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METHODS, SYSTEMS, AND MEDIA FOR
HIGH DYNAMIC RANGE IMAGING

Cross-Reference to Related Application

[0001] This application claims the benefit of United States Provisional Patent
Application No. 61/738,193, filed December 17, 2012, which is hereby incorporated by

reference herein in its entirety.

Technical Field

[0002] The disclosed subject matter relates to methods, systems, and media for high

dynamic range imaging.

Background

[0003] Users of digital imaging devices often wish to capture an image of scene having a
high dynamic range, such as a scene having a large difference in brightness between the darkest
portion of the scene and the lightest portion of the scene. Due to motion in the scene and/or
motion of the camera during image capture, existing high dynamic range imaging techniques
typically include undesirable artifacts due to registration errors (e.g., due to motion), or generate
an image that does not have a significantly higher dynamic range than if a single low dynamic

range image were captured.

[0004] Therefore, there is a need for new mechanisms for high dynamic range imaging.
Summary
[0005] In accordance with various embodiments of the disclosed subject matter, methods,

systems, and media for high dynamic range imaging are provided.

[0006] In accordance with some embodiments of the disclosed subject matter, a system
for high dynamic range imaging is provided, the system comprising: an image sensor; and a
hardware processor configured to: cause the image sensor to capture first image data having a

first exposure time, second image data having a second exposure time, and third image data

1
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having a third exposure time that is substantially equal to the sum of the first exposure time and
the second exposure time; generate combined image data using the first image data and the
second image data; determine first estimated motion data representative of motion between the
combined image data and the third image data; determine second estimated motion data
representative of motion between the second image data and the third image data based on the
first estimated motion data; and generate a high dynamic range image using at least the first
image data, the second image data, the third image data, and the second estimated motion data.
[0007] In accordance with some embodiments of the disclosed subject matter, a method
for high dynamic range imaging is provided, the method comprising: causing an image sensor to
capture first image data having a first exposure time, second image data having a second
exposure time, and third image data having a third exposure time that is substantially equal to the
sum of the first exposure time and the second exposure time; generating combined image data
using the first image data and the second image data; determining first estimated motion data
representative of motion between the combined image data and the third image data; determining
second estimated motion data representative of motion between the second image data and the
third image data based on the first estimated motion data; and generating a high dynamic range
image using at least the first image data, the second image data, the third image data, and the
second estimated motion data.

[0008] In accordance with some embodiments of the disclosed subject matter, a non-
transitory computer-readable medium containing computer executable instructions that, when
executed by a processor, cause the processor to perform a method for high dynamic range
imaging is provided, the method comprising: causing an image sensor to capture first image data
having a first exposure time, second image data having a second exposure time, and third image
data having a third exposure time that is substantially equal to the sum of the first exposure time
and the second exposure time; generating combined image data using the first image data and the
second image data; determining first estimated motion data representative of motion between the
combined image data and the third image data; determining second estimated motion data
representative of motion between the second image data and the third image data based on the
first estimated motion data; and generating a high dynamic range image using at least the first

image data, the second image data, the third image data, and the second estimated motion data.
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[0009] In accordance with some embodiments of the disclosed subject matter, a system
for high dynamic range imaging is provided, the system comprising: means for causing an image
sensor to capture first image data having a first exposure time, second image data having a
second exposure time, and third image data having a third exposure time that is substantially
equal to the sum of the first exposure time and the second exposure time; means for generating
combined image data using the first image data and the second image data; means for
determining first estimated motion data representative of motion between the combined image
data and the third image data; means for determining second estimated motion data
representative of motion between the second image data and the third image data based on the
first estimated motion data; and means for generating a high dynamic range image using at least
the first image data, the second image data, the third image data, and the second estimated
motion data.

[0010] In some embodiments, the sum of the first exposure time and the second exposure
time includes a time between capturing the first image data and capturing the second image data.
[0011] In some embodiments, the first exposure time corresponds to a minimum
exposure time of the image sensor.

[0012] In some embodiments, the system further comprises: means for causing the image
sensor to capture fourth image data having a fourth exposure time that is substantially equal to
the sum of the second exposure time and the third exposure time; means for generating second
combined image data using the second image data and the third image data; means for
determining third estimated motion data representative of motion between the combined image
data and the third image data; means for determining fourth estimated motion data representative
of motion between the third image data and the fourth image data based on the third estimated
motion data; and means for generating the high dynamic range image using the fourth image data
and the fourth estimated motion data.

[0013] In some embodiments, the system further comprises: means for receiving a time
budget for capturing a plurality of images including images corresponding to the first image data,
the second image data and the third image data; means for determining one or more properties of
the scene to be captured; means for determining at least the first exposure time and the second

exposure time based at least in part on the one or more properties of the scene.
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[0014] In some embodiments, the one or more properties of the scene include at least one
of a dynamic range of the scene, an amount of scene motion, and an amount of camera motion.
[0015] In some embodiments, the system further comprises means for scaling the first
estimated motion data based on a ratio of the sum of the second exposure time and the third
exposure time to the sum of the first exposure time, the second exposure time and the third
exposure time.

[0016] In some embodiments, the system further comprises: (a) means for receiving an
instruction to capture video; (b) means for receiving one or more properties of the scene to be
captured; (c) means for setting one or more exposure times to be used in capturing a frame of
video based on the one or more properties of the scene; (d) means for causing image data to be
captured by the image sensor using the first exposure time, the second exposure time, and the
third exposure time in response to determining that the one or more exposure times includes the
first exposure time, the second exposure time, and the third exposure time; (¢) means for causing
image data to be captured by the image sensor using at least a fourth exposure time in response
to determining that the one or more exposure times do not include the first exposure time, the
second exposure time, and the third exposure time; (f) means for determining a value of at least
one of the one or more properties based on the image data captured at either (d) or (¢); (g) means
for repeating (b)-(f) until an instruction is received to stop capturing video; (h) means for
generating the high dynamic range image using at least a portion of the image data captured at
(d); and (i) means for storing the high dynamic range image as a frame of the video.

[0017] In accordance with some embodiments, a system for high dynamic range imaging
is provided, the system comprising: an image sensor; and a hardware processor configured to:
cause the image sensor to capture n frames of image data, each frame having an exposure time
such that the exposure time of the nth frame is substantially equal to the sum of the exposure
times of the first n-1 frames; generate combined image data using the first n-1 frames of image
data; determine first estimated motion data representative of motion between the combined
image data and the image data of the nth frame; determine second estimated motion data
representative of motion between the image data of the n-1st frame and the image data of the nth
frame based on the first estimated motion data; and generate a high dynamic range image using

at least the image data of the n frames of image data and the second estimated motion data.
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[0018] In accordance with some embodiments of the disclosed subject matter, a method
for high dynamic range imaging is provided, the method comprising: causing an image sensor to
capture n frames of image data, each frame having an exposure time such that the exposure time
of the nth frame is substantially equal to the sum of the exposure times of the first n-1 frames;
generating combined image data using the first n-1 frames of image data; determining first
estimated motion data representative of motion between the combined image data and the image
data of the nth frame; determining second estimated motion data representative of motion
between the image data of the n-1st frame and the image data of the nth frame based on the first
estimated motion data; and generating a high dynamic range image using at least the image data
of the n frames of image data and the second estimated motion data.

[0019] In accordance with some embodiments, a system for high dynamic range imaging
is provided, the system comprising: means for causing an image s to capture n frames of image
data, each frame having an exposure time such that the exposure time of the nth frame is
substantially equal to the sum of the exposure times of the first n-1 frames; means for generating
combined image data using the first n-1 frames of image data; means for determining first
estimated motion data representative of motion between the combined image data and the image
data of the nth frame; determining second estimated motion data representative of motion
between the image data of the n-1st frame and the image data of the nth frame based on the first
estimated motion data; and means for generating a high dynamic range image using at least the
image data of the n frames of image data and the second estimated motion data.

[0020] In some embodiments, n is greater than two.

