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IMAGES IN THE SECOND PLURALITY OF IMAGES ARE CAPTURED USING
THE TET SEQUENCE

s

Y
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(57) Abstract: A first plurality of images of a scene may be captured. Each image of the first plurality of images may be captured
with a different total exposure time (TET). Based at least on the first plurality of images, a TET sequence may be determined for cap-
turing images of the scene. A second plurality of images of the scene may be captured. Images in the second plurality of images may
be captured using the TET sequence. Based at least on the second plurality of images, an output image of the scene may be construc-

ted.
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DETERMINING AN IMAGE CAPTURE PAYLOAD BURST STRUCTURE
BASED ON METERING IMAGE CAPTURE SWEEP

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 LDR 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

{8003} In a first example embodiment, a first plurality of iroages of a scene may be
captured. Fach image of the first plurality of images ray be captured with a different total
exposure tirne {TET). Based at least on the first plurality of images, a TET sequence may
be determined for capturing further images of the scene. A second plurality of images of
the scenc may be captured. Images in the second plurality of images may be captured
using the TET sequence. Based at least on the second plurality of images, an output image
of the scene may be constructed.

{06084} In a second example embodiment, a first plurality of images of a scene may

be captured. Fach image of the first plurality of images may be captured using a different
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TET. Based at least on the first plurality of images, a long TET, a short TET, and a TET
sequence that ncludes the long TET and the short TET may be determined. A second
plurality of images of the scene may be captured.  The images in the second phirality of
irnages may be captured sequentially in an image sequence using a sequence of TETs
corresponding to the TET sequence. Based on one or more images in the image sequence,
an output image may be constructed.

[8005] A third example embodiment may include a non-transitory computer-
readable storage medium, having stored thereon prograro jnstructions that, upon execution
by a computing device, cause the computing device, and/or its peripherals, to perform
operations i accordance with the first and/or second example embodiments.

10086 A fourth cxample embodiment may include a computing device,
comprising at least a processor, an image sensor, and data storage. The data storage may
contain program instructions that, upon execution by the processor, cause the computing
device operate in accordance with the first and/or second example embodiments.

{80871 These as well as other aspects, 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 accompanying 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
{6088} Figure | depicts front, right side, and rear views of a digital camera device,
in accordance with an example embodiment.
{6089} Figure 2 depicts a block diagram of g computing device with image capture

capability, in accordance with an example embodiment.
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{8010} Figure 3 depicts a tlow chart, in accordance with an example embodiment.

{8011} Figore 4A depicts creating a histogram from one or more captured irnages,
in accordance with an example embodiment.

{0012} Figure 4B depicts a training imoage database, in accordance with an
exarnple embodiment.

{0013} Figure 5 depicts payload burst structures for capturing images, in
accordance with an example embodiment.

{0014} Figure 6 depicts a flow chart, o accordance with an exarople embodiroent.

10015} Figure 7 depicts another flow chart, in accordance with an example
embodiment.

DETAILED DESCRIPTION

[8016] As image capture devices, such as cameras, become more popular, they
may be cnployed 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 compuiers, video
game interfaces, home automation devices, and even automobiles and other types of
vehicles.

{8017} The physical components of a camera may include 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 apertare may be fixed size or adjustable. Tn an analog camera, the
recording surface may be photographic film. In a digital camera, the recording surface

may include an electronic image sensor {e.g., a charge coupled device (CCD)Y or a

o~

complementary metal-oxide~-semiconductor (CMOS) scusor) to transfer and/or store

captured images in a data storage unit {e.g., roemory).
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[8018] A shutter may be coupled to or nearby the lens or the recording surface.
The shutter may etther be in a closed position, in which it blocks light from reaching the
recording surface, or an open position, tn which light is allowed to reach to recording
surface. The postiion of the shutter may be controlled by a shutier button. For instance,
the shutter may be in the closed position by default, When the shutier button is triggered
{e.g., prossed), the shutter may change from the closed position to the open position for a

eriod of fime, known as the shutter cycle. During the shutter cycle, an image roay be
captured on the recording surface. At the end of the shutter cycle, the shutter ray change
back to the closed position.

{6019} Alternatively, the shuttering process may be clectronic.  For example,
betore an electronic shutter of 8 CCD image sensor is “opened” the sensor may be reset to
remove any residual signal in iis photodiodes. While the electronic shutter remains open,
the photodiodes may accumulate charge. When or after the shutter closes, these charges
may be transferred to lfonger-term data storage. Combinations of mechanical and
electronic shuttering may also be possible.

{6020} Regardless of type, a shutter may be activated and/or controlled by
something other than a shatter button. For instance, the shutter may be activated by 2
softkey, a timer, or some other trigger. Herein, the term “image capture” may refer to any
mechanical and/or electronic shuttering process that results in one or more photographs
being recorded, regardiess of how the shuttering process is triggered or controlied.

{8021} The exposure of a captared image may be determined by a combination 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 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 length multiplied by the gain for a particular aperiure size. Herein,
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the term “total exposure time,” or “TET,” should be interpreted as possibly being a shotter
length, an exposure time, or any other metric that controls the amount of signal response
that results from light reaching the recording surface.

10022} A still camera may capture one of more roages cach Hime wage capture 15
triggered. A video camera may continuously capture images at a particular rate {e.g., 24
irnages — ot fraroes — per second) as long as Umage capture remains triggered (e.g., while
the shutter button s held down). Some digital still camceras may open the shutter when the
camera device or application is activated, and the shutter may remain in this position vatil
the camera device or application is deactivated. While the shutter is open, the camers
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.

18023} Cameras — oven analog cameras — may include software to control one or
more camera functions and/or settings, such as aperture size, THT, 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 description
above refers to cameras in general, it may be particularly relevant to digital cameras.

{8024} As noted previcusly, digital cameras may be standalone devices or
imtegrated 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 a 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, a multi-element display 106, a shutter button 108, and
other buttons 110, Digital camera device 100 could further inclade 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 saroe side as multi-eloment display 106. Rear-facing
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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,

[6028] Multi-clement display 106 could represent a cathode ray tube (CRT)
display, a light emitting diode (LED) display, a lquid crystal (LCD) display, a plasma
display, or any other type of display known in the art.  In some croboduments, roulti-
clement display 106 may display a digital representation of the current tmage 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-
element display 106 may serve as a viewfinder for either camera. Multi-element display
106 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 100.

18026} Front-facing camera 104 may inchide an immage sensor and associated
optical cleroents such as lenses. Front-facing camera 104 may offer zoom capabilitics or
could have a fixed focal length. In other embodiments, interchangeable lenses could be
used with front-facing camera 104. Front-facing camera 104 may have a variable
mechanical aperture and a mechanical and/or electronic shutter. Front-facing camera 104
also could be configured to capture still images, video images, or both. Further, front-
facing camera 104 could represent a monoscopic, stereoscopic, 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.

{8027} Either or both of front facing camera 104 and rear-facing camera 112 may
mclude or be associated with ap illumination component that provides a light field to
ilfaminate a target object. For instance, an ilhumination component could provide flash or

constant illurnination of the target object.  An dlumuination component could also be
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configured to provide a light ficld that includes one or more of structured hight, polarized
hight, and tight 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,

18028} Euther or both of front fucing camera 104 and rear-facing camera 112 may
include or be associated with an ambicnt light sonsor that roay continuously or from time
to time deterroine the arnbient brightness of a scene that the camera can capture. o some
devices, the ambient light sensor can be used to adjust the display brightness of a screen
associated with the camcra {e.g., 3 viewfinder). When the determined ambicnt brightness
is high, the brightness level of the screen may be increased to make the screen easier 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. Addutionally, the ambient light sensor’s input may be used to determine a TET of
an gssociated camera, or 1o help in this determination.

{8029} Digital camera device 100 could be configured to use multi-element display
106 and either front-facing camera 104 or rear-facing camera 112 to capture images of a
target object. The captured images 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 multi-element display 106, or by some other mechanism. Depending upon the
implementation, the trages could be captared antomatically at a specific time interval, for
example, upon pressing shutter button 108, upon appropriate lighting conditions of the
target object, upon moving digital camera device 100 a predetermined distance, or
according to a predetermined capture schedule.

