tablet and
smartphone screens, televisions, ete.) support displaying LDR images,

{8082} However, real-world scenes often exhibit a wider range of brightness than
can be represented by LR imaging. As an example scene with a wide brightness range,
consider an individual standing in a dark room in front of a window. This scene may
include both extremely bright regions {c.g., sunlit features outside the window) and
extremnchy dark regions (e.g., the features in the room). Ideally, a photograph of this scene

would include both the details in the bright regions and the details in the dark regions.

SUMMARY

[8063] In a first example embodiment, a first set of pixels of a short exposure
irage and a second set of pixels of a long exposure image mway be obtained. The short
exposure image may have been captured using a short total exposure tirae (TET) and the
fong exposure image may have been captured using a long TET. The long TET may be
greater than the short TET. The first set of pixels and the second set of pixels may be
aligned. A first pixel value of a first pixel in the first set of pixels and a second pixel of a
second pixel in the second set of pixels value may be compared. Based on the

comparison, an alignment error value for the first pixel and the second pixel may be
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determined. Based on at least the alignment error value, an output image may be
provided.

{8084} A sccond example embodiment may include a non-transitory computer-
readable storage medium, having stored thereon prograro instructions that, upon execution
by a computing device, cause the computing device, and/or its peripherals, 10 perform
operations in accordance with the first exarople embodiment.

{8005} A third exarople erobodiment may include a computing device, coraprising
at least a processor and data storage. The data storage roay contain program jostructions
that, upon execution by the processor, cause the computing device operate in accordance
with the first exaraple embodiment.

18086] These as well as other aspecis, advantages, and alternatives will become
apparent to those of ordinary skill in the art by reading the following detailed description
with reference where appropriate to the accormpanying drawings. Further, it should be
understood that the description provided in this summary section and elsewhere in this
document is intended to illustrate the claimed subject matter by way of example and not
by way of limitation.

BRIEF DESCRIPTION OF THE FIGURES

{8087} Figure 1 depicts front, right side, and rear views of a digital camera device,
in accordance with an example embodiment.

{8088} Figure 2 depicts a block diagram of a computing device with image captuare
capability, in accordance with an example embodiment.

{8089} Figure 3 depicts a tlow chart, in accordance with an example embodiment.

{0018} Figore 4 depicts image alignment, in accordance with an example
embodiment.

{8011} Figure 5 depicts a flow chart, in accordance with an example embodiment.
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DETAILED DESCRIPTION

18012] As image capture devices, such as cameras, become move popular, they
may be employed as standalone hardware devices or integrated into various other types of
devices. For instance, still and video cameras are now regularly included in wireless
communication devices (e.g., mobile phones), tablet computers, laptop computers, video
game inferfaces, home automation devices, and even automobiles and other types of
vehicles.

18013} The physical components of a camera may inchude an aperture through
which light enters, a recording surface for capturing the image represented by the light,
and a lens positioned in front of the aperture to focus at least part of the image on the
recording surface. The aperture may be fixed size or adjustable. In an analog camers, the
recording surface may be photographic film. In a digital camera, the recording surface
may inchide an clectronic image sensor {e.g., & charge coupled device (CCD) or a
complementary metal-oxide-semiconductor (CMOS) sensor) to transfer and/or store
captured images in a data storage unit (e.g., memory).

{80314] A shutter may be coupled o or nearby the lens or the recording surface.
The shutter may either be in a closed position, in which it blocks light from reaching the
recording surface, or an open position, in which light is aliowed to reach to recording
surface. The position of the shutter may be controlled by a shutter button. For instance,
the shutter may be in the closed position by default. When the shutter button is triggered
{e.g., pressed), the shutter may change from the closed position to the open position for a
period of time, koown as the shutter cycle. Dunng the shatter cyele, an image may be
captured on the recording surface. At the end of the shutter cycle, the shutter may change

back to the closed position.
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{8015] Alternatively, the shottering 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 electronic shutter remains open,
the photodiodes roay accurnulate charge. When or afier the shutier closes, these charges
may be transferred to longer-terra data storage.  Combinations of roechanical and
electronic shuttering may also be possible.

{8016} Regardiess of type, a shutier yoay be activated and/or controlled by
something other than a shutter button.  For instance, the shutier may be activated by a
softkey, a timer, or some other trigger. Herein, the term “irnage capture” may refer to any
mechanical and/or electronic shuttering process that results in one or more photographs
being recorded, regardless of how the shuttering process is triggered or controfled.

{8017} The exposure of a captured tmage may be determined by a cormnbination of
the size of the aperture, the brightness of the light entering the aperture, and the length of
the shutter cycie (also referred to as the shutter length or the exposure length).
Additionally, a digital or analog gain may be applied to the image, thereby influencing the
exposure. In some embodiments, the term “total exposure length” or “total exposure time”
may refer to the shutter fength multiplied by the gain for a particular aperture size. Herein,
the term “total exposure time,” or “TET,” should be interpreted as possibly being a shutter
length, an exposure time, or any other metric that controls the amount of signal response
that results from light reaching the recording surface.

{8018} A still camera may capture one or more irmages each time image capture is
triggered. A video camera may continuously capture images at a particular rate {e.g., 24
images — or frames — per second) as long as image capture remains triggered (e.g., while
the shutter button is held down). Some digital still cameras may open the shutter when the
camera device or application is activated, and the shotter may remain in this position until

the camera device or application is deactivated. While the shutier is open, the carcra
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device or application may capture and display a representation of a scene on a viewfinder.
When image capture is triggered, one or more distinct digital images of the current scene
may be captured.

{0019} Caroeras — even analog cameras — yoay include software to control one or
more carmuera functions and/or settings, such as aperture size, TET, gain, and so on.
Additionally, some cameras may include software that digitally processes images during
or after these images are captured. While it should be understood that the deseription
above refers to caroeras in general, it may be particularly relevant to digital cameras.

180201 As noted previously, digital cameras may be standalone devices or
mtegrated with other devices. As an example, Figure 1 illustrates the form factor of a
digital camera device 100. Digital camera device 100 may be, for example, a mobile
phone, a tablet computer, or g wearable computing device. However, other embodiments
are possible. Digital camera device 100 may include various clements, such as a body
102, a front-facing camera 104, 3 multi-cloment display 106, a shutter button 108, and
other buttons 110. Digital camera device 100 could further inchude a rear-facing camera
112. Front-facing camera 104 may be positioned on a side of body 102 typically facing a
user while in operation, or on the same side as multi-element display 106. Rear-facing
camera 112 may be positioned on a side of body 102 opposite front-facing camera 104
Referring to the cameras as front and rear facing is arbitrary, and digital camera device
100 may include multiple cameras positioned on various sides of body 102,

{8021} Multi-element display 106 could represent a cathode ray tube (CRT)
display, a light emitting diode (LED) display, a ligumd crystal (LCD) display, a plasma
display, or any other type of display known in the art. In some embodiments, multi-
element display 106 may display a digital representation of the current image being
captured by front-facing camera 104 and/or rear-facing camera 112, or an image that could

¢ captured or was recently captured by either or both of these cameras, Thus, mult-
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clement display 106 may serve as a viewfinder for either camera. Multi-element display
106 may also support touchsereen and/or presence-sensitive functions that may be able to
adjust the settings and/or configuration of any aspect of digital camera device 100,

10022} Frout-facing camera 104 may include an image sensor and associated
optical clements such as lenses. Front-facing camera 104 may offer zoora capabilities or
could have a fixed focal length. Tn other embodiments, interchangeable lenses could be
used with front-facing camera 104, Front-facing camera 104 may bhave a variable
mechanical aperture and a mechanical and/or electronic shutter. Front-facing carera 104
also could be configured to capture still images, video images, or both, Further, front-
facing camera 104 could represent a monoscopic, stercoscopic, or multiscopic camera,
Rear-facing camera 112 may be similarly or differently arranged. Additionally, front-
facing camera 104, rear-facing camera 112, or both, may be an array of one or more
careras.