[0021] In some embodiments, the system further comprises: means for receiving a time
budget for capturing a plurality of images including images corresponding to the n frames of
image data; means for determining one or more properties of the scene to be captured; and means
for determining at least the exposure time of the first n-1 frames of image data based at least in
part on the one or more properties of the scene.

[0022] In some embodiments, wherein determining the second estimated motion data
comprises scaling the first estimated motion data based on a ratio of the sum of the exposure
time of the n-1st frame and the exposure time of the nth frame to the sum of the exposure times

for the n frames.
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Brief Description of the Drawings

[0023] Various objects, features, and advantages of the disclosed subject matter can be
more fully appreciated with reference to the following detailed description of the disclosed
subject matter when considered in connection with the following drawings, in which like
reference numerals identify like elements.

[0024] FIG. 1 shows an example of a process for capturing high dynamic range images in
accordance with some embodiments of the disclosed subject matter.

[0025] FIGS. 2A-2B show examples of exposure bracketing in accordance with some
embodiments of the disclosed subject matter.

[0026] FIG. 3 shows an example of comparing contiguous sets of captured image data
having substantially the same total exposure time in accordance with some embodiments of the
disclosed subject matter.

[0027] FIGS. 4A-4D show examples of images of a scene capture using various different
techniques under similar conditions (e.g., similar lighting, similar scene and/or camera motion,
etc.) in accordance with some embodiments of the disclosed subject matter.

[0028] FIG. 5 shows an example of a process for capturing high dynamic range video in
accordance with some embodiments of the disclosed subject matter.

[0029] FIG. 6 shows an example of a camera system for capturing high dynamic range
images in accordance with the mechanisms described herein is shown in accordance with some

embodiments.

Detailed Description

[0030] In accordance with various embodiments, mechanisms for high dynamic range
imaging are provided. In accordance with some embodiments, the mechanisms described herein
can cause a series of frames of image data to be captured with different exposure times according
to an exposure bracketing scheme. The exposure bracketing scheme can be, for example, a
Fibonacci exposure bracketing scheme. In a Fibonacci exposure bracketing scheme, the
exposure time of the third frame of image data can be substantially equal to the combined

exposure times of the first frame and the second frame of image data, the exposure time of the
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fourth frame of image data can be substantially equal to the combined exposure times of the
second frame and the third frame of image data, and so on. For example, the mechanisms
described herein can cause ten frames of image data with exposure times that increase according
to a Fibonacci sequence to be captured of a scene that includes an object (such as a person) that
is backlit by a bright source of light (such as the sun).

[0031] In some embodiments, the mechanisms described herein can estimate motion
between image data having equal exposure times. For example, in the case of the Fibonacci
exposure bracketing scheme, the mechanisms described herein can estimate motion between
combined image data of the first frame and second frame to image data of the third frame. After
estimating the motion between substantially equal exposure times, the mechanisms described
herein can estimate motion between consecutive frames of image data. For example, the
estimated motion from the combined image data of the first frame and second frame to the image
data of the third frame can be used to estimate motion between the second frame and third frame
(e.g., based on the exposure times).

[0032] In some embodiments, the mechanisms described herein can use the image data
and the motion estimation to generate a high dynamic range image of the scene. As described in
more detail below, the mechanisms described herein can use the estimated motion to, for
example, align the image data corresponding to objects that move between frames in order to
eliminate effects due to camera and/or scene motion. Returning to the above example of the
scene of a backlit object, the ten frames of image data can be combined to form a high dynamic
range image. The mechanisms can use the estimated motion, for example, to match image data
that corresponds to the backlit object between frames which can eliminate artifacts such as ghost
images of the backlit object that may result from misalignment between frames.

[0033] Turning to FIG. 1, an example 100 of a process for high dynamic range imaging
is shown in accordance with some embodiments of the disclosed subject matter. In some
embodiments, process 100 can begin by receiving an instruction to capture one or more images
using an imaging device at 102.

[0034] In some embodiments, any suitable imaging device can be used to capture images
in accordance with process 100. For example, any suitable digital camera can be used to capture

images such as a digital single-lens reflex (SLR) camera, a digital point-and-shoot camera, a



WO 2014/099320 PCT/US2013/072385

machine vision camera, a digital camera of a mobile device (e.g., a smartphone, a tablet
computer, a wearable computer, or any other suitable mobile device), a digital machine vision
camera, a high definition digital camcorder, and/or any other suitable digital imaging device.
The digital camera can include any suitable image sensor, such as a charge-coupled device
(CCD) based image sensor, a complementary metal-oxide-semiconductor (CMOS) based image
sensor, or any other suitable image sensor.

[0035] In some embodiments, the instruction received at 102 can be an instruction to
capture any suitable number and/or type of images. For example, the instruction received at 102
can include an instruction to capture a single low dynamic range image (¢.g., a single image
captured from an exposure of the image sensor). In some embodiments, a low dynamic range
(LDR) image can be an image that is captured by an image sensor (e.g., a CCD image sensor, a
CMOS image sensor) using a single exposure time for each pixel of the image sensor.

[0036] As another example, the instruction received at 102 can include an instruction to
capture multiple low dynamic range images (e.g., multiple images captured from multiple
different exposures of the image sensor) such as would be captured, for example, in a burst mode
of some digital cameras. As yet another example, the instruction received at 102 can include an
instruction to capture a low dynamic range video.

[0037] As still another example, the instruction received at 102 can include an instruction
to capture a high dynamic range (HDR) image (e.g., a single image generated from multiple
exposures and/or multiple exposure times of the image sensor). In some embodiments, a high
dynamic range image can be a single image that is captured by an image sensor (e.g., a CCD
image sensor, a CMOS image sensor) using different exposure times for different pixels of the
image sensor. Alternatively, a high dynamic range image can be a single image that is generated
by combining two or more images captured at different times by the same image sensor at
different points in time (e.g., captured by an image sensor during consecutive exposures) and
having either substantially the same exposure times (e.g., each image has the same exposure
time) or having at least two different exposure times. In some embodiments, a high dynamic
range image can be an image that is generated by combining two or more images captured using
two or more image sensors that capture an image of substantially the same scene (e.g., by sharing

at least part of an optical path of a camera that includes the image sensors) having either
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substantially the same exposure times (¢.g., cach image has the same exposure time) or having at
least two different exposure times. As a further example, the instruction received at 102 can
include an instruction to capture high dynamic range video.

[0038] As a further example, the instruction received at 102 can include an instruction to
capture an image using settings automatically determined by a computing device associated with
a camera that received the instruction at 102. In a more particular example, the instruction
received at 102 can be an instruction received when the camera is in an automatic mode in which
one or more properties of the scene are analyzed and used in determining an exposure and/or
other settings to be used in capturing an image. As yet another further example, the instruction
received at 102 can include an instruction to capture an image using settings that are
automatically determined by a computing device associated with a camera that received the
instruction at 102. Any suitable technique or techniques can be used to automatically determine
settings that are to be used in capturing an image.

[0039] In some embodiments, a camera that is executing process 100 can capture an
image based on one or more camera settings that determine how an image or images are to be
captured and/or processed by the camera. One or more of these camera settings can be adjusted
to change how an image is captured and/or processed. For example, the settings can include
whether to capture a low dynamic range image or a high dynamic range image. As another
example, the settings can include an exposure time to be used in capturing an image. As yet
another example, the settings can include a focal length of an optical system of the camera to be
used in capturing an image. Additionally or alternatively, a camera executing process 100 can
include any other suitable settings that determine how an image or images are to be captured
and/or processed by the camera.

[0040] In some embodiments, one or more of the camera settings can be adjusted by a
user (e.g., using a hardware-based interface of the camera and/or a software-based interface of
the camera, such as a graphical user interface). Additionally or alternatively, adjustment of one
or more camera settings can be performed automatically by the camera executing process 100
based on any suitable factors. For example, the camera can use one or more sensors (which can
include the image sensor) to determine lighting conditions and/or an amount of motion in a scene

and can adjust the exposure time or other appropriate settings based on the lighting conditions
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and/or amount of motion. As another example, a user can select a particular type of image to be
captured and/or can select a particular type of scene to be captured (e.g., an action scene, a
backlit scene, a nighttime scene, a landscape scene, and/or any other suitable scene). As still
another example, a user can select particular settings to be used in capturing an image such as a
particular ISO level to be used, a particular focal distance to be used, and/or any other particular
settings.