18038] 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

comynunication device, tablet computer, laptop computer and s0 on. For purposes of
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example, Figure 2 1s a simplified block diagram showing some of the components of an
example computing device 200 that may include camera components 224,

{8031} By way of example and without limitation, cornputing device 200 may be a
cellular mobile telephone {c.g., a smartphone), a still camera, a video camera, a fax
machine, a computer (such as a desktop, notebook, tablet, or handheld computer), a
personal digital assistant (PDA), 2 home agtomation component, a digital video recorder
{DVR), a digital television, a remote control, a wearable computing device, or sorae other
type of device equipped with at least some tmage capture and/or image processing
capabilities. It should be understood that computing device 200 may represent a physical
camera device such as g digital camera, a particular physical bardware platform on which
a camera application operates in software, or other combinations of hardware and software
that are configured to carry out camera functions.

180321 As shown in Figure 2, computing device 200 may include a communication
mnterface 202, a user interface 204, a processor 206, data storage 208, and camera
components 224, all of which may be communicatively linked together by a system bus,
network, or other connection mechanism 210,

{80331 Communication interface 202 may function to allow computing device 200
to compmunicate, 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 telephoune service
{(POTS) communication and/or Tnternet protocol (IP) or other packetized communication.
For instance, commanication interface 202 may include 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 Fthernet, Universal Serial Bus (USB), or High-Definition Multimedia Interface

(HDMD) port. Conunuonication interface 202 may also take the form of or include a
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wireless interface, such as a Wifi, BLUETOOTH®), global positioning system {(GPS), 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
proprictary communication protocols may be used over communication imterface 202,
Furthermore, commwmication  interface 202 mway  comprise  roultiple  physical
compumication interfaces {e.g., a Wifl interface, a BLUETOQOTH® interface, and a wide-
arca wircless interface),

{0034} User inderface 204 may function to allow computing device 200 1o interact
with a human or non-human user, such as to receive imput from a user and o provide
output to the user. Thus, user interface 204 may include input components such as a

eypad, kevboard, touch-sensitive or presence-sensitive panel, computer mouse, trackball,
joystick, 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 andible outpui(s), via a speaker, speaker jack, audio
output port, audio output device, earphones, and/or other similar devices.

{86035} In some embodiments, user interface 204 may inchlude a display that serves
as a viewfinder for still camera and/or video camera functions supported by computing
device 200. Additionally, user interface 204 may inchide one or more buttons, swiiches,
knobs, and/or dials that facilitate the configuration and focusing of a camera function and
the capturing of images (e.g., capturing a pictare). It may be possible that some or all of
these buttons, swiiches, knobs, and/or dials are implemented as functions on a presence-
sensitive panel.

[8036] Processor 206 may comprise one or more general purpose processors — e.g.,

microprocessors — and/or one or more special purpose processors — eo.g., digital signal
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processors (DSPs), graphics processing units {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
irnages, among other possibilitics. Data storage 208 may include one or more volatile
and/or non-volatile storage components, such as ragnetic, optical, flash, or organic
storage, and roay be integrated in whole or in part with processor 206, Data storage 208
may include removable and/or non-removable components.

{8037} 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
to carry out the various functions described herein. Therefore, data storage 208 may
include a noun-transitory computer-readable medium, having stored thereon program
mngiructions that, upon 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,

{6038} By way of example, program instructions 218 may inchide an operating
system 222 {e.g., an operating system 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
204, Similarly, data 212 may include operating system data 216 and application data 214,
Operating system data 216 may be accessible primarily to operating system 222, and
application data 214 may be accessible primarily to one or more of application programs
220, Apphcation data 214 may be arranged in a file system that is visible to or hidden
from a user of computing device 200,

{8039} Application programs 220 may comwmunicate with operating system 222

3\

through one or more application programming interfaces (APIs).  These APIs may
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facilitate, for instance, application programs 220 reading and/or writing application data
214, transmitting or receiving information via communication interface 202, receiving
and/or displaying information on user interface 204, and 50 on.

[8044] In soroe vernaculars, application programs 220 may be referred to as
“apps” for short. Additionally, application programs 220 may be downloadable 1o
computing device 200 through one or more online application stores or application
markets.  However, application programs can also be istalled on computing device 200
in other ways, such as via a web browser ot through a physical interface (e.g., a USB port)
on computing device 200.

{6041} Camera components 224 may include, 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,

{8042} Captured digital images may be represented 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 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 (ie., the tonal range that a single 3-bit
byte can offer). Thus, the brightness of a pixel may be represented by a 0 or a value near
zero if the pixel is black or close to black, and by a 255 or a value near 255 if the pixel is
white or close to white. However, the value of 255 is a non-limiting reference point, and
some implementations may use different maximum values {e.g., 1023, 4095, ete.).

[8043] Nonetheless, the YCbCr color model s just one possible color model, and

other color models such as a red-green-blue (RGB) color model or a cyan-roagenta-
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vellow-key (CMYK) may be emploved with the embodiments herein. Further, the pixels
in an imwage may be represented in various file formats, inchuding raw (uucompressed)
formats, or compressed formats such as Joint Photographic Experts Group (JPEG),
Portable Network Graphics (PNG), Graphics Interchange Format (GIF), and so on.

{18044} Some pixel encodings — including the YCbCr color mode] — use 8 bits 1o
represent the brightoess of each pixel. Doing s0 s referred to as LDR imaging. As a
result, ondy 256 levels of brightuess may be supported. However, real-world scenes often
exhibit a wider dynaraic range of brightness than can be reasounably represcuted by LDR
imaging. For cxamaple, a scene of an individual standing in a dark room in front of a
window may inchade both extremely bright regions and extremely dark regions. However,
use of LDR imaging to capture an image of such a scenc may result in loss of detail in the
bright region and/or the dark region based on the TET with which the image was captured.

100451 A short TET may result in a reasonably accurate representation of the
bright regions of a scene, but underexposure of the dark regions. Conversely, a long TET
may result in a reasonably accurate representation of the dark regions, but may overexpose
the bright regions. In the example scene introduced above, if the TET is too long, the
featares in the room may appear properly-exposed, but the features ocutside 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. FEither 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.

{8046} Camera devices may support an asto-exposure (AE) mode in which, prior
to output image capture, the carmera determines the TET based on the brightness of the
scene. For example, the user may obscrve the scene in the camera’s viewfinder before

triggering image capture. During this period, the camera may make an inttial estimate of
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the proper TET, capture a preview image with that TET, and then evaluate the pixels in
the captored 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 voder-exposed, the camera roay
increase the TET and capture yet another preview image.

18047} For mstance, if the majority of the pixels in the captured iroage exhibit a
brightness value above a high threshold level (e.g., 240), the camcra may decrease the
TET. On the other hand, if a majority of the pixels exhibit a brightness level below a fow
threshold level {e.g., 90), the camera may increase the TET.

100481 Alternatively or additionally, a target average pixel value for some or all of
the scene’s pixels may be determined. H 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
below the target average pixel value, the TET may be increased. The target average pixel
value can also be tuned differently depending on how much contrast there is in the scene.
For example, in a low-contrast scene, the target average pixel value may be bright (e.g,,
200). Butin a high-contrast scene, the target average pixel value may be lower (e.g., 12&).

{6049} 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, it the charactenstics of the scene are relatively unchanging, the carsera usually
converges on an estirnated “best” TET based on the brightness of the scene. Tn some
embodiments, the image displayed on the camera’s viewhnder may omit information from
one or more of the captared preview images or combine nformation from two or more of
the captared preview tmages.

{8050 In some cases, the camera might not treat all pixels equally when

determining an “average” brighiness of the scene. Using a techmique described as “center-
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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 iustrating other areas of
the scene. Alternatively, pixels in other locations of an image may be given more weight.
For instance, 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 woay give a higher weight
1o the associated pixels,

{8051 In this way, AE algorithros may seck to determine a TET that produces a
large nurnber {c.g., the largest rursher) of properly-exposed pixels. However, given the
range limitations of LDR imaging, cven images captured in AE mode may contain
portions that are whitewashed or darkened. Thus, as noted above, some scenes there may
be no single “best” TET.