{6023} Either or both of front facing camera 104 and rear-facing camera 112 may
imclade or be associated with an illumination component that provides a light field to
illuminate a target object. For instance, an illamination component could provide flash or
constant illumination of the target object. An illumination component could also be
configured to provide a light field that includes one or more of structured light, polarized
light, and light with specific spectral content. Other types of light fields known and used
to recover three-dimensional (303) models from an object are possible within the context of
the embodiments herein,

{8024} Either or both of front facing camera 104 and rear-facing camera 112 may
imclode or be associated with an ambient light sensor that moay continuously or from time
to time determine the ambicut brightness of a scene that the camera can capture. [ some

evices, the ambient light sensor can be used to adjust the display brighiness of a screen

associated with the caroera {e.g., a viewfinder). When the deterouned ambicnt brightoess
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is high, the brightness level of the screen may be increased to make the screen easier to
view. When the determined arobient 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. Additionally, the ambient light scusor’s input may be used to determine a TET of
an associated camera, or to help in this determination.

{6025} Digital camera device 100 could be configured to use roulti-clement display
106 and cither front-facing camera 104 or rear-facing camera 112 to capture images of a
target object. The captured jmages could be a plurality of still images or a video stream.
The image capture could be triggered by activating shutter button 108, pressing a softkey
on nmulti-clement display 106, or by some other mechanism.  Depending upon the
implementation, the images could be captured automatically at a specific time interval, for
example, upon pressing shutter button 108, upon appropriate lighting conditions of the
target obiect, upon moving digital camera device 100 a predetermined distance, or
according to a predetermined capture schedule.

18026] As noted above, the functions of digital camera device 100 — or another
type of digital camera — may be integrated into a computing device, such as a wireless
communication device, tablet computer, laptop computer and so on. For purposes of
example, Figure 2 is a simplified block diagram showing some of the components of an
example computing device 200 that may include camera components 224,

{8027} By way of example and without limitation, cornputing device 200 may be a
cellular mobile telephone (e.g., a smartphone), a still camera, a video camera, a fax
machine, a computer (such as a desktop, notebook, tablet, or haundheld computer), a
personal digital assistant (PDA), a home automation component, a digital video recorder
(I3VR}, a digital television, a remote control, a wearable computing device, or some other
type of device equipped with at least some image caphure and/or image processing

capabilities. 1t should be vnderstood that computing device 200 may represent a physical
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camera device such as a digital camera, a particular physical hardware platform on which
a camera application operates in software, or other combinations of hardware and software
that are configured to carry out camera functions.

{0028} As shown in Figure 2, computing device 200 may include a conumunication
interface 202, a user interface 204, a processor 206, data storage 208, and camera
components 224, all of which roay be compnmunicatively linked together by a system bus,
network, or other connection mechanism 210,

{6029} Comvnunication futerface 202 may function to allow computing device 200
to commnunicate, using analog or digital modulation, with other devices, access networks,
and/or transport networks,  Thus, communication interface 202 may facilitate circuit-
switched and/or packet-switched communication, such as plain old telephone service
(POTS) communication and/or Internct protocol (IP) or other packetized comnmunication.
For instance, communication interface 202 may inchude a chipset and antenna arranged for
wireless communication with a radio access network or an access point.  Also,
communication interface 202 may take the form of or include a wireline interface, such as
an Ethernet, Universal Serial Bus (USB), or High-Definition Multimedia Interface
{(HDMI} port. Communication interface 202 may also take the form of or include a
wireless interface, such as a Wifi, BLUETOOTH®, global positioning system (GFS), or
wide-area wireless interface (e.g., WiMAX or 3GPP Long-Term Evolution (LTE)).
However, other forms of physical layer interfaces and other types of standard or
proprietary communication protocols may be used over communication interface 202.
Furthermore, commumication interface 202 wmay  comprise  wmultiple  physical
compunication interfaces {e.g., a Wift interface, a BLUETOOTH® nterface, and a wide-
area wirgless interface).

{8038} User interface 204 may fanction to allow computing device 200 to mnteract

with a human or non-hurnan user, such as to receive nput froma a user and 1o provide
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outpot to the user. Thus, user interface 204 may mclade input compouents such as a
keypad, keyboard, touch-sensitive or presence-sensitive panel, computer mouse, trackball,
1oystick, microphone, and so on. User interface 204 may also include one or more output
components such as a display screen which, for example, may be combined with a
presence-sensitive panel. The display screen may be based on CRT, LCD, and/or LED
technologies, or other technologies now known or later developed. User interface 204
may also be configured to generate audible output(s), via a speaker, speaker jack, andio
output port, audio output device, carphones, and/or other similar devices,

18031} In some cmbodiments, user interface 204 may inchude a display that serves
as g viewfinder for still camera and/or video camera functions supported by computing
device 200. Additionally, user interface 204 may include one or more buttons, switches,
knobs, and/or dials that facilitate the counfiguration and focusing of a camera function and
the capturing of images (¢.g., capturing a picture). [t may be possible that some or all of
these buttons, switches, knobs, and/or dials are implemented as functions on a presence-
sensitive pangl.

18432] Processor 206 may comprise one or more general purpose processors — .2.,
microprocessors — and/or one or more special purpose processors — e.g., digital signal
processors (BSPs), graphics processing vaits {(GPUs), floating point units (FPUs), network
processors, or application-specific integrated circuits (ASICs). In some instances, special
purpose processors may be capable of image processing, image alignment, and merging
images, among other possibilities. Data storage 208 may include one or more volatile
and/or non-volatile storage components, such as magnetic, optical, flash, or orgaunic
storage, and may be integrated in whole or in part with processor 206. Data storage 208
may include removable and/or non-removable components.

{8033} Processor 206 may be capable of executing program instructions 218 {e.g.,

compiled or non-compiled program logic and/or machine code) stored in data storage 208
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to carry out the various functions described herein. Theretore, data storage 208 way
imclode a non-transitory computer-readable wmediom, having stored thereon program
mstractions that, ypon execution by computing device 200, cause computing device 200 to
carry out any of the methods, processes, or functions disclosed in this specification and/or
the accompanying drawings. The execution of program instructions 218 by processor 206
may result in processor 206 using data 212,

18034} By way of cxarople, program instructions 212 may include an operating
systern 222 {e.g., an operating systermn kernel, device driver(s), and/or other modules) and
one or more application programs 220 (e.g., camera functions, address book, email, web
browsing, social networking, and/or gaming applications) instalied on computing device
200. Sumilarly, data 212 may include operating system data 216 and application data 214,
Operating system data 210 may be accessible primarily to operating system 222, and
application data 214 may be accessible primarily to one or more of application programs
220. Application data 214 may be arranged in a file system that is visible to or hidden
from a user of computing device 200.

18035] Application programs 220 may compminicate with operating system 222
through one or more application programming interfaces (APIs).  These APls may
facilitate, for instance, application programs 220 reading and/or writing application data
214, ansmitting or recetving information via communication interface 202, receiving
and/or displaying information on user interface 204, and 50 on.

{8036} In some vernaculars, application programs 220 may be referred to as
“apps” for short. Additionally, application programs 220 may be downloadable to
computing device 200 through one or wmore online application stores or application
markets,  However, application programs can also be mstalled on computing device 200
in other ways, such as via a web browser or through a physical interface {e.g., a USB port)

on computing device 200.
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{8037} Camera components 224 may inchide, but are not limited to, an aperture,
shutter, recording surface (e.g., photographic film and/or an tmage sensor), lens, and/or
shutter button. Camera components 224 may be controlled at least in part by software
executed by processor 206.