[0041] Although the mechanisms described herein are generally discussed with reference
to exposure times, other properties of a camera can be varied to adjust an exposure in addition to
or instead of varying the exposure time. For example, a gain associated with each pixel of an
image sensor can be varied (either individually or in groups of two or more) to vary the exposure
of the pixels. As another example, a sensitivity of each pixel of an image sensor can be varied
(either individually or in groups of two or more) to vary the exposure of the pixels. As yet
another example, an amount of light allowed to impinge the image sensor can be varied to
control the exposure (e.g., using a physical shutter, using a diaphragm, using a liquid crystal
shutter, or using any other suitable technique).

[0042] At 104, process 100 can select an exposure time and/or an exposure scheme to be
used in capturing the one or more images. In some embodiments, process 100 can determine
whether a high dynamic range image is to be captured and/or can determine a particular high
dynamic range scheme which is to be used in capturing the high dynamic range image. Any
suitable information can be used in determining whether a high dynamic range image is to be
captured and/or a particular high dynamic range bracketing scheme to use in capturing a high
dynamic range image. For example, as described above in connection with 102, an instruction to
capture an image can be an instruction to capture a high dynamic range image. In a more
particular example, a camera executing process 100 can be set by a user to capture a high
dynamic range image. As another example, a camera executing process 100 can determine
lighting conditions (or properties) of a scene, and can automatically determine whether a high
dynamic range image is to be captured based on the lighting conditions. In a more particular
example, the camera executing process 100 can estimate a dynamic range of a scene (e.g., a

difference between a brightest area of the scene and a darkest area of the scene). In this example,

10
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process 100 can determine that a high dynamic range image is to be captured if the estimated
dynamic range of the scene is greater than a threshold dynamic range.

[0043] Additionally or alternatively, in some embodiments, a camera executing process
100 can be configured such that multiple different high dynamic range exposure bracketing
schemes can be implemented by the camera. These multiple different high dynamic range image
capturing schemes can, for example, be suitable for capturing scenes with different properties.
For example, a first high dynamic range exposure bracketing scheme may be suitable for
capturing a scene with a very high dynamic range, but may not be suitable for capturing scenes
with more than a small amount of scene and/or camera motion. As another example, a second
high dynamic range exposure bracketing scheme may be suitable for capturing scenes with a
relatively large amount of scene and/or camera motion, but may not be suitable for capturing
scenes with a relatively large dynamic range. In some embodiments, the camera executing
process 100 can be capable of using any suitable number of high dynamic range exposure
bracketing schemes for capturing a high dynamic range image.

[0044] In some embodiments, a dynamic range that can be achieved by a particular

exposure bracketing scheme can be expressed by the following:

DR = log (22 (222) )

where emax and emin can correspond to the maximum exposure time and the minimum exposure
time in the bracketing scheme, respectively. Similarly, Ina can correspond to the maximum
signal that can be output by the sensor (e.g., a full well capacity of the sensor) being used to
capture the images, and I:» can correspond to the minimum signal that can be output by the
sensor (e.g., based on a dark current, read noise, etc., of the sensor). In some embodiments,
process 100 can select an exposure bracketing scheme at 104 based at least in part on a ratio of
maximum exposure time to minimum exposure time (i.€., €ma/Cmin) achieved by the scheme. For
example, for a scene with lower dynamic range, process 100 can select an exposure bracketing
scheme with a relatively low ratio of maximum exposure time to minimum exposure time. In a
more particular example, process 100 can select a single exposure (e.g., where ena/Cmin =1) in
cases where the dynamic range of the scene to be captured corresponds to the dynamic range of

the image sensor (i.¢., Ina/Imin). In another example, for a scene with a dynamic range that is
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greater than the dynamic range of the image sensor, process 100 can select an exposure
bracketing scheme with a higher ratio of maximum exposure time to minimum exposure time. In
another more particular example, process 100 can select an exposure bracketing scheme in which
the maximum exposure time is one or more orders of magnitude higher than the minimum
exposure time (e.g., where emax/€min > 10°).

[0045] In some embodiments, an image sensor used with the mechanisms described
herein can have a particular intensity resolution. The intensity resolution of an image sensor can
be the number of discrete grey levels or brightness levels that the image sensor is capable of
reading out for a particular exposure. In some embodiments, an effective intensity resolution of
a high dynamic range image captured using an exposure bracketing scheme (such as the

exposure bracketing schemes described herein) can be represented as:

' )) )

ej
e;i—1

1R=q+2{i2R<(q—1)—(q—1)(

where q is the number of quantization levels of the sensor (i.e., the number of grey levels) for a
single image (i.e., 2° for a b-bit sensor), R(x) is the round-to-nearest-integer function and, as
described below, e; is the exposure time of frame i of the K exposures captured in accordance
with the exposure bracketing scheme.

[0046] In some embodiments, process 100 can select an N-bonacci exposure bracketing
scheme (described in more detail below in connection with 108) as an exposure bracketing
scheme to be used in capturing a high dynamic range image, at 104. Additionally or
alternatively, process 100 can select a particular order of the N-bonacci scheme (i.¢., a value

of N) at 104, and/or can select an order of an iso-exposure property (described in more detail
below in connection with 108) of an exposure bracketing scheme to be used in capturing the high
dynamic range image. In some embodiments, as described above, process 100 can select the N-
bonacci scheme and/or the order of the N-bonacci scheme as an exposure bracketing scheme to
be used based on one or more settings of a camera executing process 100 and/or one or more
properties of the scene.

[0047] At 106, process 100 can determine whether an N-bonacci exposure bracketing
scheme is selected for capturing a high dynamic range image (described in more detail below in

connection with 108). If an N-bonacci bracketing scheme is not selected ("NO" at 106), process
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100 can proceed to 114, where an image or images can be captured using a different high
dynamic range exposure bracketing scheme, using a low dynamic range exposure scheme, and/or
using any other suitable exposure scheme.

[0048] Otherwise, if an N-bonacci bracketing scheme is selected ("YES" at 106), process
100 can proceed to 108. At 108, process 100 can capture a series of images according to an N-
bonacci sequence.

[0049] In some embodiments, process 100 can cause a series of frames fi, 5, ..., fk
having exposure times of ey, 2, ..., €k, respectively, to be captured at 108. These exposures
times can be set according to a particular N-bonacci sequence. For example, exposure times for
exposures captured according to a Fibonacci (2-bonacci) sequence can be equal to the sum of the
previous two exposure times. As another example, exposure times for exposures captured
according to a tri-bonacci (i.e., 3-bonacci) sequence can be equal to the sum of the previous three
exposure times.

[0050] In some embodiments, any suitable technique or techniques can be used in
determining exposure times for exposures in the first N exposures of an N-bonacci bracketing
scheme. For example, for a Fibonacci (2-bonacci) bracketing scheme, the first two exposure
times can be set according to one or more suitable criteria. In a more particular example, an
exposure time of a first frame captured according to a Fibonacci bracketing scheme (on any other
suitable bracketing scheme in accordance with the mechanisms described herein) can be set
based on a minimum exposure time of an image sensor. The minimum exposure time can be
determined based on any suitable factors, such as a clock speed for controlling exposure, an
amount of noise created by the image sensor for a given period of time, an amount of light in a
scene, and/or any other suitable factors. In another more particular example, an exposure time of
a second frame captured according to a Fibonacci bracketing scheme can be set based on a
growth rate of the exposure times under the Fibonacci bracketing scheme. In yet another more
particular example, the first exposure time can be set to any suitable value according and need
not be set to the minimum exposure time. In still another more particular example, an exposure
time of a second frame captured according to a Fibonacci bracketing scheme can be set to twice

the exposure time of the exposure time of the first image.
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[0051] As described below, a growth rate of the exposure times of an N-bonacci
sequence can converge to a particular number, and this number can be used to set an exposure
time of the second (or third, fourth, etc., according to N) frame captured according to the
bracketing scheme. As another example, a target growth rate for the exposure times in the N-
bonacci sequence can be determined (e.g., based on a dynamic range of the scene, where a larger
dynamic range can indicate that a larger growth rate is desirable), and the first N exposure times
can be determined based on the desired growth rate. As yet another example, the first N
exposure times can be set such that, given a time budget T and an inter-frame gap 6, a maximum
number of exposures can be captured in accordance with the N-bonacci bracketing scheme. As
still another example, the first N exposure times can be set such that, given a time budget T and
inter-frame gap o, a maximum proportion of the time budget can be used for exposing images in
accordance with the N-bonacci bracketing scheme.