{8052} AE algorithms may differ from the description above. For instance, some
may be more complex, treating differcnt colors differcntly, 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.

{80531 High dynamic range {HDR) imaging bas been proposed as a8 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, inchiding those
that are very bright and very dark. However, determining TETs for capturing iroages 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

quality.
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{8054} In the following, the terro “LDR image” may refer o an image captured
psing LDR imaging, and the term “LDR scene” may refer to a scene that has been
determined to be reasonably represented using LDR imaging, Similarly, the term “HDR
irnage” may refer to an image captured using HDR imaging, and the term “HDR scene”
may refer to a scene that has been determined to be reasonably represented using HDR
iraging. Furthermore, the torm “LDR imaging” may be used interchangeably with the
terra “LDR image acquisition,” and the toermn “HDR  imaging” may be used
interchangeably with the term “HIDR tmage acquisition.”

18055] 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 instance, flow chart 300 may represent a number of steps performed by digital
camera device 302 to determine whether to use LDR or HDR image acquisition for a
particular scene, determine one or more TETs with which to capture images of the scene,
and whether and/or how to combine the captured images into an output image that is a
reasonably satistactory representation of the scene. In this way, digital camera device 302
can dynamically adapt to the lighting pattern of the scene, whether that pattern s 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.

{8056} Flow chart 300 may represent a series of steps performed by digital camera
device 302 when a shutter button 1s triggered.  Alternatively or additionally, flow chart
300 may represent steps that are continnously performed when a viewtinder of digital
camera device 302 1s 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
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tmage 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,

{8057} It should be noted that not all steps depicted in Figure 3 need be performed
by digital camera device 302, Somie steps, such as image processing 3028 and combining
tmages 316, for example, could be performed by a different device.  For instance,
representations of one or more images captured during first toage captures 306 and
second 1mage capture 314 could be transmttted from a capturing device to a remote
computing device. The remote computing device could them perform image processing
308 and combining images 316, possibly transmitting some or all of the results thereof to
the capturing device.

100581 Additionally, training image database 304 may be included in digital
camera device 302 or aliernatively, training image database 304 may be part of a separate

evice or system that may be accessed by digital camera device 302, In some
ernbodiments, {raining image database 304 may include representations of training images
that can be used to help determine the structure of 8 payload burst used in second image
capture 314.

18059) In first image capture 306, a first group of images of a scene may be
captured using a “metering burst sweep.” In a 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 a range of TETs (e.g., T — 300 milliseconds, 0.1 —
500 milliseconds, or some other range). Using such ranges of TETs, the metering burst
sweep may capture a sevies of imnages with TETs designed to cover this range according to
a linear, logarithmic, and/or expounential distribution of TETs, among other possibilities.

[8060] As an example, Figure 3 depicts first image capture 306 inclading three
digital images of a scene, each captured with a different TET. The three images exhibit

diverse levels ot brightness due to the differest TETs used to capture the images.  In other
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examples, more or fewer irmages may be captored during first irnage capture 306. These
captured images may provide parameters for digital camera device 302 to use when
capturing subsequent images of the sceue.

{8061} The wetering burst sweep can be used to detormine the characteristics of
the scene 50 that a subsequent payload burst structure 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 a combined troage 310, Step 308 may also include forming a histogram 312 from the
merged images, and then using the histogram, and possibly some or all of the information
i training image data 304, to classify the scene {c.g., 35 an LDR scenc 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. In some
embodiments, the captured images, shown as a result of first image capture 300, may be
downsampled prior to merging. Further, the histogram may be an LDR histogram, HDR
histogram, a log HDR histogram, or some other form of histogram.

{8062} An example of this process is illustrated in Figure 4A. For sake of
simplicity, assume that the metering burst sweep consist of two images, image 400 and
image 402. In practice, anywhere from one to eight or more images may be captured in
the metering burst sweep. Image 400 was captured with a TET of 10 milliseconds, while
tmage 402 was captored with a TET of 20 millisecconds. Thus, the pixels of image 402
might be expected to be about twice as bright as those of image 400. In some cases, the
pixels in each of images 400 and 402 may be tonemapped. Therefore, the tonemapping
process may be reverse for these tmages. After the tonemapping process is reversed, the
pixels of image 402 may be about twice as bright as those of image 400. Tonemapping

and reverse tonemapping are discussed in more detail below.



WO 2014/093042 PCT/US2013/072569

- 18-
{8063} Images 400 and 402 may be downsampled to form images 404 and 406

respectively. Downsamphing can be implemented by, for example, dividing a given image
mto tx j pixel blocks (i and § may take on the same value or different values), and
replacing cach of these blocks by 4 single pixel. The value of this replacernent pixel can

¢ hased on the values of the pixels in the respective 1x j pixel block. For jnstance, the
value of the replaceruent pixel may be determined by taking an average of the values of
the pixels in the block, resulting in a “fuzzier,” lower-resolution, and smaller
downsampled iroage. Thus, as one possible example, it a 1600 x 1200 pixel image
divided into 2 x 2 pixel blocks and downsarapled one level, the result 15 an 800 x 600 pixel
tmage. I the 1600 x 1200 pixel image is downsampled two levels {or if the 800 x 600
pixel image 1s downsampled one more level), the result is a 400 x 300 pixel image, and so
on. Nonetheless, a tile can be downsampled in other ways. Forexample, 24 x4, an8x8
pixel block or a 16 x 16 pixel block can be replaced by a single pixel, and more than just
one or two levels of downsampling can be performed.

18064] In some embodiments, multiple levels of downsampling may be performed
for cach image, thus creating a “pyramid” of downsampled images. By using images with
multiple levels of downsampling, mformation regarding both the distribution of light
fevels in the tmage and the spatial structure of these light levels may be preserved.

18065] Thus, for nstance, Figare 4A depicts image 400 having pixel block 4060A
i its top, left corner and pixel block 400B 1n its top right corner. Additionally, irmnage 402
has pixel block 402A in its top, left cormner and pixel block 4028 in its top right comer.
Each pixel block o ecach image is downsampled to an individual respective pixel in
images 404 and 406 — pixel 404A represents a downsampling of pixel block 400A, pixel
4048 represcots a downsampling of pixel block 400B, pixel 406A represents a
downsampling of pixel block 4024, and pixe] 406B represents a downsampling of pixel

block 4028,
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{8066} In some cases, an 1 x j pixel block and its associated downsampled pixel
may both be referred to as 8 “paxel” Thus, pixel block 4024 and pixel 404A may both be
referred to as a paxel.

{8067} For each location in the downsaropled images (e.g., pixels 404 A and 406A
would be considered to be 1n the saroe location), the pixel with the highest value less than
255 roay be selected.  In some erobodirents, the pixel value of each color chanuel in the
pixel may be compared to 255, 1 all of these pixel values are below 255, then the pixel is
a candidate for selection. Out of all of the candidate pixels, the one with the highest pixel
value may be selected. In other embodiments, a threshold different from 255 (e.g., 250,
2435, or a value higher than 255) may be used instead,

10068} Figure 4A illustrates an cxample of this process. In downsampled tmage
404, pixel 404A may have red, green, and blue (R, G, B) values of 250, 100, and 150,
respectively. In downsaropled image 406, pixel 406A may have (R, G, B) valueg of 255,
200, and 255, respectively. Since the (R, G, B) values of pixel 404A arce all less than 255
but some of the (R, G, B) values of pixel 406A arc at 2355, pixel 404A is selected.
Similarly, pixel 4048 may have (R, G, B} values of 100, 50, and 50, respectively, while
pixel 4008 may have (R, G, B) values of 200, 100, and 10{, respectively. Since the (R, G,
8 values of pixel 4068 are all less than 255, but greater than the (R, G, B} values of pixel
4048, pixel 4068 is selected. Other types of comparisons may be used also or instead of
the process iltustrated in Figure 4A. For instance, the average of the (R, G, B) values of
the respective pixels may be compared. Alternatively, the hima (V) value of the pixel n
the YCHCr color space may be used to test against the threshold.