18038} Captured digital 1images may be represented as a one-dimensional, two-
dimensional, or multi-dimensional array of pixels. FHach pixel may be represented by one
or more values that may encode the respective pixel’s color and/or brightness.  For
example, one possible encoding uses the YCbCr color model. In this color model, the Y
channel may represent the brightness of a pixel, and the Cb and Cr channels may represent
the blue chrominance and red chrominance, respectively, of the pixel. For instance, each
of these channels may take values from 0 to 255 (i.e., the tonal range that a single &-bit
bvte can offer). Thus, the brightness of a pixel may be represented by a 0 or 3 value near
zero if the pixel is black or close to black, and by a 255 or 2 value near 255 if the pixel is
white or close to white. However, the value of 255 is 3 non-limiting reference point, and
some implementations may use different maximum values (e.g., 1023, 4095, etc.).

18439] Nonetheless, the YCbCr color model is just one possible color model, and
other color models such as a red-green-blue (RGB) color model or a cyan-magenta-
vellow-key (CMYK)} may be employed with the embodiments herein. Further, the pixels
in an image may be represenied 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.

{8040} Some pixel encodings — including the YCbCr color model — use 8 bits to
represent the brightoess of cach pixel. Doing so is referred to as LDR imaging. As a
result, only 256 levels of brightness may be supported. However, real-world scenes often
exhibit a wider dynamic range of brightness than can be reasouably represcuted by LDR

tmaging. For exarople, a scene of an individual standing n a dark room in front of a



WO 2014/099326 PCT/US2013/072564

12 -

window may inchude both extremely bright regions aund extremely dark regions. However,
pse of LDR imaging to capture an image of such a8 scene may result in loss of detail in the
bright region and/or the dark region based on the TET with which the image was captored.

[6041] A short TET may result in a reasonably accurate representation of the
bright regions of a scene, but underexposure of the dark regions. Counversely, a long TET
may result in a reasonably accurate representation of the dark regious, but roay overexpose
the bright regions. o the example scene introduced above, if the TET s too long, the
features in the roor may appear properly-exposed, but the features outside the window
may appear whitewashed. But if the TET is too short, the features outside the window
may appear normal but the features in the room may appear darkened. Either of these
outcomes is undesirable. For some scenes, there may not be a single TET that results in a
captured image representing the details in both bright regions and dark regions with
acceptable detail,

[6042] Camera devices may support an awto-cxposure {AF) mode in which, prior
to output image capture, the camera determines the TET based on the brightness of the
scene. For example, the user may observe the scene in the camera’s viewfhnder before
triggering image capture. During this period, the camera may make an initial estimate of
the proper TET, capture a preview image with that TET, and then evaluate the pixels in
the captured image. Then, as one possible implementation, if a majority {or some other
sufficient fraction) of the pixels in the preview image are over-exposed, the camera ay
decrease the TET and capture another preview image. I a majority {or some other
sufficient fraction) of the pixels in this preview image are under-exposed, the camera may
imcrease the TET and capture yet another preview image.

{8043} For instance, if the majority of the pixels in the captured image exhibit a

brightness value above a high threshold level (e.g., 240), the camera may decrease the
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TET. On the other hand, if a majority of the pixels exhibit a brightness level below a low
threshold level (e.g., 96), the camera may increase the TET.

{8044} Alternatively or additionally, 8 target average pixel valae for some or all of
the scene’s pixels may be determined. I the actual average pixel value is above the target
average pixel value, the TET may be decreased, and if the actual average pixel value is
helow the target average pixel value, the TET roay be increased. The target average pixel
value can also be tuned differently depending on how much contrast there 5 1o the scene.
For example, in a low-contrast scene, the target average pixel value may be bright (e.g.,
200). But in a high-conirast scene, the target average pixel value may be lower (e.g., 128).

{8045} This process may continue until the camera determines that an image
should be captured and stored (e.g., the user activates the shutter button). During this
process, if the characteristics of the scene are relatively unchanging, the camera usually
converges on an estimated “best” TET based on the brightness of the scene. In some
ernbodiments, the image displayed on the camera’s viewfinder may omit information from
one or more of the captared preview images or combine information from two or more of
the captured preview images.

[8046] In some cases, the camera might not treat all pixels equally when
determining an “average” brightness of the scene. Using a technique described as “center-
weighted averaging,” pixels near the middle of the scene may be considered to be more
important. Thus, these pixels may be weighted more than pixels iHlustrating other areas of
the scene. Alternatively, pixels in other locations of an image may be given more weight.
For mstance, if the camera detects a human face {or some other object of interest) in a
particular location other than the center of the image, the camera may give a higher weight
to the associated pixels.

{8047} In this way, AE algorithms may seek to determine a TET that produces a

large number {¢.g., the largest number) of properly-exposed pixels. However, given the
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range himitations of LDR imaging, even images captured in AE mode may confain
portions that are whitewashed or darkened. Thus, as noted above, some scencs there may
be no single “best” TET.

{0048}] AE algorithms may differ from the description above. For instance, some
may be more complex, treating differcnt colors differcutly, considering the spatial and/or
structural components of a scene, and/or measuring contrast between regions.  The
embodiments herein, however, may operate with any AE algorithm now known or
developed in the future,

10049} High dynamic range {HDR) imaging bas been proposed as a way of
compensating for the deficiencies of LDR imaging. In a possible implementation, HDR
imaging may involve a camera capturing multiple images of a scene at various TETSs, and
then digitally processing these captured images to make a single image that contains a
reasonable representation of the details in most or all regions of the scene, including those
that are very bright and very dark. However, determining TETs for capturing images can
be problematic. In particular, difficulty in adjusting TETs for a particular scene has
created limitations in HDR imaging. The methods and implementations described herein
may provide computational efficiency, robustness to artifacts, and/or enhanced image
guality,

{B058] In the following, the term “LDR image” may refer to an image captured
using LDR imaging, and the term “LDR scene” may refer to a scene that has been

etermined to be reasonably represented using LDR imaging. Simtlarly, the term “HDR
tmage” may refer to an image captured using HDR 1maging, and the term “HDR scene”
may refer to a scene that has been determined to be reasonably represented using HDR
tmaging. Fuorthermove, the term “LDR imaging” may be used interchangeably with the
term “LDR  image acquisition,” and the term “HDR imaging” may be used

mterchangeably with the term “HDR image acquisition.”
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{8051} Figure 3 depicts a flow chart, in accordance with an example embodiment.
At a high level, flow chart 300 represents an imaging pipeline for a digital camera device
302, For mstance, flow chart 300 may represent a number of steps performed by digital
camera device 302 to determine whether to use LDR or HDR trnage acquisition for a
particular scene, determine one or more TETs with which to capture irmages of the scene,
and whether and/or how to combine the captured images o an output image that 18 a

casonably satisfactory representation of the scene. In this way, digital camera device 302

can dynamically adapt to the lighting pattern of the scene, whether that pattern is dark,
bright, or some combination of both. Digital camera device 302 may have the same or
similar capabilities as digital camera device 100 in Figure 1.

10052] Flow chart 300 may represent a series of steps performed by digital camera
device 302 when a shutter button is triggered. Alternatively or additionally, flow chart
300 may represent stops that are continuously performed when a viewfinder of digital
camera device 302 is displaying a representation of a scene. Thus, in some embodiments,
the features of flow chart 300 may be performed in a way that is not apparent to the user.
For instance, the user may trigger the shutter once, with the intention of capturing a single
image. However, digital camera device 302 may capture multiple images in each of first
image capture 306 and second image capture 314, and provide an output image 318 that is
a combination of one or more images captured during second image capture 314,

{8053 It should be noted that not all steps depicted in Figure 3 need be performed
by digital camera device 302, Some steps, such as image processing 308 and combining
images 316, for example, could be performed by a different device. For instance,
representations of one or more images captared during first image captures 306 and
second image capture 314 could be transmitted from a capturing device to a remote

computing device. The remote computing device could them perform image processing



WO 2014/099326 PCT/US2013/072564

- 16 -

308 and combining images 316, possibly transmitting some or all of the results thereof to
the capturing device.