[0052] In some embodiments, process 100 can set exposure times of frames captured
according to an N-bonacci sequence such that the exposure time of a frame is equal to the
exposure time of the previous N frames and a sum of any inter-frame time gap o or gaps between
the N frames. For example, for a Fibonacci bracketing scheme, process 100 can set an exposure
time e3 for the third frame f3 as the sum of the previous two exposure times (e.g., €1 and ¢2) plus
the inter-frame gap 6 between frame f1 and frame f2, process 100 can set an exposure time ¢4 for
the fourth frame fs as the sum of the previous two exposure times (e.g., €2 and e3) plus the inter-
frame gap o between frame > and frame f3, and so on. As another example, for a tri-bonacci
(i.e., 3-bonacci) bracketing scheme, process 100 can set an exposure time ¢4 for the fourth frame
f4 as the sum of the previous three exposure times (e.g., €1, €2 and ¢3) plus the inter-frame gaps 6
between frame f1 and frame f> and between frame f> and frame f3, process 100 can set an
exposure time es for the fifth frame fs as the sum of the previous three exposure times (e.g., €2, €3
and e4) plus the inter-frame gap & between frame f; and frame f3 and between frame f3 and frame
f4, and so on.

[0053] In some embodiments, process 100 can determine a time budget to be used in
capturing a high dynamic range in accordance with the mechanisms described herein. Any
suitable technique or techniques can be used to determine the time budget. For example, process

100 can use an amount of scene and/or camera motion as one factor in determining a time
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budget. In this example, process 100 can determine that more motion indicates that a smaller
time budget should be used, because a longer time budget can result in an image with more
motion blur. As another example, the time budget can be determined based on a maximum
frame rate of the image sensor, a time delay between frames of image data captured by the image
sensor, properties of the scene, whether a single high dynamic range image is to be captured or
high dynamic range video is to be captured, and/or any other suitable factors.
[0054] In some embodiments, given a time budget T for acquiring a high dynamic range
image (or a frame of a high dynamic range video), image frames captured according to a
particular exposure bracketing scheme (¢.g., an N-bonacci exposure scheme) can be images
captured with a particular set of exposures E = [e1, €2, ..., k], such that:

=6 =T—(K-13. ©
where 0 is the inter-frame time gap (e.g., resulting due to sensor read-out, reset delay and/or any
other factors). The maximum number of frames K can, for example, be constrained based on a
maximum frame rate F (in frames-per-second (fps)) of the camera. For example, for an image
sensor having a maximum frame rate of F = 300 fps and a time budget of T = 120 milliseconds, a
maximum of K = (F *T)/1000 = 36 low dynamic range frames of image can be captured to be
used in generating one high dynamic range image.
[0055] In some embodiments, as described herein, a series of exposures can be captured
according to a particular exposure bracketing scheme having a particular iso-exposure property.
The iso-exposure property of a series of images captured according to a particular exposure
bracketing scheme can be indicative of a relationship between exposure times of adjacent images
in the series of captured images. The iso-exposure property for the set of exposures
E =[ei1, €2, ..., ek] can have an order represented by two values, ns and ny, such that if

Vi € [2...K — 1], there exists an ns and n¢ that satisfy the following:

i ool
j=i-ng+1 6 = Zj:i+1 € . 4)
[0056] In some embodiments, for an exposure bracketing scheme having an order (ns, ny)

iso-exposure property, frames F; and F} can be constructed from one or more frames captured

according to the exposure bracketing scheme (e.g., frames fi to fk). In some embodiments,
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frames F{ and Ff can have substantially the same total exposure time, and these frames can be
used in estimating motion, for example, as described below in connection with 110.

[0057] In some embodiments, process 100 can choose ns and n¢ based on any suitable
factors. For example, process 100 can choose smaller values for ng and ny, in order to minimize
gaps in F{ and F} where image data is not captured due to, for example, an inter-frame gap. Ina
more particular example, process 100 can choose ns and ntas one (e.g., order (1,1)) such that
cach exposure in the sequence is equal length. As another example, process 100 can choose ns
and n; to provide a difference in exposure times between the exposures captured according to the
exposure bracketing scheme. In another more particular example, process 100 can choose (ns, nt)
as (2, 1) such that each exposure time (after the first two exposure times) is the sum of the
previous two exposures exposure times (e.g., a Fibonacci exposure bracketing scheme).

[0058] In some embodiments, process 100 can set the order of the iso-exposure property
and/or the exposure times for the initial N images (e.g., using an N-bonacci bracketing scheme)
such that the exposure times grow with a growth factor of G = ¢. In some embodiments, such

as when images are captured according to a Fibonacci bracketing scheme, ¢ can be

approximately %ﬁ (sometimes referred to as the golden ratio). As another example, for a 3-

bonacci sequence ¢ can be approximately 1.84, for a 4-bonacci sequence ¢ can be 1.93, etc. In
general, ¢ is a number between one and two for an N-bonacci sequence. Additionally or
alternatively, by setting the order of the iso-exposure property and/or the exposure times for the
initial N images, process 100 can set the maximum dynamic range achievable by the exposure
bracketing scheme. In some embodiments, using equation (1), the dynamic range that can be

achieved using Fibonacci bracketing can be expressed as:

DRy;p = log ((Z’:ﬁ) ¢>K‘1>, &)

where K is the number of frames captured in accordance with the image bracketing scheme.
Similarly, the maximum dynamic range achievable by an exposure bracketing scheme can be

expressed as:

DR 4 = log (Imﬂ * Hﬂ) < log (Imﬂ - — ) (6)

Imin emin Imin  @min
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where T is the time budget for capturing images and emia is the minimum exposure time of the
image sensor. This can be the maximum dynamic range by representing the maximum
difference between exposure times for a given time budget, having two exposure times of €min
and T - emin. Time budget T can be represented as being the sum of exposures captured by the
exposure bracketing scheme, in some embodiments, as:
K K

T = enn (%) < €min (%) (7)
In some embodiments, the growth rate can be selected at 108 based on r.
[0059] In some embodiments, substituting equation (7) into equation (6), the maximum

dynamic range can be expressed in terms of ¢ as:

DR, 0 <log (Imﬂd)—l() ®),

Imin ¢—1

and subtracting equation (5) from equation (8) yields the following:
K
DRpax — DRy < log (ﬁ) < 1.39. ©9)

Accordingly, in some embodiments, process 100 can set the parameters of the Fibonacci
exposure bracketing scheme (e.g., an order of the iso-exposure property, a value of the first N
exposure times, etc.) such that the achievable dynamic range that can be captured is close to the
maximum dynamic range.

[0060] FIG. 2A shows an example 200 of exposure bracketing in accordance with some
embodiments of the disclosed subject matter. As shown in FIG. 2A, a trigger signal 202 can
control exposure of an image sensor 206 of camera 204. Trigger signal 202 can be generated by
camera 204 (e.g., by a controller of camera 204) and/or can be received from an external source
(e.g., from an external controller). As also shown in FIG. 2A, image sensor 206 can generate
separate image signals during three different exposure periods e1, e2 and e3. Additionally, in
some embodiments, a time between exposures (e.g., during image readout from sensor 206, reset
of sensor 206, or any other suitable operations) can result in a gap between frames which can
have a time 0.