{8069} Bach selected pixel may be placed in its respective location in combined
tmage 408, Thus, for instance, pixel 404A may be placed as pixel 4084, and pixel 4068
may be placed as pixel 408B in combined image 408, Additionally, the pixels selected for

combined tmage 408 may be reverse tonemapped.
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{8070] Tonemapping is a set of procedures that inchude mapping the pixel values
according to a pre-determined function. Thus, for instance, some camera devices map
pixel values from a linear space {wherein an increase or decrease of k onits in pixel valoe
represents a proportional ijucrease or decrease in brightness) to a non-linear space.
Tonersapping may be automatically perforraed for artistic purposes, such as brightening
mid-range pixel values. Regardless, in order to reverse tonemap the selected pixels back
to lincar space, the jnverse of the tonemapping function may be applied to the respective
pixel values.

18071 Additionally, the pixel values may be divided by the respective TET with
which the pixels were captured. Dwoing so may normalize the pixel values that were
captured using the various TETSs to g particular range. Thus, for pixel 4084, the (R, G, B)
valies may be 25, 10, 15, while for pixel 4088, the (R, G, B) values may be 10, 5, 5. On
the other hand, for TETs under 1 millisecond (e.g., TETs of .25 milliseconds, 0.5
milliseconds, and so on) dividing by the TET may increase the pixel values in combined
image 408. In some cases, this may result in these pixel values being greater than 2585,
and therefore combined image 408 may be an HDR representation of the scene.

{8072) Further, a histogram 414 may be created from combined image 408, While
there are many ways in which the histogram can be formed, some embodiments may
imclode evaluating a function of the color channels of each pixel. This function may be a
maximum or some other function, for instance.

{80731 Moreover, the logarithm of this function’s output mway also be taken, and
the resulting value plotted on histogram 410. The distribution of light levels in the real
world is logarithmic. Thus, by using a log scale, there s a roughly uniform coverage of
that range. For histograms based on linear light levels, more histogram bins might be
psed. Further, in some embodiments, a weight may be applied to the logarithm of the

function’s output before placing this output i histograrn 410, For instance, a center-
5
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weighted average technique may be used to apply a higher weight for pixels that are closer
to the center of the captured image, and a lower weight might for pixels that are further
from the center of the image.

18074} Regardless, histogram 410 may represent the distribution of pixel values in
combined tmage 408, The vertical axis of the histogram roay indicate the number of
pixels of each pixel value and the horizontal axis roay represent the range of pixel values.
The pixel values may be within the range 0-255, or some other range may be used. For
instance, an HDR histogram may include pixel values above 255, In some erchodiments,
an HOR histogram may represent 15-bit pixel values, e, from 010 32,767, Thus, the log
values appearing in the HDR histogram may be in the range of (§ to 1og(32,767 =452,

180751 As an example, histogram 410 plots most of the pixels on the extreme ends
of its horizontal axis. This indicated that most of histogram 410 plots image 408 15 a
shade of black or white. However, since histogram 410 also plots data points in the
middle of the horizontal axis, combined image may contain pixels with mid-range
brightness as well.

{8076} Still as part of image processing 308, histogram 410 may be compared to
one or more histograms of images in training image database 304, As depicted in Figure
4B, training image database 304 may contain a set of histograms of reference scenes,
and/or associated parameters. The histograms of the reference scepmes may be HDR
histograms, as described above.

{8077} Figure 4B shows training image database 304 containing an entry for
histogram 420, target pixel value(s) 422, target percentage of clipped pixels 424, and
scene type 426. Histogram 420 may have been derived from one or more fmages n the
same or a similar fashion as described in the context of Figure 4A, above. Thus, one or
more images of a reference scene may be captored using various TETs, and these images

may be downsampled and combined into a single jmage from which histogram 420 is
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derived. In general, the reference scene from which histogram 420 15 derived need not be
the same scene from which histogram 410 1s derived.

{8078} In some embodiments, the percentage of pixels clipped (e.g., pixels having
a pixel value of 255 or higher) in the downsaropled, combined single image may be stored
in target percentage of clipped pixels 424, Clipping may occur when the TET used 1o
capture the image was either too high or too low, and some very dark or very bright details
of the scene were lost in the image capture process. In some cases, only pixels clipped at
one end of the range may be included 1u the percentage of pixels clipped. For instance, the
percentage of pixels clipped may include only pixels with a pixel value of 255 or higher,
and the average pixel value of unclipped pixels may be calculated over all other pixels
{c.g., all pixels with a pixel value of 0-254).

{8079] Further, an indication of whether the scene was LR or HDR may be
stored in scene type 426. In some implementations, scene type 426 may take on a value of
zero when the scene type is LDR, and a value of one when the scene type is HDR.
Alternatively, scene type 426 may be within a range, ¢.g., from 0 to 1. In this case, a value
fess than a threshold {(e.g., 0.5) might indicate an LDR scene type, and any number greater
than or equal to the threshold value might indicate an HDR scene type.

{8080} Target pixel value(s) 422 may be one or more pixel values that have been
determined to be desirable for the associated scene. If the scepme is LDR, target pixel
value(s) 422 may inchide a single pixel value, or a range of pixel value(s). This siugle
pixel value (or range) may have been selected so that images of the scene with an average
pixel value matching the target pixel value would be reasonably well-exposed. Thus, the
target pixel value(s) 422 may be a target average pixel value. Additionally, the target
pixel value(s) 422 may be LDR values {¢.g., from 0 to 255).

[B081] It the scene 1s HDR, target pixel value(s) 422 way include a short exposure

target pixel value (or range), a long exposure target pixel value {or range), and possibly a
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fallback exposure target pixel vahie (or range). These pixel vahies or ranges may have
been selected so that HDR images with the short exposure target pixel value for the short
exposures and long exposure target pixel value for the long exposures may be reasonable
well exposed. The fallback target pixel value may be used if HDR imaging fails (e.g., as
discussed below) and a single TET 15 used to capture the HDR scene.

{0082} In some cases, target pixel value(s) 422, target percentage of clipped pixels
424, and scene type 426 may be deterrained manually by examining several synthetic
exposures of the captured images and selecting the pixel value(s) and/or range(s) that
appear most pleasing to the eve. Alternatively, target pixel value(s) 422, target percentage
of clipped pixels 424, and scene type 426 may be determined algorithmically or
automatically,

{6083} Training image database 304 may also contain similar entries for histogram
430, target pixel value(s) 432, target percentage of clipped pixels 434, and scenc type 436,
as well as histogram 440, target pixcl value(s) 442, target percentage of clipped pixels 444,
and scenc type 446. In some embodiments, one or more parameters, such as the target
percentage of clipped pixels, may be omitted from traiming image database 304
Additionally, other parameters may be included in training image database 304, Training
image database may store as fow as one or several tens, hundreds, or thousands of such
entries, cach entry possibly relating to a different scene.

18084] As discussed above in the contest of an image captured during first image
capture 306, multiple levels of downsampling may be performed for cach image in
training 1mage database 304, thus creating a “pyramid” of downsampled versions of each
image. By using images with multiple levels of downsampling, information regarding
both the distribution of light levels n the image and the spatial structure of these hight
levels may be preserved. Histograms for cach of these downsampled images may be

meluded in training iroage data 304,
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{8085} The mformation in training image database 304 may be stored therein
doring calibration, testing, and/or other pre-shipment evaluations before commercial
operation, among other possibilities. Alternatively, the information may also be stored on
various other devices and systems capable of managing training image database 304,
Regardless, the information may be substantially static in nature, though the information
may be modified through firraware and/or software updates or other jostallations,

18086} By comparing histogram 410 (and or a similarly-derived histograms based
on downsaropled versions of images 400 and 402) with the histograns in trajning image
data 304, the dynamic range of the scenc represented in images 400 and 402 may be
estimated. This estimated dynamic range may be used to determine, obtain, or otherwise
select a payload burst structure for second image capture 314,

{6087} For example, cach histogram 410 may be compared to each histogram
stored in training image data 304. A pair of histograms can be compared in various ways,
any of which may be used. In some embodiments, the carth mover’s distance (EMD)
between the pair of histograms may be calculated. The EMD is ¢ when the histograms are
identical, and increases with the differences between the histograms. Thus, a lower EMD
idicates a good match between the two histograms, and a higher EMD indicates a poor
match between the two histograms.