{8054} Additionally, training image database 304 may be included o digital
camera device 302 or alicrnatively, training tmage database 304 may be part of a separaie
device or systern that may be accessed by digital camera device 302, In some
erohodiments, fraining image database 304 may inchude representations of training images
that can be used to help determine the structure of a pavload burst used i second image
capture 3 14.

1B055] In first image capture 306, a first group of images of a scenc may be
captured using 3 “metering burst sweep.” In 3 metering burst sweep, each image in the
group may be captured with a different TET. In some instances, the metering burst sweep
may capture consecutive images across 3 range of TETs {e.g., | — 300 milliseconds, 0.1 ~
500 milliseconds, or some other vange). Using such ranges of TETs, the metering burst
sweep may capture a serics of images with TETs designed to cover this range according to
a linear, logarithmic, and/or exponential distribution of TETs, among other possibilities.

{8056] As an example, Figure 3 depicts first image capture 306 including three
digital images of a scene, each captured with a different TET. The three images exhibit
diverse levels of brightness due to the different TETs used to capture the images.  In other
examples, more or fewer images may be captured during first image capture 306. These
captured images may provide parameters for digital camera device 302 to use when
capturing suabsequent images of the scene.

{80587} The metering burst sweep can be vsed to determine the charactenstics of
the scene so that a subsequent payload burst strueture for second image capture 314 can be
selected.  Therefore, in step 308, the images captured at step 306 may be processed.
Particularly, step 308 may include merging one or more of the images captured at step 306

in & combined image 310, Step 308 may also include forming a histogram 312 from the
o &
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merged images, and then using the histogram, and possibly some or all of the information
in training image data 304, to classify the scene (e.g., as an LDR scene or an HDR scene),
determine the structure of the payload burst based on the classification of the scene, and
determine the TETSs to use when capturing images according to the payload burst. Tn some
embodiments, the captured images, shown as a result of first image capture 306, may be
downsampled prior to merging. Further, the histogram may be an LDR histograr, HDR
histogram, a log HDR histogram, ot some other form of histogram.

{0058} In step 314, the second group of irnages may be captured. The number of
images captured and the amangement of TETs used to capture these images may be
reforred to as a “payload burst.” For example, in Figure 3 second image capture 314
includes three images of a scene, each captured with a TET identified in step 308, It
should be understood that the TETs identified in step 308 may be the same or different
than the TETs used to capture images in step 306, Additionally, it is possible that all three
tmages in second imnage capture 3 14 are captured with the same or similar TETs.

{B059] In step 316, images from the second group of images may be combined.
Combining images may inchude aligning two or more of the images. In some instances,
images may be aligned globally (i.e., aligning whole images as opposed to portions of
images), locally {iec., aligning portions of images), or possibly both globally and
locally. Further, combining two or more images may also include merging them to form
an output image 318, This merging may be carried out in accordance with any image
fusion technique now known or developed in the future,

{8060} Merging the images in the sccond group of images may result in outpuot
image 318 being sharper and/or better-exposed than any of the individual images in the
second group. For instance, if some of the images in second image capture 314 are
captured with the same or similar TETs, these images may be merged to reduce noise in

one or more sections of the images. Alternatively or additionally, if the images in second
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tmage capture 314 are captured with two or more different TETs, at least some impages
with different exposure times may be merged according to HDR procedures. Regardless,
the output image may be stored on a computer-readable mediam and/or displayed on an
output medivm such as the multi-elernent display 106 of Figure 1.

18061} In some ernbodiroents, the arrangements of various possible payload burst
structures may be determined based on the TETs deternuned in step 308, as well as an
understanding of combining images step 316, While sumerous arrangements of payload

burst structures may be possible, three exaroples are described herein,

Seene Type Payload Burst Structure
LDR TTTT
HDR LS L L SLL S L L
HDR (with fallback) | L S L L 8 L L F F E
Table 2

{80621 Table 2 illustrates these examples. In the first example, the scene type is
LDR. In this cxample, the payvload burst structure includes four images captured
sequentially, and may be referred to as an “LDR burst structure.” Each “T” in the Payload
Burst Structare column of Table 2 may represent a captured image. Fach of these images
may be captured using the same or a similar TET that was determined in step 308, In
soroe embodiments, fewer or roore tmages may be captured in an LDR payload burst. For
example, as fow as one, or as many as ten or more images may be included.

{8063} Regardless of the number of irnages captored, some of these tmages may be
aligned and combined in step 316, For instance, it m images are captured in the payload
burst, the sharpest one of these images may be selected as a “primary image,” and the
rernaining m-1 images may be considered “secondary images.” In some implementations,

the sharpuess of an image may be measured by the fimage’s resolution and/or boundaries
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between zones of different tones and/or colors 1o the image. Alternatively or additionally,
other sharpoess measarements may be used.

{8064} Further, zero or more of the m-1 secondary images may then be aligned and
merged with the sharpest image. For instance, alignment may be atterapted between each
of the secondary images and the sharpest image, respectively. If the aligniuent fails for
parts of a respective secondary image, those parts may be discarded, and not combined
with the primary itmage. To this way, the sharpest image may be de-vowsed with
information from some or all of the secondary images.

18065} In the second example, the scene type is HDR. In this example, the
payload burst structure includes ten images captured according to a pattern of long and
short TETs, and may be referred to as an “HDR burst structure.” In the Payioad Burst
Structure colummn of Table 2, cach “L” may represent an image captured with the long
TET, cach “S” may reprosent an image captured with the short TET. Thus, the pattern of
“LSLLSLLSL L may indicate that the first image of the payload burst is captured
using the long TET, the second image is captured using the short TET, the third and fourth
images are captured using the long TET, the fifth image is captared using the short TET,
the sixth and seventh images are captured using the long TET, the cighth image is
captured using the short TET, the ninth image is captured using the long TET, and the
tenth image is captured using the long TET.

{8066] The long and short TETs may be determined based on the results of image
processing 308, Thus, the long and short TETs may be selected so that the resulting
tmages captured with these TETs can be combined using HDR procedures. The long TET
may be used to capture the details in dark sections of the scene, while the short TET may
be used to capture the details in bright sections of the scene.

{8067 Examples of short TET valoes may inclode TETs of | millisecond, 2

milliseconds, and/or & milliseconds, while examples of long TET valucs may inclade
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TETs of 20 mulliseconds, 40 milliseconds, and/or 80 mitliseconds. However, short and
long TETs may take oo differcnt vahies.

{8068} Despite the payload burst in the sccond example having a particular
structare in Table 1, other structures may be used. For example, payload burst structures
of “LELSLSLSLS or“LLSLLSLLSL” could potentially provide suitable
patterns of long and short TETs. Further, some payload burst structures may inchude
fallback TETs {(denoted by an “F"). Thus, additional example payload bursts may include
SLELLSLLLFF or“SELSLSLFFFF structures,

18069 In some embodiments, a paylioad burst structure may inchide more or fewer
than ten images. Generally speaking, the determining the length of the payload burst
structure involves a tradeoff. On one hand, a long payload burst (i.c., a payload burst with
a large number of image captures) is desirable because the likelihood of one or more of the
captured image being well-exposed and sharp is increased. On the other hand, if the
payload burst is too long, the likelihood of ghosting due to movement in the scene is also
mcreased. Additionally, darker scenes may benefit from images captured using a longer
TET, so that more light can reach the recording surface. Therefore, the payload burst
structure may be based, possibly in part, on these considerations.