[0061] FIG. 2B shows an example 250 of illustrative frames that can be generated from
exposure of image sensor 206 for the exposure times shown in FIG. 2A in accordance with some

embodiments. As shown in FIG. 2B, frames f1, f2 and f3 can be generated based on image data
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captured by sensor 206 during exposure times e1, €2 and e3, respectively. Due to the different
exposure times, a frame that was generated from a longer exposure time (e.g., frame f3) can be
generally brighter than a frame that was generated from a shorter exposure time (e.g., frame f1).
[0062] Returning to FIG. 1, at 110, process 100 can determine motion between frames
that are to be used to generate a high dynamic range image. In some embodiments, process 100
can determine motion between consecutive frames by first determining motion between adjacent
contiguous sets of captured image data having substantially the same total exposure time. For
example, if frames are captured using a Fibonacci bracketing scheme, the exposure time of the
third frame is substantially equal to the combined exposure time of the first frame and second
frame.

[0063] In some embodiments, differences in frames of image data captured during an
exposure bracketing scheme (e.g., due to scene and/or camera motion) can lead to artifacts in the
high dynamic range image. Process 100 can compare images having substantially the same
exposure times when estimating motion, in some embodiments, to reduce the effects of scene
and/or camera motion.

[0064] In some embodiments, process 100 can estimate the motion between two adjacent
frames f; and fi+1 by first estimating the motion between generalized frames that include at least
the image data of frames f; and fi+1. For example, in a Fibonacci exposure bracketing scheme,
motion can be estimated between a combination of image data from frames fi.1 and f;, and image
data from frame fi+1. Process 100 can then use the motion estimate of the combined image data
to estimate the motion between any two of the frames (e.g., fi.1 and f;), in some embodiments.
[0065] In some embodiments, process 100 can, for the set of frames captured in
accordance with N-bonacci bracketing at 108 (e.g., fi, f, ... fi1, fi ..., fk1, fk), generate two
adjacent, contiguous sets of frames around fi. These sets of image data can be represented as

follows:
SLS = {fi—ns+1:fi—ns+2: '"in}a and (10)
Slt = {fi+1l fi+21 '"in+nt}a (11)

where superscript s can represent the number of source frames and superscript ¢ can represent the
number of target frames to be used for motion estimation. The total number of frames in S} and

St are ns and ny, respectively.
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[0066] In some embodiments, the image data from the various frames in each of the sets
S7 and S} can be combined to form generalized frames F{ and Ff, which can be expressed as

using the following:

F = fi—ns+1 + fi—ns+2 ++ fi (12)
FE = fian + firz + o fiam, (9

Any suitable technique or techniques can be used to combine the image data. For example,
image data in a RAW format, or other unprocessed format, of the frames can be directly added.
As another example, processed image data can be combined using any suitable image processing
technique or techniques. In some embodiments, the combined image data can be processed such
that the maximum brightness value is set to the maximum brightness value of the image sensor.
For example, if two frames of image data are combined, pixels of the combined image that have
a brightness value (or grey level) over the maximum brightness level (the saturation level) of the
image sensor can be clipped to a saturation level of the image sensor. In a more particular
example, if a particular pixel in a combined image has a brightness level of 301 and the image
sensor is an 8-bit image sensor having 256 quantization levels, the brightness for the pixel in the
combined image can be clipped to 256.

[0067] In some embodiments, in a situation in which the response of the image sensor
used to capture frames in set S7 has a linear response and inter-frame gap 6 is negligible (e.g., in
comparison to the exposure times), then F{ would be equal to F; (that is, an image that the
sensor would have captured had the sensor captured an image with an exposure time e; equal to
€i—ns+1 + Ci—ns+z + -+ ;). Ff can have a similar relationship to an image F}.

[0068] In some embodiments, process 100 can cause the estimated motion between F;

~[i+1,i+n]

and F} to be determined. This estimated motion can be expressed as Ofi—no+1,1]- In some

embodiments, the motion between generalized frames F; and Ff can be referred to as a
generalized flow between the frames. Any suitable technique or techniques can be used to
estimate the generalized flow between two generalized frames. For example, an optical flow
technique can be used to estimate the motion between the generalized frames. As another
example, a dense optical flow technique can be used to estimate the motion between the

generalized frames. As yet another example, a block matching technique can be used to estimate
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the motion between the generalized frames. As still another example, phase correlation and

frequency domain techniques can be used to estimate the motion between the generalized frames.

[0069] In some embodiments, after determining the generalized flow 5[[;j;sl:1n lt]],

process 100 can estimate the motion between any two of the frames used in calculating the
generalized flow. For example, the motion between frames fi and fi+1 can be calculated using the

following relationship:

i+1 _ _ Citeit1  ~[i+1i+n]
Or = S Oliengri): (14)
j=i-ng+16J
[0070] Note that, although the exposure times are generally described herein as

increasing, the longest exposure frame can be captured first, and the exposure time can decrease
so that the exposure times are in accordance with an N-bonacci sequence in reverse. That is, for
a Fibonacci sequence, the exposure time of the first frame is substantially equal to the exposure
time of the second frame and the exposure of the third frame, exposure time of the second frame
is substantially equal to the exposure time of the third frame and the exposure of the fourth
frame, and so on.

[0071] FIG. 3 shows an example of comparing contiguous sets of captured image data
having substantially the same total exposure time in accordance with some embodiments of the
disclosed subject matter. As shown in FIG. 3, the mechanisms described herein can determine
motion between a combination of image data from a first frame and a second frame (e.g., f1 + )
and image data of the third frame (e.g., f3). Additionally, as shown in FIG. 3, the mechanisms
described herein can determine motion between a combination of image data from a third frame
and a fourth frame (e.g., f3 + f4) and image data of the fifth frame (e.g., f5). As shown in FIG. 3,
the combination of image data from two adjacent frames (e.g., f1 + f2) has a combined exposure
time (e.g., 1 + ¢2) that is substantially equal to the exposure time (e.g., €3) of the third frame that
is adjacent to the second frame. In the example of FIG. 3, process 100 can estimate the
generalized motion 63, between a generalized frame that corresponds to frames f; and f

(i.c., F?), and a generalized frame that corresponds to frame f3 (i.c., F5). After determining

generalized flow 63,, process 100 can then estimate the flow between frames f and f3, using

ez+ez ~3

equation (14), such that 023 = 075. Similarly, process 100 can estimate the

ei+e,+e,
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generalized flow 63* from a generalized frame that corresponds to frame fs (i.e., F2) to a
generalized frame that corresponds to frames f3 and f4 (i.e., F). After determining generalized

flow 63*, process 100 can then estimate the flow from frame fs to frame f3, using equation (14),

such that 05 = AL 5;4.
e3ztestes
[0072] Returning to FIG. 1, at 112, process 100 can generate a high dynamic range image

from the information captured in frames f1 to fk. Additionally, the information on motion
between the frames determined at 110 can be used in generating the high dynamic range image.
Any suitable technique or techniques can be used to generate the high dynamic range image from
the captured image data (e.g., frames fi to fx) and the motion data. For example, the frames can
be merged to create a high dynamic range radiance-map using any suitable technique or
techniques. The radiance map can then be used, in combination with any other suitable image
processing techniques, to create an image that can be displayed to a user. As another example,
the frames can be fused without creating an intermediate high dynamic range image, which can
be referred to as exposure-fusion. These and/or any other suitable technique or combination of
techniques can be used in generating the high dynamic range image.