[B088] A weight may be derived from the EMD for a particalar pair of histograms.
For example, the weight may be inversely proportional to 1ts associated EMD vahie. In
some situations, the weight w may be derived as:

I

EMD®
where EMD s the EMD value and n may be i the range of 1 to 10. However, other
values of n may be used. Thus, 1n some embodiments, the weight may take on a value

between O and 1. In the case that EMD is 0, and appropriately large weight (e.g., 1) may



WO 2014/093042 PCT/US2013/072569

W28 .

be chosen.  Alternatively, a very small value {e.g., 0.001) may be added to the
denominator to avoid dividing by 0. Regardiess, a8 good match between the two
histograms may result in a high weight, and a poor match between the two histograms may
result in a low weight.

{8089} For cach pair of histograms {where 2 first histograrn is histogram 410 and a
second histogram is from au entry in fraining imnage database 304), the weight w may be
apphied to the respective scene type associated with the second histogram’s entry in
training toage database 304, The result may be averaged over the pairs of histograros to
determine an “HDR-ness” of the scene. For instance, if the resulting “HDR-ness” is at or
above (.5 on a scale of 0 to 1, then the scene may be designated for HDR processing, but
if the resulting “HDR-ness” is below 0.5 on the same scale, then the scene may be
designated for LDR processing.

18094] i should be understood that the embodiment described above 18 just one
possible way of determining the brightness and “HDR-ness” of a scene. Other techniques
could be used instead, and some of these other techniques may be based on comparing the
parameters (e.g., percentage of clipped pixels and average value of unclipped pixels) of
the tmages captured during first image capture 300 with the same or similar parameters of
the images represented in training image database 304, Further techniques may include
comparing the respective downsampled image pyramids of the first and second
histograms.

{8091} In order to determine the TETs for the payload burst, the following
example procedure may be used. However, other procedures may be used instead.

{8092} For each pair of histograms {again, where the first histogram is histogram
410 and a second histogram is from an entry in training image database 304), the weight w
may be applied to the respective target pixel value associated with the second histogram’s

entry in training image database 304, The result may be averaged to determine a target
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average pixel value for the scene represented by histogram 410. 1f the scene type s HDR,
two or more target average pixel values may be determined.

{8093} For cach target average pixel valae, interval halving may be used to search
for a particular TET value such that if the scene were to be captured with the particular
TET value, the resulting image would have the target average pixel value or about the
target average pixel value. One possible raethod for determining a particular TET value

based on a target average pixel value is shown in the pseudocode below,

1. 1o tet = 0.125 ms

2. hi tet = 66.6 g *

3. for {(int i = 1; 1 <

4. mid tet = {lo tet

5. pixel valus at mi] the HDE
Image at 'mid f the
average pixel value of the resu “‘fj 5 ;nage.

5. if ' >

target average pixel ve

7. hi tet = m+dn

8. I else |

9. lo tet = mid tet

10. } B

11, '

Table {

{8094} At lines 1 and 2 of Table 1, imitial low and high TET vahlies (lo tet and
hi tet, respectively) are defined. These values may be chosen at or near the extreme ends
of the range in which the ultimate TET valoe (mid tet) is expected to fall. In some

ernbodiments, a broader range or a narrower range may be used.

{8095} Lines 3-11 depict a loop that may be iterated ¢ times. The value of t may be
selected so that mud tet converges after ¢ ierations of the loop. In some embodiments ¢
may be as low as 2 or 3, but in other embodiments, t may be §, 10, 20, 30, 100, or some
other value. Nonetheless, at hine 4, oud _tet is set to be the average (roidpoint) of Jo_tet
and bi_tet.

[8096] At hine 3, the pixel value of the image at mid fet 18 determined. One

possible way of making this determination is to synthetically expose the HDR image as if
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the umage were captured using a TET of mid_tet. The resulting image (which may be an
HDR image) may be tonemapped, and the average pixel value of the tonemapped image
{pixel value at sud tet, which may be an LDR value) may be determined.

18097} Synthetic exposure is one way of obtaining an LDR twage from an HDR
tmage. Suppose that an HDR image was captured using a TET of T. This HDR image can
be synthetically exposed t0 a TET of p times T by multiplying the pixel values of each
pixel in the HDR tmage by p (p may be greater than or less than one).  In the resulting
irage, all pixel values above 255 are “chipped” to 255, This process siroulates the
appearance of the scene as if it were captured using a TET of p times T with LDR
imaging.  Alternatively, a non-log HDR histogram of an HDR image (with or without
center-weighted averaging applicd) may be used. After this step, whatever processing
would normally be applied to the lincar image (such as tonemapping) may be emulated, in
order to produce a synthetic LDR image. The average value in that image (applying
center-weighted averaging if desired) may be taken and compared to the target pixel value,

{B098] At lines 6-11, if this resulting average pixel value s greater than the target
average pixel value, then mid tet is too high, and hi tet is set to be mid tet in order to
recdhuce mid tet in the next iteration. On the other hand, if the resulting average pixel value
is less than or equal to the target average pixel value, then the mid tet is too low, and
Io tet is set to be mid tet in order to increase mid tet in the next iteration.

{8099} The process illustrated by Table | may be repeated for each TET value that
may be used in the payload burst structure. Thus, if the scene is determined to be an LDR
scene, the process of Table 1 may be carried out for one TET. However, if the scene is

etermined to be an HDR scene, the process of Table 1 may be carried out for two or more
TETs (e.g., the short TET, the tong TET, and/or the fallback TET), all three of which may

have different target average LDR pixel vahies.
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[860160] In step 314, the second group of images may be captured. The

number of images captured and the arrangement of TETs used to capture these images
may be referred 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, Tt
should be understood that the TETs identitied in step 302 may be the same or different
than the THTs used to capture troages in step 306, Additionally, it is possible that all three
tmages in second tmage capture 314 are captured with the same or similar TETs.

{60101} In step 316, images from the second group of images may be
combined. Combining images may include aligning two or more of the images. In some
mstances, images may be aligned globally (i.e., aligning whole images as opposed t©
portions of tmages), locally (i.c., 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 31¥. This merging may be carried out in accordance with any tmage
fusion technique now known or developed in the future.

180182} Merging the images in the second group of images may result in
cutput 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
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 medium such as the multi-element display 106 of Figare 1.

160103} In some embodiments, the arrangements of various possible payload

burst structures may be determined based on the TETs determined in step 308, as well as
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an understanding of combining images step 316, While numerous arrangements of

payload barst structures ynay be possible, three examples are described herein.

Sceng Type Payload Burst Structure
LDR TTTT
HDR LS L L s L LS L L

HDR (with fallback) { L S L L 3 L L & F F

Table 2

180164] Table 2 illustrates these examples, In the tust example, the scene
type is LDR. In this cxample, the payload burst structure includes four images captured
sequentially, and may be referred to as an “LDR burst structure.” Each “T” in the Payload
Burst Structure column of Table 2 may represent a captured image. Each of these images
may be captured using the same or a similar TET that was determined in step 308, In
some embodiments, fewer or more images may be captured in an LDR payload burst. For
example, as few as one, or as many as ten or more images may be inchuded.

{60185} Regardless of the number of images captured, some of these images
may be aligned and combined in step 316, For instance, if m images are captured in the
payload burst, the sharpest one of these images may be selected as a “primary image,” and
the remaining m-1 images may be considered “secondary images.” In some
implementations, the sharpness of an image may be measured by the image’s resohition
and/or boundaries between zones of different tones and/or colors in the image
Alternatively or additionally, other sharpness measurements may be used.

{80166} Further, zero or more of the m-{ secondary images may then be
aligned and merged with the sharpest image. For instance, alignment may be attempted
between each of the secondary images and the sharpest image, respectively., I the

alignment fails for parts of a respective secondary image, those parts may be discarded,
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and not combined with the primary image. In this way, the sharpest iroage may be
denotsed with information from some or all of the secondary images.