{8070} In the third example, the scene type is also HDR. However, in this
example, the associated payload burst structure (which also may be referred to as an HDR
burst structure} includes seven images captured according to a pattern of long and short
TETs, followed by three fallback TETs. Each “F” may represent an image captured with
the fallback TET, and the fallback TET may take on a value different from both the long
and short TETs.

{8071} Regardless of the type of payload burst structure, the images of an HDR

scene may be aligned and combined. Images captured using the short TET may be
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referred to as “short wmages” for convenience, and images captured with the long TET
may be referred to as “long images” for convenience.

{8072} In some embodiments, the sharpest short frmage may be selected, from the
short images, as the primary short image. Zero or moore of the reraining secondary short
tmages may then be aligned and merged with the primary short tmage. For instance,
alignioent may be atterapted between each of the secondary short imeages and the primary
short 1maage, respectively. I the alignment fails for parts of the respective secondary short
irnage, those parts may he discarded, and not combined with the primary short jraage. In
this way, the sharpest short image may be denoised with information from some of the
secondary short images.

180731 The same or a similar process may be undertaken for the long images. For
example, the sharpest long image may be selected, from the long images, as the primary
long tmage. Zero or more of the remaining secondary long images may then be aligned
and merged with the primary long image. Alignment may be atterapted between cach of
the secondary long images and the primary long image, respectively. If the alignment fails
for parts of the respective secondary long image, those parts may be discarded, and not
combined with the primary fong image.

{8074} The resulting combined short image (e.g., the sharpest short image possibly
denoised by imformation from zere or more secondary short images) and the resulting
combined long image (e.g., the sharpest long image possibly denoised by information
from zero or more secondary long umages) may then be aligned. It the alignment
succeeds, these two images (e.g., both LDR images) may be combined according to HDR
procedures. For instance, they may be combined into an HDR image, and the HDR image
may then be tonemapped so that its brightness falls within a range commensarate with the
display abilities of convention video output devices {e.g., pixel values between 0 and 2585,

melusive). The resulting tonemapped HDR image may be designated as output tmage
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318, In some embodiments, if the signal-to-noise ratio of part or all of cutput image 318 is
still lower than a threshold value, a de-noising procedure may be applied to further redace
noise. Additionally, output image 318 may also be sharpened, possibly after applying the
de-nowsing procedure.  In geuweral, various types of HDR fusion algorithms, such as
Exposure Fusion or Local Laplacian Filters, roay be used to merge short and long images.
If fallback TETs are used i the payload burst structure, these HDR fusion algorithms may
be applied to one or moore faltback images as well,

{8075} It the alignment fails between the combined short image and the combined
long tmage, then the HDR processing fails. However, if fallback images were captured,
one or more of the faliback images may be used to form output tmage 318, For instance,
the sharpest fallback image may be selected. Zero or more of the remaining secondary
fallback images may be aligned and combined with the sharpest fallback image carried out
in g similar fashion as the processes described above for the short and long images. For
payload burst structures without fallback images in which alignment fails, the combined
long or short image may be used to form output image 318.

{8076] Generally speaking, image alignment may nvolve computational methods

B3

for arranging two or more images over one another so that they “match.” Once the images
are aligned, various functions can be performed, such as image enhancement {(e.g., noise
reduction), image stabilization (¢.g., to compensate for the shaking of a video camera),
pattern matching {(e.g., identification of common elements in two or more images), and
object recognition {(e.g., finding a specitfic object in two or more images), as well as other
functions.

{80771 Given the various uses of image alignment, it s advantageous to be able to
perform image alignment in an efficient and robust fashion. In practice, a global
alignment (i.¢., translating the whole image by a nomber of pixels on the x-axis and by a

potentially different nurober of pixels on the y-axis) roay be perforraed. Alernatively,
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mstead of or in addition to aligning the whole image according to these x and y offsets, it
may be advantageous to break the image into a number of smaller tiles, where each tile s
an 1 x j pixel block, and align these tiles separately according to respective mdividual
offsets. The size of cach tile may be as small as a 1 x 1 pixel block (i.e., one pixel). The
result the alignment roight include some tiles being offset differently than others.

{8078] Numerous image alignment techniques roay be used with the embodiments
herein.  For instance, one possible option s to use optical flow, which performs both
global (e.g., image level) alignment and local (e.g., tile level and/or pixel level) alignment.
Other techniques inchude using affine transforms or homography for global alignment,
foliowed by any type of local alignment. An affine transtform: may result in one of the
images being shifted, scaled, and rotated as © is aligned to the other image. A
homography transform may result in one of the images being shifted, scaled, rotated, and
warped as it is aligned to the other image. The local alignmoent may involve using row
and/or column sums, Fourier transforms, brute force, or other technigues to refine the
global alignment.

{8079] Figure 4 depicts an example alignment of a short image 400 and a long
image 402. Short image 400 may be a combined short image, and/or long image 402 may
be a combined long tmage. Short image 400 and long image 402 may have been captured,
perhaps during second image capture 314, as part of a payload burst of images of a scene.

{8080} Optionally, short image 400 and long 1mage 402 may be divided mnto 1 x j
pixel tiles, and associated pair of tiles may be aligned with one another. For instance, tile
404 from the apper left hand comer of short image 400 and tile 406 from the upper left
hand corner of long image 402 may be selected for alignment with one another. As shown
i Figure 4, either tile 404 or tile 436 may be shifted vertically or horizontally during the
alignment process. This may occur diue to movement in the scene or movement of the

carnera device between when short immage 400 and long image 402 are captured.
Ler]
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Nonetheless, the vesulting overlap arca 408 between short tmage 400 and long image 402
may encompass only subsets of each mmage. The illastrated procedare of aligning
mdividual tiles may be repeated for all pairs of tiles in short image 400 and long tmage
402,

{8081} Alternatively, overlap arca 408 roay cncorapass more than just a tie of
short irnage 400 or long image 402. For mstance, tile 404 may be selected from short
tmage 400. Then, tile 404 may be “shd” around and/or placed in a serics of locations in
long image 402 untd a sufficient match between the contents of fle 404 and a
corresponding region of long image 402 is found. Then, a pixel by pixel pairwise
alignment of tile 404 with this region may be performed.

100821 As part of the alignment process, various checks may be performed to
determine the accuracy of the alignment. If these checks indicate that the alignment is
reasonably accurate (¢.g., one or more vahues that measure alignment error are within pre-
determined tolerances), then the images may be merged according to the alignments of
cach pair of tiles. As noted above, the merging process may use various types of HDR
fusion algorithms, such as Exposure Fusion and/or Local Laplacian Filters.

{80831 Moreover, due to short image 400 and long image 402 having been
captured with different TETs, additionally checks may be performed. For instance,
suppose that short image 400 was captured with short TET 71, and long image 402 was
captured with long TET T2, The ratiom = TZ/Tl may be calculated.

100841 As indicated by overlap arca 40¥, at least some pixels in tile 404 may be
aligned with at least some pixcls in tile 406 or with pixels in long image 402. For
instance, the pixel from short image 400 that appears in the upper left hand corner of

overlap area 408 may be aligned with the pixel from long image 402 that appears in the
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upper left hand corner of overlap area 408, Additional aligned pairs of pixels from short
image 400 and long image 402 may be aligned accordingly.