[0073] FIGS. 4A-4D show examples of images of a scene captured using various
different techniques under similar conditions (e.g., similar lighting, similar scene and/or camera
motion, etc.) in accordance with some embodiments of the disclosed subject matter. FIG. 4A
shows an image of the scene captured using a single low dynamic range exposure. As shown in
FIG. 4A, the background (e.g., the sky) is significantly overexposed. FIG. 4B shows an image
generated by combining images captured with different exposure times and then combining the
images using known techniques (e.g., not combined in accordance with the mechanisms
described herein). As shown in FIG. 4B, the combined image has more even exposure between
the building and the background, but the combined image also includes artifacts due to camera
motion when capturing the differently exposed images. FIG. 4C shows an image generated by
combining a plurality of images captured with the same (relatively short) exposure time and then
combined using known techniques (e.g., not combined in accordance with the mechanisms

described herein). As shown in FIG. 4C, the foreground (e.g., the building) is significantly
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underexposed. FIG. 4D shows an image generated using the mechanisms described herein by
combining information from images captured using a Fibonacci bracketing scheme.

[0074] In a more particular example, the dynamic range in the scenes shown in FIGS.
4A-4D, is a relatively high dynamic range on the order of 10° or 10°, which, as described above,
can represent the difference in brightness between the darkest portion of the scene and the
brightest portion of the scene. The maximum time budget for capturing each of the scenes in
FIG. 4A-4D was 120 milliseconds (ms). The scene captured in FIG. 4A was captured using a
single low dynamic range exposure. The scene captured in FIG. 4B was captured using
alternating exposure times. In particular, 22 frames of image data were captured with alternating
exposures of 0.3 ms and 10 ms, for a total capture time of 113.3 ms. These 22 frames were used
to generate eleven high dynamic range frames centered around each of the 10ms frames and
these eleven high dynamic range were used to generate (e.g., using motion estimation between
the eleven HDR frames) a single final high dynamic range image as shown in FIG. 4B. The
scene captured in FIG. 4C was captured using a burst of short exposures that were then
combined. In particular, 36 frames of image data were captured with an exposure time of 0.3 ms
cach. These 36 frames were then combined (e.g., using motion estimation between the frames).
The scene captured in FIG. 4D was captured using Fibonacci bracketing in accordance with the
mechanisms described herein. In particular, 11 frames were captured having exposure times of
[0.3,0.49,0.8,1.3,2.12,3.45,5.63, 9.17, 14.95, 24.37, 39.72] ms, respectively, which were then
combined to create a single high dynamic range image using the mechanisms described herein
(e.g., as described in accordance with 110 and 112 of FIG. 1).

[0075] In some embodiments, process 100 can cause the images to be captured by an
image sensor with a non-linear response. For example, some cameras include an image sensor
with a non-linear response, such that the sensor has an increased response to low brightness in a
scene and a decreased response to high brightness in a scene. Such sensors can be used in any
suitable camera, for example, in point-and-shoot cameras, mobile device cameras (e.g., cameras
that are integrated in smartphones, tablets, etc.), and web-cams that are used in connection with

laptop and/or desktop computers.
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[0076] The relationship between the intensity of a scene point P having an irradiance I in
three frames having different exposure times (e.g., exposure times e;, e;,1 and e;,,) captured by

an image sensor can be expressed as follows:

fi(P) = C(I), (15)
fi+1(P) = C(I = R), (16)
fi+2(P) = C(I * R?), (17)

where C(x) represents the sensor's response curve, and R represents the ratio of the exposure times

e; : : : D :
of the frames (e.g., %). In some embodiments, the normalized difference in irradiance for point
i

P over the three exposures can be expressed as follows:

D(C, 1) = Yitfra-Tieal 2 f}_j izl (18)

Substituting equations (15)-(17), equation (18) can be expressed as follows:

_|e+c=RrR)-c(U*R%)|
DG, 1) = C()+C(I+R) ‘ (19)

In some embodiments, the average error for a particular response function can be the integral of
the difference over the range of scene irradiances 1.

[0077] FIG. 5 shows an example 500 of a process for capturing high dynamic range
video in accordance with some embodiments of the disclosed subject matter. In some
embodiments, process 500 can begin at 502 by receiving an instruction to capture high dynamic
range video. At 504, process 500 can determine various properties of a scene to be captured in
the high dynamic range video, such as an amount of camera motion and/or scene motion,
lighting conditions and/or a dynamic range of the scene, etc. Any suitable technique or
techniques can be used to determine such properties. For example, one or more sample images
can be captured of the scene, and the sample image or images can be analyzed to determine
properties of the scene.

[0078] At 506, process 500 can select an exposure scheme to use based on one or more
properties of the scene, image sensor, and/or any other suitable properties. In some
embodiments, process 500 can use any suitable properties to select an exposure scheme, such as
brightness of the scene (e.g., irradiance of light from the scene), scene/camera motion, and image

sensor parameters (e.g., read-noise level, bit-depth, full-well capacity, read-out speed of the
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camera, whether the camera reads out image data destructively or non-destructively, and/or any
other suitable image sensor parameters). For example, if the scene is relatively evenly
illuminated (e.g., has a relatively low dynamic range on the order of <10°), process 500 can
select to capture video using a low dynamic range scheme (e.g., single exposures). As another
example, if the scene has a moderate dynamic range (e.g., some portions of the scene would not
be properly exposed using an LDR scheme, such as a dynamic range on the order of 10° or 10%)
and a relatively high amount of scene and/or camera motion (e.g., on the order of greater than 2
pixels per millisecond of motion), process 500 can select a high dynamic range scheme that
captures images for which motion can be compensated for can be used. In a more particular
example, an exposure bracketing scheme that captures a series of short exposures of equal
length. As yet another example, if the scene has a relatively high dynamic range (e.g., greater
than 10%), or has a moderate dynamic range but a relatively low amount of scene and/or camera
motion (e.g., on the order of less than 2 pixels per millisecond of motion), video can be captured
using the mechanisms described herein for capturing high dynamic range images. In some
embodiments, a number of frames per second at which the video is captured can be based on the
selected exposure scheme and/or the specifications of the camera being used to capture the
video. For example, low dynamic range video can be captured at thirty frames per second, and
high dynamic range video can be captured at fifteen frames per second (e.g., because each frame
of video involves capturing multiple images with different exposure times).

[0079] In some embodiments, process 500 can determine a growth rate G for an exposure
bracketing scheme to be used in capturing a next frame or frames of high dynamic range video

(e.g., frame K of HDR video) of high dynamic range video based on the relationship:
G =1+ (1= er) (1 = Fiy)). (20)

where [, _; can represent a normalized median intensity in of the previous frame or frames (e.g.,

frame K-1 of HDR video), M k—1 can represent a normalized mean motion between the two
previous frames (e.g., frames K-1 and K-2 of HDR video). The intensity and motion information
can be generated based on a representative frame from frames captured for generating the frame
of HDR video. For example, if nine frames (f1 to fo) are captured in accordance with Fibonacci

exposure bracketing, a single frame of those nine frames can be used in determining scene
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intensity and/or motion. In a more particular example, a frame with a median exposure time can
be used as a reference frame. As another example, the frames can be combined to form a high
dynamic range image in accordance with the mechanisms described herein, and the high
dynamic range image can be used as a reference frame. Additionally, in some embodiments, the

growth rate can be based on a parameter s that can be based on one or more parameters of the

image sensor, and can be used to vary the growth rate with respect to both I} k—1 and M k—1- For
example, for a high quality sensor (e.g., a sensor having low read-noise, large bit depth and/or
large full-well capacity), process 500 can implemented with a relatively large value s, while for a
low quality sensor (e.g., a sensor having high read-noise, shallow bit depth and/or low full-well

capacity) process 500 can implemented with a relatively small value s. In some embodiments,
both 1, k—1 and M k—1 can be normalized such that they each lie in the range of [0,1].

[0080] In some embodiments, /| k—1 and M k—1 can be calculated in parallel as image
data is being captured and can be used to dynamically change an exposure bracketing scheme to
be used in capturing high dynamic range video.