160167} o the second example, the scene type is HDR. In this example, the
payload burst structure jocludes ten images captured according to a pattern of long and

9

short TETs, and may be referred to as an “HDR burst structure.” In the Payload Burst
Structure columm of Table 2, each “L” may represent an image captured with the long
TET, cach “S” may reprosent an image captured with the short TET, Thaus, the pattern of
“LSLLSLLSL L may indicate that the first iroage of the payload burst 15 captured
using the long TET, the second image is captured using the short TET, the third and fourth
tmages are captured using the long TET, the fifth image is captured 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 fong TET, and the
tenth image is captured using the long TET.

[66108] The long and short TETs may be determined hased on the resuits of
image processing 308. Thus, the long and short TETS may be selected so that the resulting
images 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.

180189} Examples of short TET values may include TETs of 1 millisecond,
2 milliseconds, and/or § milliseconds, while examples of long TET valoes may include
TETs of 20 milliscconds, 40 muilliseconds, and/or 30 mulliseconds. However, short and
tong TETs may take on different valaes,

{80118} Despite the pavicad burst in the second example having a particular
structure in Table 1, other structures may be used. For examople, payload burst structures
of “LSLSESLSLES or“LLSLLSLLS LY could potentially provide suitable

pattorns of long and short TETs. Further, some payicad burst stractures may include
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medium TETs {(denoted by an “M”). Thus, additional example payload bursts may include
SMLLESMLLE or“SMLSMLSML L7 structures.

160111} In some embodiments, a pavicad burst structure may inclade more
or fewer than ten tmages. Goenerally speaking, the determining the length of the payicad
burst structure involves a tradeoff. Oun one hand, a long payload burst (i.c., a payload burst
with a large murober 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 Jong, the likelihood of ghosting due to movement in the scene is also
increased. 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,

160112} In the third example, the scene type is also HDR. However, in this
examaple, the associated payioad 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.

{60113} Regardiess 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
referred to as “short wmages” for convenience, and images captured with the long TET
may be referred to as “long images” for convenience.

160114} In some embodiments, the sharpest short mmage may be selected,
from the short images, as the primary short image. Zero or more of the remaining
secondary short images may then be aligned and merged with the primary short image.
For instance, alignment may be attempted between each of the secondary short images and

the primary short image, respectively.  If the alignment fails for parts of the respective
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secondary short image, those parts may be discarded, and not combined with the primary
short image. In this way, the sharpest short image may be denoised with information from
sorpe of the secondary short immages.

{60115} The samme or a similar process may be undertaken for the long
tmages. For example, the sharpest long image may be sclected, from the long images, as
the primary long image. Zero or more of the remaining secondary long images may then
be aligned and merged with the primary long immage. Alignment roay he attempted
hetween cach of the secondary long tnages and the primary long image, respectively, It
the alignment fails for parts of the respective secondary long image, those parts may be
discarded, and not combined with the primary long image.

180116} The resulting combined short tmage {(¢.g., the sharpest short image
possibly dencised by information from zere or more secondary short images) and the
resulting combined long image (e.g., the sharpest long image possibly denoised by
mformation from zero or more sccondary long images) may then be aligned. 1If 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
commensurate with the display abilities of convention video output devices (e.g., pixel
values between O and 255, inclusive). The resulting tonemapped HDR image may be
designated as output image 313, In some embodiments, if the signal-to-noise ratio of part
or all of output image 318 is still lower than a threshold value, a de-noising procedure may
be applied to further reduce noise. Additionally, output image 318 may also be sharpened,
possibly after applying the de-noising procedure. In general, variouns types of HDR fusion
algorithms, such as Exposure Fusion or Local Laplacian Filters, yoay be ased to merge
short and long images. It medium TETs are used in the payload burst structure, these

HDR fusion algorithms may be applied to one or more medium images as well.

>
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160117} It the alignment fails between the combined short image and the
combined long image, then the HDR processing fails. However, if fallback images were
captured, one or more of the fallback images may be used to form output tmage 318, For
instance, the sharpest fallback image way be selected. Zero or more of the remaining
secondary fallback images may be aligned and combined with the sharpest fallback tmage
carried out in a similar fashion as the processes described sbove for the short and long
tmages. For payload burst structures without fallback images in which alignment fails, the
combined long or short roage may be used to forra output image 318,

100118] Exampic payload burst structures are further illustrated in Figure §.
Payload burst structure 500 may represent a payload burst for an LDR scene, payioad
burst structure 502 may represent a payload burst for an HDR scene, and payload burst
structure 504 may represent a payload burst for an HDR scene with fallback. Each burst
structure shows the approximate duration of the TET for each image capture. For
example, for burst structures 502 and 504, short TETs are of a lesser duration than long
TETs, and the duration of fallback TETs are between that of short and long TETs.

160119} In Figure 5, the vertical dotted lines depict epochs in time at which
an image capture can begin.  Some electronic image sensors operate at a particolar
frequency, such as 30 hertz. A sensor operating at this frequency can capture 30 images
per second, or approximately one image every 33.33 milliseconds. Thus, the duration
between the epochs in Figure 5 may be 33.33 milliseconds. Nonetheless, for low-light
scenes, the exposure time may be longer than 33.33 milliseconds, and the operating
frequency of the image sensor may be adjpusted downward accordingly. Tn this example, a
TET longer than 30 milliseconds can be achieved by ncreasing the gain component of the
TET.

[00128] For some sensors, image capture may be activated only at the end of

such an epoch. Thus, as shown in Figure 5, cach iraage capture ends at the odge of a
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respective epoch, However, dae to their varving TETs, some image captures may begin at
different times. Alternatively, for some image sensors, image capture may be activated
only at the beginning of an epoch.

{60121} It should be understood that various other techniques, procedures,
and/or algorithros may be used deternune a payload burst structure. Thus, the discussion
above accompanying Table 2 and Figure 5 above merely provides some possible payload
burst structures, Other technigues may be used without departing trom the scope of the
erohodirsents herein.

180122} For exaraple, in some embodiments, the average pixel vahue of the
toncmapped image (e.g., step 5 in Table 1) may be calculated using either an RMS or
SMR method, based on the length of the TET. The RMS average of n values may be

calculated as;

f
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The SMR average of n values may be calcnlated as:
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166123} For shorter TETSs, e.g., the short TETs and/or fallback TETs of an
HDR payload burst, or possibly the TETs of an LR burst, it may be desirable to attempt
to increase or maximize the brightness of the pixels without clipping them. Thus, taking
the RMS average of the pixel values puts more weight on the brighter pixels. For longer,
TETs, e.g., the fong TETs of an HDR payload burst, it may be desirable to emphasize the
darker parts of the scene. Thus, taking the SMR average of the pixel values puts more
weight on the darker pixels.

1901241 Another variation is illustrated in the context of burst stracture 532

of Figure 5. This variation involves selecting the sharpest short image. For sake of
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argument, assume that the sharpest long image is long image 508, Then, nstead of
selecting the sharpest short image as the primoary short image, the short image that was
captured closest in time to the sharpest long image may be selected as the primary short
irnage. This could be, for instance, short image 5310, which mwmediately precedes long
tmage 508, Then, the reroaining secondary short tmages may be aligned with and/or
combined tnto (as the aligruoents perot) the primary short image.  Alternatively, if the
tmage sensor captures images at the beginning of the epoch, a short image following
{perhaps tomediately following) the sharpest long tmage may be selected as the primary
short image. As an alternative, a8 temporally-adjacent short image / long image pair may
be selected so that, together, these images maximize a combined-sharpness metric.

160125] In some embodiments, the payload burst structure may be based on
whether the image sensor captures images with an exposure time of lfess than the readout
timne of the images sensor’s pixels {referred to herein as sub-readout exposure times) at the
beginning or end of an image capture epoch. If the image sensor captures sub-readout
exposure times at the end of the image capture epoch, the payload burst structure may
include one or more two-TET subsequences of a short TET immediately followed by a
long TET. Ifthe image sensor captures sub-readout exposure times at the beginning of the
image capture epoch, the payload burst structure may include one or more two-TET
subsequences of a long TET immediately followed by a short TET.