{8085} For each respective pair of aligned pixels, suppose that the pixel from short
tmage 400 has a pixel value of P1 and the pixel from long image 402 has g pixel value of
P2, These pixel vahies may be valoes of a particular color channel for the pixel, the resalt
of applying a function to one or more color channels of the pixel, or may be derived in
some other fashion. Due to the value of T2 being m times that of T1, the value of P2
should be approximately m fimes that of P1. Therefore, this relationship between P1 and
P2 can be tested. If P2 ~ m x P1 within a tolerance, then the alignment of the pixel from
short imnage 400 and the pixel from long image 402 may be considered to have succeeded.
Otherwise the alignment of these pixels may be considered to have failed. Therefore, in
sormae embodiments, e = [P2 — m x P1] may be calculated. If e is loss or equal to than a
threshold error value the alignment of the two pixels may be considered successtul,

{8086} In other embodiments, the error e for each pair of aligned pixels may be
summed and a global alignment value, €', for an entire tile or an entire image may be
calculated. I ¢ is greater than a global alignment error threshold, the alignment of the
tiles {or images) may be considered to have failed. However, if € is less than or equal to
the global alignment error threshold, the alignment of the ties (or images) may be
considered to have succeeded. Alternatively or additionally, the error for some pixels may
be weighted differently than for other pixcels.

{8087} For example, pixels near the “blend zone” of an image may be weighted
mote than other pixels 1o the image. The blend zone may refer to a horder, in the long
exposure, between the pixels that are less than 255 {or some other pixel value threshold),
and the pixels that are saturated at 255, Thus, on one side of the blend zouve, pixels

primarily from images captured with one TET may be used in the combined image. On
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the other side, pixels primarily from images captured using another TET may be used in
the combined image. Therefore, near the blend zone, the pixels in the final image will
probably end up as a8 mix of the two sources (wherein the two sources may be the
combined long tmage and the combined short trwage). However, away from the biend
zone, the pixels that end up in the final toage may be from just one of the two sources,
Thus, misalignments away from the blend zone may be significantly less troportant than
misaligruuenis near the blend zone. Consequently, pixels away from the blend zone may
have a tow weighting, while pixels near the blend zone roay have a higher weighting.

10088} If short image 400 and long image 402 are LDR images, the pixel values of
each pixel in both images may fall within a range of values, sach as -255. If PZ is at the
high end of this range {e.g., if P2 = 255), then the associated pixel in long image 402
may be whitewashed. In other words, the location of the scene represented by this pixel
may have been so bright that it exceeded the image sensor’s ability to accurately represent
its brightness. Thus, the ground truth brightness of the pixel might not be known, and the
relation P2 ~= m x P1 might not hold.

[8089] However, when P2 = 255, mx P1 should be at least 255, Therefore a
check of the two pixel values can still be perforroed. I m x P1 is greater than or equal
255, then a low value of e, ¢.g., 0, may be used for these pixels. However, if mx P1 is
tess than 255, then e way be calculated as [P2 —mx P1]. In this way, whitewashed
pixels may be taken into account when calculating alignment error.

{80961 It should be understood that values other than 255 may be used as the high
end of a range of pixel values. Further, the mathematical calculations described above can

be replaced with different, but equivalent, calculations that would lead to the same results.

For instance, 7 = | 11/,!‘7 may be calculated, and then the relation P1 = m x P2 might be
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expected to hold.  Hach of these varations is contemplated herein as alternate
embodiments.

18091} In some embodiments, the pixel value multiplied by m may be first reverse
tonemapped from an LDR value to a Hinear value, and then multiplied by m. The resulting
product may then be tonemapped back to an LDR value before being compared to the
other pixel value. This process bhelps maintain the linearity of the multiplicative
relationship between the two pixel values.

18092} Furthermore, in some embodiments, an optional partial two-dimensional
high-pass filter may be applied to onc or more of the short and/or long images prior t©
checking for alignment error. Doing so may concentrate the error measurement on edge
mismatches, rather than subtle and/or steady differences in color due to image sensor
response being slightly non-linear,

{8093} Moreover, individual tmage sensors may be non-linear in distinct ways.
For instance, some image sensors may exhibit more non-linearity at low brightness levels,
while other image sensors may exhibit more non-linearity at higher brightness levels.
Accordingly, for each image sensor, a map of this non-lincarity may be obtained. Then,
by placing this map in one or more lockup tables, the individual non-linear characteristics
of cach tmage sensor may be taken into account, For justance, prior 1o comparing P1 and
P2, cach of these pixel values may be looked up in one of the tables and adjusted to
remove image sensor non-linearity.

[6094] Additionally, any of the embodiments disclosed herein can optionally be
enhanced by performing a multi-resolution analysis of the target image. Generally
speaking, such a oulti-resolution analysis involves, for a given tile, downsampling the
pixels in the given tile a number of times.

{8095} Downsarapling can be implemented by, for example, dividing the given tile

mto 2 x 2 blocks, and replacing cach of these blocks by a single pixel. The value of this
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replacement pixel can be based on the vahies of the pixels in the block. For instance, the
value of the replacement pixel may be determined by taking an average of the values of
the four pixels in the block, resulting in a “fuzzier,” lower-resolution downsampled tile of
one-quarter the size of the full tile. Thus, if a 64 x 64 tile is downsampled one level, the
vesult is a 32 x 32 tile. Ifthe 64 x 64 tile 18 downsampled two levels (or the 32 x 32 tile is
downsampled one level), the result is a 16 x 16 tile, and 8o on. Nownetheless, a tile can be
downsampled in other ways. For example, a 3 x 3 block or a 4 x 4 block can be replaced
by a single pixel, and more than just one or two levels of downsarapling can be performed
for a tile. In some embodiments, the tiles may be rectangular instead of square.

{8096} A downsampled tile, perhaps the downsampled tile at the downsampling
level with the lowest resolution, may be compared to a similarly-downsampled search area
of a target image. As 3 result, one or more low-crror alignments for the downsampled tile
may be identified. For instance, the n lowest-error alignments may be identified.

{6097} Then, one of these slignments is selected, perhaps the lowest-crror
translation, and the alignment procedures are repeated using the next-highest level of the
downsampled tile and the downsampled search arca for the alignment. If the result is a
low-error alignment, the alignment procedure can be repeated with an even higher level of
the downsampled tile. However, if the result is not a low-error alignment, another of the n
lowest-error alignments may be selected, the alignment procedures are repeated using the
next-highest level of the downsampled tile and the downsampled search area for this
alignment.

[8088] Figure 5 depicts & flow chart, in accordance with an example embodiment,
At step 500, a first set of pixels of a short exposure image and a second set of pixels of a
tong exposure image may be obtained. The short exposure image may have been captured
psing a short TET and the long exposure image may have been captured using a long TET.

The long TET may be greater than the short TET.
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[8099] At step 502, the first set of pixels and the second set of pixels may be
aligned such that pixels in the first set of pixels are pairwise maiched with pixels the
second set of pixels. At step 504, a first pixel value may be compared to a second pixel
value. The first pixel value may be of a first pixel in the first set of pixels, and the second
pixel value is of a second pixel in the second set of pixels. The first pixel and second pixel
may be paitwise matched. The first set of pixels may represent an 1 X j pixel block of the
short exposure image, and the second set of pixel may represent an 1 x j pixel block of the
long exposure image.

At step 506, based on the comparison of the first pixel value to the second pixel
value, an alignment error value for the first pixel and the second pixel may be determined.
At step 508, a global alignment error value may be determined. The alignment error value
for the first pixel and the sccond pixel may contribute to the global alignment error value.
At step 510, based on at least the global alignment error value, an output image may be
provided.

160186 In some cmbediments, it may be determined that the global
alignment error vahie is less than or equal to a threshold tolerance. Based on the global
alignment error value being less than or equal to the threshold tolerance, it may be
determined that the alignment of the short exposure image and the long exposure image
has succeeded. In response to determining that the alignment of the short exposure image
and the long exposure image has succeeded, the short exposure image and the long
exposure irwage may be merged into a combined image, and the combined image may be
provided as the output tmage.