[0081] At 508, process 500 can cause video to be captured using the selected exposure
scheme. At 510, process 500 can determine whether an instruction has been received to end
recording of the video. If an instruction is received to end recording ("YES" at 510), process 500
can proceed to 514 where the video can be processed and/or stored. Otherwise, if no instruction
is received to end the recording ("NO" at 510), process 500 can proceed to 512.

[0082] At 512, process 500 can determine whether a predetermined amount of time has
passed and/or if conditions in the scene being captured have changed. For example, in some
embodiments, process 500 can cause the scene conditions to re-evaluated periodically. In a more
particular example, the scene can be re-evaluated every second, every 500 milliseconds, or after
any other suitable period of time. Additionally or alternatively, one or more scene conditions
can be evaluated in an ongoing manner, and process 500 can determine at 512 whether the scene
conditions have changed. If the predetermined amount of time has not passed and/or if the scene
conditions have not changed ("NO" at 512), process 500 can return to 508 and continue
capturing video using the selected exposure scheme. Otherwise, if the predetermined amount of
time has passed and/or if the scene conditions have changed ("YES" at 512), process 500 can
return to 504, and conditions of the scene can be determined. In some embodiments, if the scene
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conditions have already been determined at 512, process 500 can instead return to 506 and select
a new exposure scheme.

[0083] In some embodiments, if process 500 returns to 504 and/or 506, a new sample
image or images can be captured and/or previously captured images in the video can be used as a
sample image or images. For example, the scene conditions can be evaluated based on a high
dynamic range image captured as part of the video and/or based on frames captured during a
single exposure that are later used to generate a high dynamic range image. Additionally or
alternatively, any other suitable information can be used to determine conditions of the scene,
such as information form an auxiliary image sensor, information from other auxiliary sensors
(c.g., a light meter, an accelerometer, etc.), information provided by a user, and/or any other
suitable information.

[0084] At 514, process 500 can cause the video captured at 502-512 to be processed
and/or stored. In some embodiments, the video captured at 502-512 can be processed to generate
high dynamic range video on the fly as the video is being captured. Additionally or alternatively,
high dynamic range video can be generated after recording of the video has been ended. In some
embodiments, image data captured at 502-514 that can be used to create high dynamic range
video can be stored in addition to, or in lieu of a device executing process 500 processing the
video to create a high dynamic range video. For example, each frame of image data captured can
be stored, where the frames correspond to multiple low dynamic range frames that are used in
groups to generate a single high dynamic range frame.

[0085] Turning to FIG. 6, an example 600 of a camera for capturing high dynamic range
images in accordance with the mechanisms described herein is shown in accordance with some
embodiments of the disclosed subject matter. As shown in FIG. 6, in some embodiments,
camera 600 can include a lens 602 for focusing an image on an image sensor 604 (which can be
the same or similar to image sensor 206). In some embodiments, camera 600 can include a
controller 606 for controlling operations of camera 600. Controller 606 can be any suitable
general purpose device such as a computer or special purpose device such as a client, a server, a
GPU, etc., and this general or special purpose device can be implemented as a hardware

processor (which can be a microprocessor, digital signal processor, a microcontroller, etc.).
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[0086] In some embodiments, camera 600 can include an input device 608 (such as a
shutter button, a menu button, a microphone, a touchscreen, a motion sensor, a light sensor, a
focus sensor, etc., or any suitable combination thereof) for accepting input from a user and/or
from the environment. In some embodiments, camera 600 can include a display 610 for
displaying images, video, text, a graphical user interface, or any other suitable information. In
some embodiments, camera 600 can include an I/O port 614 for allowing communication
between controller 606 and other devices, such as a smartphone, a tablet computer, a laptop
computer, a personal computer, a server, etc., via a communication link.

[0087] In some embodiments, camera 600 can include memory 612 for storing low
dynamic range images, high dynamic range images, frames of image data for generating a high
dynamic range image, low dynamic range video, high dynamic range video, audio data (e.g.,
audio corresponding to an image or video) or any other suitable image data. In some
embodiments, memory 612 can include a storage device (e.g., a hard disk, a Blu-ray disc, a
Digital Video Disk, RAM, ROM, EEPROM, etc.) for storing a computer program for controlling
controller 606. For example, memory 612 can store a computer program for instructing
controller 606 to capture a high dynamic range image in accordance with the disclosed subject
matter, as well as any other functions of camera 600 such as capturing low dynamic range
images, displaying previously captured images, and/or any other suitable functions.

[0088] In some embodiments, controller 606 can cause images to be captured by image
sensor 604 by sending timing data (which can include a trigger signal) to image sensor 604.
Controller 606 can cause images with any suitable exposure time to be captured by sensor 604.
Any suitable technique or techniques can be used to control image capture by image sensor 604.
Additionally, controller 606 can receive image data output by image sensor 604 in response to
instructions to capture images (¢.g., timing data). Controller 606 can, in some embodiments,
perform any suitable image processing, such as generating a high dynamic range image, as well
as any other suitable image processing.

[0089] Although controller 606 is shown as receiving image data from image sensor 604,
the image data can be processed by any other suitable processing device or devices. For
example, camera 600 can include one or more dedicated processors for performing specific

image processing and/or for performing any other suitable actions. In a more particular example,
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camera 600 can include specialized processors for determining motion between generalized
frames of image data (e.g., as described above in connection with 110), for generating a high
dynamic range image from a plurality of frames of image data (e.g., as described above in
connection with 112), or any other suitable processes. Additionally, camera 600 can include
hardware and/or software for generating any suitable signals, such as a clock signal, a trigger
signal, focus signals, and/or any other suitable signals.

[0090] In some embodiments, camera 600 can communicate with a remote device over a
network using I/O port 614 and a communication link. Additionally or alternatively, camera 600
can be included as part of another device, such as a smartphone, a tablet computer, a laptop
computer, a webcam, etc. Parts of camera 600 can be shared with a device with which camera
600 is integrated. For example, if camera 600 is integrated with a smartphone, controller 606
can be a processor of the smartphone and can be used to control operation of camera 600.
[0091] Camera 600 can be integrated with and/or communicate with any other suitable
device, where the other device can be one of a general purpose device such as a computer or a
special purpose device such as a client, a server, etc. Any of these general or special purpose
devices can include any suitable components such as a hardware processor (which can be a
microprocessor, digital signal processor, a controller, etc.), memory, communication interfaces,
display controllers, input devices, etc. For example, the other device can be implemented as a
digital camera, a smartphone, a tablet computer, a personal data assistant (PDA), a personal
computer, a laptop computer, a multimedia terminal, a special purpose device, a game console,
ctc.

[0092] Communications over 1/0 port 614 via a communication link can be carried out
using any suitable computer network, or any suitable combination of networks, including the
Internet, an intranet, a wide-area network (WAN), a local-area network (LAN), a wireless
network, a digital subscriber line (DSL) network, a frame relay network, an asynchronous
transfer mode (ATM) network, a virtual private network (VPN). The communications link can
include any communication links suitable for communicating data between camera 1000 and
another device, such as a network link, a dial-up link, a wireless link, a hard-wired link, any
other suitable communication link, or any suitable combination of such links. Camera 1000

and/or another device (e.g., a server, a personal computer, a smartphone, etc.) can enable a user
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to execute a computer program that allows the features of the mechanisms described herein to be
used.

[0093] It should also be noted that data received through the communication link or any
other communication link(s) can be received from any suitable source. In some embodiments,
controller 606 can send and receive data through the communication link or any other
communication link(s) using, for example, a transmitter, receiver, transmitter/receiver,
transceiver, or any other suitable communication device.

[0094] Although the mechanisms described herein are generally described in relation to
digital imaging, the mechanisms described herein can be adapted for use with film based image
capture.

[0095] In some embodiments, any suitable computer readable media can be used for
storing instructions for performing the functions and/or processes described herein. For
example, in some embodiments, computer readable media can be transitory or non-transitory.
For example, non-transitory computer readable media can include media such as magnetic media
(such as hard disks, floppy disks, etc.), optical media (such as compact discs, digital video discs,
Blu-ray discs, etc.), semiconductor media (such as flash memory, electrically programmable read
only memory (EPROM), electrically erasable programmable read only memory (EEPROM),
etc.), any suitable media that is not fleeting or devoid of any semblance of permanence during
transmission, and/or any suitable tangible media. As another example, transitory computer
readable media can include signals on networks, in wires, conductors, optical fibers, circuits, any
suitable media that is fleeting and devoid of any semblance of permanence during transmission,
and/or any suitable intangible media.