160126} One possible advantage of selecting the primary long image in this
fashion is to reduce motion blur, or “ghosting,” effects. For exarople, it a scene contains
motion, merging multiple images captured from the scene may result in the motion
appearing in the merged tmage as a bhur. In general, the greater the difference n time
between when the images are captured, the greater this bhuring. By selecting primary

long and short images that are close to one another in time, the ghosting may be reduced
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160127} It should be noted that the steps tllustrated by flow chart 300 may be
carvied out by various types of cameras and/or computing devices, such as those
exemplified by digital camera device 302 and/or computing device 200, Further, it way
be possible to distribute aspects of some individual steps between multiple cameras and/or
computing devices. For example, fivst timage capture 306 and second image capture 314
may occur on digital camera device 302, Further, image processing 308 and combining
tmages 318 may occur on a different computing device,  Other combinations of
distributing 1ndividual steps may also exist.

100128 Figure 6 depicts a tlow chart, in accordance with an example
ernbodiment. At step 600, a first plurality of images of a scone may be captured, perhaps
by an image sensor. Fach image of the first plurality of immages may be captured with a
different total exposure time (TET).

180129} At step 602, based at least on the first plurality of images, 8 TET
sequence for capturing images of the scene may be determined. Determining the TET
sequence may involve determining a scene histogram based on at least one of the images
in the first phirality of images of the scene. The scene histogram may be based on
downsampling and combining the images in the first plurality of images of the scene.

[66136] in some embodiments, additional histograms may be stored in a
training image database. These histograms may be based on at least two images captured
of respective scenes. The histograms may be associated with respective dynamic range
parameters, where the respective dynamic range parameters indicate whether the
respective scenes are LDR or HDR. Determining the TET sequence may further ivolve
comparing the scene histogram to at least one histogram in the training image database,
and based on an outcorme of the comparison, determining a dynamic range parameter for
the scene from the respective dynamic range parameters, where the TET sequence is

further based on the dynamic range parameter for the scene.



WO 2014/093042 PCT/US2013/072569

o]
-2

~3

160131} It the dynamic range parameter for the scene indicates that the scene
is LDR, then determining the TET sequence may involve selecting a single TET value to
use in the TET sequence. If the dynamic range parameter for the scene indicates that the
scene is HDR, then determining the TET sequence may involve selecting a short TET
value and a long TET value to use inthe TET sequence. 1 the scene 18 HDR, determining
the TET sequence roay also involve selecting a fallback TET value to use in the TET
sequence.

[00132] In some erbodiroents, the histograms in the training database may
also be associated with respective target pixel values. In these embodiments, determining
the TET sequence may further involve determining one or more target pixel values for the
scene based on the respective target pixel values in the training database, selecting one or
more TET values to use in the TET sequence based on the one or more determined target
pixel values.

{60133} At step 604, a second plurality of images of the scene may be
captured by the image sensor. The images in the second plurality of images may be
captured using the TET sequence. At step 606, based at least on the second plurality of
images, an output image of the scene may be constructed.

160134} Determining the TET sequence may involve determining that the
scene is an LDR scene and defining a common value for TETs in the TET sequence.
Covnstructing the output image of the scene may involve aligning and combining one or
more of the images in the second phurality of irmages captored using the common valoe,

160135] Alternatively or additionally, determining the TET sequence may
imvolve determining that the scene is an HDR scene and defining a short TET valoe and a
tong TET value. Constructing the output image of the scene may involve aligning and

combining (i) one or more of the images in the second plurality of images captured with
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the short TET value, and (i1) one or more of the images in the second plurality of immages
captured with the long TET vahie.

160136} Alternatively or additionally, determining the TET sequence may
involve determining that the scene 18 an HDR scene and defining a short TET value, a long
TET value, and a fallback TET value. Constructing the output image of the scene may
mvolve atterapting to align (1) one or more of the images in the second plurality of images
captured with the short TET value, with (it) one or more of the images in the second
phurality of 1mages captured with the long TET value. Counstructing the output image of
the scene may further involve determining that alignment of (i) the one or more of the
tmages 10 the second plurality of images captured with the short TET value, and (it) the
one or more of the images in the second plurality of images captured with the long TET
value has failed. Constructing the output image of the scene may also involve, in response
to determining that the alignment has failed, aligning and combining one or more of the
tmages in the second plurality of images captured with the fallback TET value to form the
output image,

{66137} Figure 7 depicts another flow chart, in accordance with an example
embodiment. At step 700, a first plorality of images of a scene may be captured by an
image sensor. Each image of the first plurality of images may be captured using a
different total exposure time (TET). At step 702, based at least on the first plarality of
tmages, a long TET, a short TET, and a TET sequence that inchudes the long TET and the
short TET may be determined.

[60138] At step 704, a second plorality of images of the scene may be
captured by the image sensor, wherein the images in the second phirality of images are
captured sequentially in an image sequence asing a sequence of TETs corresponding to the
TET sequence. The image sequence may include a three-image sub-sequence of a first

tong-TET image captured using the long TET, followed by a short-TET image captured
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using the short TET, followed by a second long-TET image captured using the long TET.
Alternatively, the image sequence may inchide a three-image sab-sequence of a first long-
TET image captured vsing the long TET, followed by a second long-TET image captured
using the long TET, followed by a short-TET mmage captured using the short TET. The
pattorn in the subsequence may be chosen based on characteristics of the camera device
{e.g., whether a rolling shutter is used and/or other tmage sensor characteristics) and/or
characteristics of the scene (e.g., average pixel value or some other metric). Regardless,
the sub-sequence may repeat one or more times through the payload burst structure.

1B80139] At step 7006, based on one or more images in the image sequence, an
output image may be constructed. In some embodiments, the image sequence may include
a two-image sub-sequence of a primary short-TET image followed by a primary long-TET
tmage. The image sequence may alse include one or more secondary short-TET images
and onc or more secondary fong-THT images. The primary short-TET image and the
secondary short-TET images may be captured using the short TET, and the primary long-
TET image and the secondary long-TET images may be captured using the long TET.
Constructing the output image may involve forming a combined short-TET image, where
the combined short-TET image includes the primary short-TET image and at least part of
the one or more secondary short-TET images, forming a combined long-TET image,
where the combined long-TET image inchudes the primary long-TET image and at least
part of the oue or more secondary long-TET images, and forming the output image, where
the ountput image imchides at least part of the combined short-TET image and at least part
ot the combined long-TET image.

{80148} Alternatively or additionally, the image sequence may include a
tong-TET image captured using the long TET. Constructing the output image wmay
imvolve determining that the long-TET image is a sharpest image of all images i the

tmage sequence captured using the long TET. Based on the long-TET image being the
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sharpest image of all images in the image sequence captured using the long TET, selecting
the long-TET image as a primary tong-TET wmage, and selecting, as a primary short-TET
tmage, an image captured using the short TET that is adjacent to the primary long-TET
irnage in the image sequence. Constructing the output image may further involve forming
a combined short-TET image, where the combined short-TET image jnchudes the primary
short-TET image and at least part of one or more images from the ireage sequence that
were captured using the short TET, forming a combined long-TET image, where the
combined long-TET troage includes the primary long-TET image and at least part of one
or more images from the image sequence that were captured using the long TET, and
forming the output image, where the output tmage includes at least part of the combined
short-TET image and at least part of the combined long-TET image.

160141} In some examples, the primary short-TET image may immediately
precede the primary long-TET image in the image sequence. The short-TET image that
immediately precedes the primary long-TET image in the image sequence may be selected
as the primary short-TET image based on image capture ending at the edge of respective
tmage capture epochs.

180142} In other examples, the primary short-TET image may immediately
foliow the primary long-TET image in the image sequence. The short-TET image that
immediately follows the primary long-TET image in the image sequence may be selected
as the primary short-TET image based on image capture beginning at the edge of
respective image captore epochs.

160143} The steps depicted in Figures 6 and 7 may be carried out by a
camers device, such as digital camera device 100, a computing device, such as computing
device 200, and/or by two or more distinct devices. For instance, in some embodiments,
the tmage capture steps roay be performed by an image sensor and the remaining steps

may be performed by a separate coroputing device.  Other arrangements are possible.
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Further, the tlow charts depicted in Figures 6 and/or 7 may be modified according to the
variations disclosed in this specification and/or the accompanying drawings.