08184 In aslternative embodiments, it may be determined that the global
alignment error value is greater than a threshold tolerance. Based on the global alignment
error value being greater than the threshold tolerance, it may be determined that the

alignment of the short exposure image and the long exposure image has failed. Further, a
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fallback exposure image may be obtained. The fallback exposure image may have been
captured uvsing a fallback TET. In some embodiments, the fallback TET may be between
the short TET and the tong TET, though the fallback TET could be less thau the short TET
or greater than the long TET. In response to determining that the alignioent of the short
exposure image and the long exposure image has failed, the fallback exposure tmage, or a
merged toage frora roultiple fallback exposure images, may be provided as the output
tmage. On the other hand, one of the short exposure image, the long exposure toage, 4
merged toage from multiple short exposure images, or a merged image from multiple
long exposure images may be provided as the output image.

[66182] in some embodiments, m may be a ratio of the long TET to the
short TET, and comparing the first pixel value to the second pixel value may nvolve
multiplying the first pixel value by m to provide a multiplied pixel value. Comparing the
first pixel vahlie to the sccond pixel value may also involve (i) determining that the
multiplied pixel value is greater than or equal to a high threshold pixel value, (i)
determining that the second pixel value 1s equal to the high threshold pixel value, and (ii1)
based on the multiplied pixel value being greater than or equal to the high threshold pixel
value and the second pixel value being equal to the high threshold pixel value, determining
the alignment error value for the first pixel and the second pixel o be zero. In some cases
the high threshold pixel valoe may be between 240 and 256, inclusive, or may fall within
some other range. [n some embodiments, the multiplied pixel value may be set to the
maximum value of the short exposure pixel's range {e.g., 255), betore comparing the
multiplied pixel value to the long exposure pixel

160183] Alternatively or additionally, comparing the first pixel value to the
second pixel value may also involve caleulating an absolute value difference of the
multiplied pixel value and the second pixel value, and deterrotning the alignment error

value tor the first pixel and the second pixel 1o be the absolute value difference.
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{60184 The steps depicted in Figure § may be camried out by a camera
device, such as digital camera device 100, a computing device, such as computing device
200, and/or by two or more distinet devices. Further, the flow chart depicted in Figure S
may be modified according to the vanations disclosed in this specification and/or the
accompanying drawings.

[60165] The above detailed description describes varions features and
functions of the disclosed systoms, devices, and methods with reference to the
accoropanying figures.  In the figures, similar symbols typically wdentify similar
componcnis, unless context indicates otherwise, The lustrative embodiments described
i the detailed description, figures, and claims are not meant to be limiting. Other
embodiments can be utilized, and other changes can be made, without departing from the
spirit or scope of the subject matter presented herein. It will be readily understood that the
aspects of the present disclosure, as generally described herein, and iliustrated in the
figures, can be arranged, substituted, combinegd, separated, and designed in a wide variety
of different configurations, all of which are explicitly contemplated hergin.

160166} With respect to any or all of the message flow diagrams, scenarios,
and flow charts in the figures and as discussed herein, each step, block and/or
communication may represent a processing of information and/or a transmission of
mformation in accordance with example embodiments. Alternative embodiments are
mcluded within the scope of these example embodiments. In these alternative
embodiments, for example, functions described as steps, blocks, transmissions,
communications, requests, responses, and/or messages may be executed out of order from
that shown or discussed, including in substantially concurrent or in reverse order,
depending on the functionality involved. Further, more or fewer steps, blocks and/or

functions may be used with any of the message flow diagrams, scenarios, and flow charts
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discussed bherein, and these message flow diagrams, scenarios, and flow charts may be
combined with one another, in part or in whole.

160167} A step or block that represents a processing of information may
correspound to creuitry that can be configured to performa the specific logical functions of a
heremn-described roethod or technique.  Alternatively or additionally, a step or block that
represents a processing of information may correspond to 2 module, a segment, or a
portion of program code (inchuding related data). The program code may include one or
mote instructions executable by a processor for implementing specific logical functions or
actions in the method or techoique. The program code and/or related data may be stored
on any type of computer-readable medium, such as a storage device, including a disk
drive, a hard drive, or other siorage media,

160168} The computer-readable medivm may also include non-transitory
computer-readable media such as computer-readable media that stores data for short
periods of time like register memory, processor cache, and/or random access memory
{RAM). The computer-readable media may also include non-transitory computer-readable
media that stores program code and/or data for longer periods of time, such as secondary
or persistent long term storage, like read only memory (ROM), optical or magnetic disks,
and/or compact-disc read only memory (CD-ROM), for example. The computer-readable
media may also be any other volatile or non-volatile storage systems. A computer-
readable medium may be considered a computer-readable storage medium, for example, or
a tangible storage device.

1601 69] Moreover, a step or block that represents one or more information
transmissions may correspond to information transroissions between software and/or
hardware modules in the same physical device. However, other information transmissions

may be between software modules and/or hardware modules in different physical devices.
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160116} While various aspects and embodiments have been disclosed herein,
other aspects and embodiments will be apparent to those skilled in the art. The various
aspects and embodiments disclosed herein are for purposes of illustration and are not
intended to be limiting, with the true scope and spirit being indicated by the following

claims.
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CLAIMS

What is claimed is;

1. A method comprising:

obtaining, by a coroputing device, a first set of pixels of a short exposure image
and a sccond set of pixels of a long exposure tmage, wherein the short exposure image was
captured using a short total exposure time (TET) and the long exposure troage was
captured using a long TET, wherein the long TET is greater than the short TET,

aligning the first set of pixels and the second set of pixels such that pixels in the
first set of pixels are pairwise matched with pixels the second set of pixels;

comparing a first pixel value to a second pixel value, wherein the first pixel value
is of a first pixel in the first set of pixels, the second pixel value is of a second pixel in the
second set of pixels, and the first pixel and second pixel are pairwise matched;

based on the comparison of the first pixel value to the second pixel value,
determining an alignment error value for the first pixel and the second pixel; and

determining a global alignment error value, wherein the alignment error vahue for
the first pixel and the second pixel contributes to the global alignment error value;

based on at least the global alignment error value, providing an cutput image.

2

The method of claim 1, further comprising:

determining that the global alignment error value 1s less than or equal to threshold
tolerance;

based on the global alignment error value being less than or equal to the threshold
tolerance, determining that the alignment of the short exposure image and the long

exposure image has succeeded; and
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in response to determining that the alignment of the short exposure image and the
long exposure image has succeeded, merging the short exposure image and the long
exposure irmage into a combined image, and providing the combined image as the output

irnage.

3. The method of claim 1, further comprising:

determining that the global alignment error value s greater than a threshold
tolerance; and

based on the global alignment error value being greater than the threshold
tolerance, determining that the alignment of the short exposure image and the long

exposure image has fatled.

4, The method of claim 3, further comprising:

obtaining a fallback exposure image, wherein the fallback exposure image was
captured using a fallback TET, and wherein the fallback TET is between the short TET
and the long TET; and

in response to determining that the alignment of the short exposure image and the
fong exposure image has failed, providing at least the fallback exposure image as the

output image.

S. The method of claim 1, wherein m 18 a ratio of the long TET to the short
TET, and wherein comparing the fivst pixel value to the second pixel value comprises

multiplying the first pixel valoe by m to provide a muldtiplied pixel value.

6. The method of claim 5, wherein comparing the first pixel value to the

second pixel value further comprises:
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determining that the multiplied pixel valae is greater than or equal to a high
threshold pixel valoe;

determining that the second pixel value s equal to the high threshold pixel value;
and

hased on the multiplied pixel value being greater than or equal to the high
threshold pixel value and the second pixel value being equal to the high threshold pixel
value, determining the alignment error value for the first pixel and the second pixel to be

ZEYO0.