{66144} The above detatled description describes various features and
functions of the disclosed systems, devices, and methods with reference to the
accompanying figures, In the figures, sumilar symbols typically identity similar
components, unless contoxt indicates otherwise. The illustrative embodiments described
in the detailed description, figures, and claims are not roeant to be limiting.  Other
erobodiroents can be utilized, and other changes can be made, without departing from the
spirit or scope of the subject matter presented herein.  ft will be readily understood that the
aspects of the present disclosure, as generally described herein, and illustrated in the
figures, can be arranged, substituted, combined, separated, and designed in a wide variety
of different configurations, all of which are explicitly conternplated hercin.

1801 45] With respect to any or all of the message flow diagrams, scenarios,
and flow charts in the figures and as discussed herein, ecach step, block and/or
communication may represent a processing of information and/or a transmission of
information in accordance with example embodiments.  Alternative embodiments are
imcloded 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 sobstantially concurrent or in reverse order,

epending on the functionality involved. Further, more or fewer steps, blocks and/or
functions may be used with any of the message flow diagrars, scenarios, and flow charts
discussed herein, and these message flow diagrams, scenarios, and flow charts may be
combined with one another, in part or in whole.

{80146} A step or block that represents a processing of information may

correspond to circuitry that can be configured to perform the specific logical functions of a
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herein-described method or technique. Alternatively or additionally, a step or block that
represents a processing of information may correspond to 8 module, a segment, or a
portion of program code (including related data). The program code may inclode one or
mote instructions executable by a processor for implementing specific logical functions or
actions in the method or techunique. 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 storage media.

160147} The coroputer-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 inchude 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.

166148} Moreover, a siep or block that represenis one or more information
transmissions may correspond to information transmissions 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.

160149} 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
imtended 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:

capturing, by an image sensor, a first plurality of images of a scene, wherein cach
image of the first plurality of images is captured with a different total exposure time
(TET);

based at least on the first plurality of images, determining a TET sequence for
capturing images of the scene;

capturing, by the image sensor, a second plarality of images of the scene, wherein
tmages in the second phurality of irnages are captured using the TET sequence; and

based at least on the second plurality of images, constructing an output image of

the scene.

2. The method of claira 1, wherein determining the TET sequence comprises
deterroining a scene histogram based on at least one of the images in the first plurality of

tmages of the scene.

3. The method of claim 2, whercin the scene histogramn is based on

downsampling and combining the images in the first plurality of images of the scene.

4. The method of claim 2, whercin histograms are stored in a training database
and are based on at least two images captured of respective scenes, wherein the histograms
in the training database are agsociated with respective dynamic range parameters, wherein

the respective dynamic range parameters indicate whether the respective scenes exhibit
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tow dynamic range (LDR) or high dypamic range (HDR), and wherein determining the
TET sequence comprises:

comparing the scene histogram to at least one histogram in the training database;
and

hased ou an outcome of the comparizon, determining & dynanuc range parameter
for the scene from the respective dynamic range parameters, wherein determining the TET

sequence 1s further based on the dynaraic range pararaeter for the scene.

S, The method of claim 4, wherein the dynamic range parameter for the scene
indicates that the scene 18 LR, and wherein determining the TET sequence comprises

selecting a single THT value to use in the TET sequence.

6. The method of claim 4, wherein the dynamic range parameter for the scene
indicates that the scene 15 HDR, and wherein determining the THT sequence comprises

selecting a short TET value and a fong TET value to use in the TET sequence.

=1

The method of claim 6, wherein determining the TET sequence also

comprises selecting a fallback TET value to use in the TET sequence.

&. The method of claim 4, wherein the histograms in the training database are
also associated with respective target pixel values, wherein determining the TET sequence
further comprises:

based on the respective target pixel values in the training database, determining
one or more target pixel values for the scene; and

based on the one or more determined target pixel values, selecting one or more

TET values to use in the TET sequence.
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9. The method of claim 1, wherein determining the TET sequence comprises
determining that the scene is a low dynamic range (LDR) scene and defining a common
value for TETs in the TET sequence, and wherein constructing the output tmage of the
scene comprises aligning and combining one or more of the images in the second plurality

of umages captured using the commmon value.

10. The method of claim 1, wherein determining the TET sequence comprises
determining that the scene is a high dynamic range (HDR ) scene and defining a short TET
value and a long TET value, and wherein constructing the output image of the scene
compriscs aligning and combining (i) one or more of the images in the second phurality of
tmages captured with the short TET value, and (it) one or more of the images in the

second plurality of images captured with the long TET value.

11 The method of claim 1, wherein determining the TET sequence comprises
determining that the scene is a high dynamic range (HDR) scene and defining a short TET

value, a long TET value, and a fallback TET value.

12. The method of claim 11, wherein constructing the output image of the
scene comprises:

attempting to align (1) oue or more of the images in the second plorality of tmages
captured with the short TET value, with (i) one or more of the images in the second
phurality of images captured with the long TET vahie;

determining that alignment of (i) the one or more of the images in the second
phurality of images captured with the short TET value, and (1) the one or more of the

tmages in the second plurality of imnages captured with the long TET value has failed; and
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in response to determining that the alignment has failed, aligning and combining
one or more of the images in the second plorality of images captured with the fallback

TET value to form the output image.

13. An article of manufacture including a non-transitory computer-readable
mediurn, baving stored thercon program instructions that, upon execution by a computing
device, cause the computing device to perform operations comprising:

capturing, by an image sensor, a first plurality of images of a scene, wherein cach
image of the first plurality of images is captured with a different total exposure time
(TET);

based at least on the first plurality of images, determuning a TET sequence for
capturing images of the scene;

capturing, by the tmage sensor, a second plurality of images of the scene, wherein
tmages in the second plurality of images are captured using the TET sequence; and

based at least on the second plurality of images, constructing an output image of

the scene.

14. The article of manufacture of claim 13, wherein determining the TET
sequence comprises determining a scene histogram based on at least one of the images in
the first phurality of irnages of the scene.

15, The article of manufacture of c¢laim 14, wherein the scene histogram is

based on downsampling and combining the images in the first plurality of images of the
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16, The article of manufacture of claim 14, wherein histograms are stored in a
training database and are based on at least two images captured of respective scenes,
wherein the histograms in the training database are associated with respective dynamic
range parameters, wherein the respective dynamic range parameters indicate whether the
respective scenes exhibit low dysamic range (LDR) or high dynamic range (HDR), and
wherein deternuning the TET sequence further comprises:

coroparing the scenc histogram to at least one of the histograms in the training
database; and

based on an ouwtcome of the comparison, determining a dynamic range parameter
for the scene from the respective dynamic range parameters, wherein determining the TET

sequence is further based on the dynamic range parameter for the scene.

17. A computing device comprising:
at least one processor;
an inage sensor;
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:

capturing, at the image sensor, a first plurality of images of a scene,
wherein each image of the first plurality of images is captured with a different total
exposure time (TET);

based at least on the first plurality of irages, determining a TET sequence
for capturing images of the scene;

capturing, at the image sensor, a second plurality of images of the scene,
wherein images in the second phurality of images are captured using the TET

sequence; and
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based at ieast on the second plurality of images, constructing an output
. o) o

image of the scene.

18, The coraputing device of claim 17, wherein determining the TET sequence
comprises deternuning a scene histogram based on at least one of the images in the first

phurality of images of the scenc.

19 The computing device of claim 18, wherein the scene histogram is based on

downsampling and combining the images in the first plurality of images of the scene.

24. The computing device of claim 18, wherein histograms arc stored in a
training database and arec based on at least two images captured of respective scenes,
wherein the histograms in the training database are associated with respective dynamic
range parameters, wherein the respective dynamic range parameters indicate whether the
espective scenes exhibit low dynamic range (LDR) or high dynamic range (HDR), and
wherein determining the TET sequence further comprises:

comparing the scene histogram to at least one of the histograms in the training
database; and

based on an outcome of the comparison, determining a dypamic range parameter
for the scene from the respective dynamic range parameters, wherein determining the TET

sequence is further based on the dynamic range parameter for the scene.
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