7. The method of claim 6, wherein the high threshold pixel value is between

240 and 2356, inclusive,

3. The method of claim §, wherein comparing the first pixel value to the
second pixel valie further comprises:

calculating an absolute value difference of the multiplied pixel value and the
second pixel value; and

determining the alignment error value for the first pixel and the second pixel to be

the absolute value difference.

8. The method of claim |, wherein the first set of pixels represents ant X
pixel block of the short exposure image, and wherein the second set of pixels represents an

1 X j pixel block of the long exposure image.

10. An article of manufacture inchuding a non-transitory computer-readable
medium, having stored thereon program instructions that, upon execution by a computing

device, cause the computing device to perform operations comprising:
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obtaining a first set of pixels of a short exposure image and a second set of pixels
of a long exposure image, wherein the short exposure image was captured using a short
total exposure time (TET) and the long exposure image was captured using a long TET,
wherein the long TET 15 greater than the short TET;

aligning the first set of pixels and the second set of pixels such that pixels in the
first set of pixels are pairwise matched with pixels the second set of pixels;

coraparing a first pixel value to a second pixel value, wherein the first pixel value
is of a first pixel in the first set of pixels, the second pixel value is of a second pixel in the
second set of pixels, and the first pixel and second pixel are pairwise matched;

based on the comparison of the first pixel value to the second pixel value,
determining an alignment error value for the first pixel and the second pixel; and

determining a global alignment error value, wherein the alignment error value for
the first pixel and the second pixel contributes to the global alignment error vakae;

based on at least the global alignment error value, providing an output tmage.

1L The article of manufacture of claim 19, wherein the operations further
COMPIise:

determining that the global alignment error value is less than or equal to threshold
tolerance;

based on the global alignment error value being less than or equal to the threshold
tolerance, determining that the alignment of the short exposure image and the long
exposure image has succeeded; and

in response to determining that the alignment of the short exposure image and the
tong exposure image has succeeded, merging the short exposure iroage and the long
exposure image nto a combined irmage, and providing the combined 1mage as the output

image.
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12. The article of manufacture of claim 10, wherein the operations further
COmPIise:

determining that the global alignment error value is greater than a threshold
tolerance; and

based on the global alignment error value being greater than the threshold
tolerance, determining that the alignroent of the short exposure image and the long

exposure image has failed.

13. The article of manufacture of claim 12, wherein the operations turther
COMPTISe:

obtaining a fallback exposure image, wherein the fallback exposure image was
captured using a fallback TET, and wherein the fallback TET is between the short TET
and the long TET; and

in response to determining that the alignment of the short exposure image and the
fong exposure image has failed, providing at least the fallback exposure image as the

output image.

14, The article of manufacture of ¢laim 10, wherein m is a ratio of the long
TET to the short TET, and wherein companng the {irst pixel value to the second pixel

value comprises multiplying the first pixel value by m to provide a muoltiplied pixel value.

18. The article of manufacture of claim 14, wherein comparing the first pixel
value to the sccond pixel value further comprises:
determining that the multiplied pixel value is greater than or equal to a high

threshold pixel value;
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determining that the second pixel value s equal to the high threshold pixel value;
and

based on the multiplied pixel valae being greater than or equal to the high
threshold pixel value and the second pixel value being equal to the high threshold pixel
value, determining the alignment error value for the first pixel and the second pixel to be

ZEYO0.

16. The article of manufacture of claim 14, wherein comparing the first pixel
value to the second pixel value further coraprises:

calculating an absolute value difference of the multiplied pixel value and the
second pixel value; and

determining the alignment error value for the first pixel and the second pixel to be

the absolute value differcnce.

17. A computing device comprising:
at least one processor;
data storage; and
program instructions, stored in the data storage, that upon execution by the at least
one processor cause the computing device to perform operations including:

obtaining a first set of pixels of a short exposure image and a second set of
pixels of a long exposure image, wherein the short exposure image was captured
using a short total exposure time (TET) and the long exposure image was captured
using a long TET, wherein the long TET is greater than the short TET;

aligning the first set of pixels and the second set of pixels such that pixels

in the first set of pixels are pairwise matched with pixels the second set of pixels;
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comparing a first pixel value to a second pixel value, wherein the first pixel
value is of a first pixel in the first set of pixels, the second pixel value is of a
second pixel in the second set of pixels, and the first pixel and second pixel are
pairwise matched;

based on the comparison of the first pixel value to the second pixel value,
determining an aligoment error value for the first pixel and the second pixel; and

determining a global alignment ervor value, wherein the alignment error
value for the fivst pixel and the sccond pixel contributes to the global alignment
error value;

based on at least the global alignment error value, providing an output

image,

18 The computing device of claim 17, wherein the operations further include:

determining that the global alignment error value is less than or equal to threshold
tolerance;

based on the global alignment error value being less than or equal to the threshold
tolerance, determining that the alignment of the short exposure image and the long
gxposure image has succeeded; and

in response to determining that the alignment of the short exposure image and the
tong exposure image has succeeded, merging the short exposure iroage and the long
exposure image nto a combined irmage, and providing the combined 1mage as the output

tmage.

19, The computing device of clairn 17, wherein the operations further include:
determining that the global alignment error value is greater than a threshold

tolerance; and
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based on the global alignment error value being greater than the threshold
tolerance, determining that the alignment of the short exposure image and the long

exposure image has failed.

20.  The computing device of clairn 19, wherein the operations further include:

obtaining a fallback exposure image, wherein the fallback exposure image was
captured using a fallback TET, and wherein the fallback TET is between the short TET
and the long TET; and

in response to determuining that the alignment of the short exposure image and the
fong exposure image has failed, providing the fallback exposure tmage as the output

image.
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OBTAIN A FIRST SET OF PIXELS OF A BHORT EXPOSURE IMAGE AND A
SECOND SET OF PIXELS OF A LONG EXPOSURE IMAGE, WHEREIN THE \\
SHORT EXPOSURE IMAGE WAS CAPTURED USING A SHORT TET AND 500
THE LONG EXPOSURE IMAGE WAS CAPTURED USING A LONG TET,
WHEREIN THE LONG TET IS GREATER THAN THE SHORT TEY

!

ALIGN THE FIRST SET OF PIXELS AND THE SECOND SET OF PIXELS ™
SUCH THAT PIXELS IN THE FIRBT SET OF PIXELS ARE PAIRWISE 502
MATCHED WITH PIXELS THE SECOND SET OF PIXELS

I

COMPARE A FIRST PIXEL VALUE TO A SECOND PIXEL VALUE, WHEREN
THE FIRST PIXEL VALUE IS OF A FIRST PIXEL IN THE FIRST BET OF //”5@4
PIXELS, THE SECOND PIXEL VALUE IS OF A SECOND PIXEL IN THE

SECOND SET OF PIXELS, AND THE FIRST PI{EL AND SECOND PIXEL ARE

PAIRWISE MATCHED

v

BASED ON THE COMPARISON OF THE FIRST PIXEL VALUE TO THE
SECOND PIEL VALUE, DETERMINE AN ALIGNMENT ERROR VALUE FOR [
THE FIRST PIXEL AND THE SECOND PIXEL 506

'

DETERMINE A GLOBAL ALIGNMENT ERROR VALUE, WHEREIN THE
ALIGNMENT ERROR VALUE FOR THE FIRST PIXEL AND THE SECOND =y
PIXEL CONTRIBUTES TO THE GLOBAL ALIGNMENT ERROR VALUE 508

l

BASED ON AT LEAST THE GLOBAL ALIGNMENT ERROR VALUE, PROVIDE ™
AN OUTPUT IMAGE 510
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