[0096] In some embodiments of the disclosed subject matter, the above described steps
of the processes of FIGS. 1 and 5 can be executed or performed in any order or sequence not
limited to the order and sequence shown and described in the figures. Also, some of the above
steps of the processes of FIGS. 1 and 5 can be executed or performed substantially
simultaneously where appropriate or in parallel to reduce latency and processing times.
Furthermore, it should be noted that FIGS. 1 and 5 are provided as examples only. At least some
of the steps shown in these figures may be performed in a different order than represented,

performed concurrently, or omitted.
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[0097] The provision of the examples described herein (as well as clauses phrased as
"such as," "e.g.," "including," and the like) should not be interpreted as limiting the claimed
subject matter to the specific examples; rather, the examples are intended to illustrate only some
of many possible aspects. It should also be noted that, as used herein, the term mechanism can
encompass hardware, software, firmware, or any suitable combination thereof.

[0098] It should be noted that, as used herein, the term mechanism can encompass
methods, systems, media, and any other hardware, software and firmware, or any suitable

combination thereof.

[0099] Accordingly, methods, systems, and media for high dynamic range imaging are
provided.
[0100] Although the invention has been described and illustrated in the foregoing

illustrative embodiments, it is understood that the present disclosure has been made only by way
of example, and that numerous changes in the details of implementation of the invention can be
made without departing from the spirit and scope of the invention, which is limited only by the
claims that follow. Features of the disclosed embodiments can be combined and rearranged in

various ways.
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What is Claimed:

1. A system for high dynamic range imaging, the system comprising:
an image sensor; and
a hardware processor configured to:
cause the image sensor to capture first image data having a first exposure
time, second image data having a second exposure time, and third image data having a third
exposure time that is substantially equal to the sum of the first exposure time and the second
exposure time;
generate combined image data using the first image data and the second
image data;
determine first estimated motion data representative of motion between
the combined image data and the third image data;
determine second estimated motion data representative of motion between
the second image data and the third image data based on the first estimated motion data; and
generate a high dynamic range image using at least the first image data,

the second image data, the third image data, and the second estimated motion data.

2. The system of claim 1, wherein the sum of the first exposure time and the second
exposure time includes a time between capturing the first image data and capturing the second

image data.

3. The system of claim 1, wherein the first exposure time corresponds to a minimum

exposure time of the image sensor.

4. The system of claim 1, wherein the hardware processor is further configured to:
cause the image sensor to capture fourth image data having a fourth exposure time
that is substantially equal to the sum of the second exposure time and the third exposure time;
generate second combined image data using the second image data and the third

image data;
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determine third estimated motion data representative of motion between the
combined image data and the third image data;

determine fourth estimated motion data representative of motion between the third
image data and the fourth image data based on the third estimated motion data; and

generate the high dynamic range image using the fourth image data and the fourth

estimated motion data.

5. The system of claim 1, wherein the hardware processor is further configured to:
receive a time budget for capturing a plurality of images including images
corresponding to the first image data, the second image data and the third image data;
determine one or more properties of the scene to be captured;
determine at least the first exposure time and the second exposure time based at

least in part on the one or more properties of the scene.

6. The system of claim 5, wherein the one or more properties of the scene include at
least one of a dynamic range of the scene, an amount of scene motion, and an amount of camera

motion.

7. The system of claim 1, wherein determining the second estimated motion data
comprises scaling the first estimated motion data based on a ratio of the sum of the second
exposure time and the third exposure time to the sum of the first exposure time, the second

exposure time and the third exposure time.

8. The system of claim 1, wherein the hardware processor is further configured to:
(a) receive, using the hardware processor, an instruction to capture video;
(b) receive, using the hardware processor, one or more properties of the scene to
be captured;
(c) set, using the hardware processor, one or more exposure times to be used in

capturing a frame of video based on the one or more properties of the scene;
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(d) cause, using the hardware processor, image data to be captured by the image
sensor using the first exposure time, the second exposure time, and the third exposure time in
response to determining that the one or more exposure times includes the first exposure time, the
second exposure time, and the third exposure time;

(e) cause, using the hardware processor, image data to be captured by the image
sensor using at least a fourth exposure time in response to determining that the one or more
exposure times do not include the first exposure time, the second exposure time, and the third
exposure time;

(f) determine, using the hardware processor, a value of at least one of the one or
more properties based on the image data captured at either (d) or (¢);

(g) repeat (b)-(f) until an instruction is received to stop capturing video;

(h) generate the high dynamic range image using at least a portion of the image
data captured at (d); and

(1) store the high dynamic range image as a frame of the video.

9. A method for high dynamic range imaging, the method comprising:

causing an image sensor to capture first image data having a first exposure time,
second image data having a second exposure time, and third image data having a third exposure
time that is substantially equal to the sum of the first exposure time and the second exposure
time;

generating combined image data using the first image data and the second image
data;

determining first estimated motion data representative of motion between the
combined image data and the third image data;

determining second estimated motion data representative of motion between the
second image data and the third image data based on the first estimated motion data; and

generating a high dynamic range image using at least the first image data, the

second image data, the third image data, and the second estimated motion data.
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10.  The method of claim 9, wherein the sum of the first exposure time and the second
exposure time includes a time between capturing the first image data and capturing the second

image data.

11.  The method of claim 9, wherein the first exposure time corresponds to a minimum

exposure time of the image sensor.

12.  The method of claim 9, further comprising:

causing the image sensor to capture fourth image data having a fourth exposure
time that is substantially equal to the sum of the second exposure time and the third exposure
time;

generating second combined image data using the second image data and the third
image data;

determining third estimated motion data representative of motion between the
combined image data and the third image data;

determining fourth estimated motion data representative of motion between the
third image data and the fourth image data based on the third estimated motion data; and

generating the high dynamic range image using the fourth image data and the

fourth estimated motion data.

13.  The method of claim 9, further comprising:
receiving a time budget for capturing a plurality of images including images
corresponding to the first image data, the second image data and the third image data;
determining one or more properties of the scene to be captured;
determining at least the first exposure time and the second exposure time based at

least in part on the one or more properties of the scene.

14.  The method of claim 13, wherein the one or more properties of the scene include
at least one of a dynamic range of the scene, an amount of scene motion, and an amount of

camera motion.
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15.  The method of claim 9, wherein determining the second estimated motion data
further comprises scaling the first estimated motion data based on a ratio of the sum of the
second exposure time and the third exposure time to the sum of the first exposure time, the

second exposure time and the third exposure time.

16. The method of claim 9, further comprising:

(a) receiving, using the hardware processor, an instruction to capture video;

(b) receiving, using the hardware processor, one or more properties of the scene to
be captured;

(c) setting, using the hardware processor, one or more exposure times to be used
in capturing a frame of video based on the one or more properties of the scene;

(d) causing, using the hardware processor, image data to be captured by the image
sensor using the first exposure time, the second exposure time, and the third exposure time in
response to determining that the one or more exposure times includes the first exposure time, the
second exposure time, and the third exposure time;

(e) causing, using the hardware processor, image data to be captured by the image
sensor using at least a fourth exposure time in response to determining that the one or more
exposure times do not include the first exposure time, the second exposure time, and the third
exposure time;

(f) determining, using the hardware processor, a value of at least one of the one or
more properties based on the image data captured at either (d) or (¢);

(g) repeating (b)-(f) until an instruction is received to stop capturing video;

(h) generating the high dynamic range image using at least a portion of the image
data captured at (d); and

(1) storing the high dynamic range image as a frame of the video.
17. A system for high dynamic range imaging, the system comprising:

an image sensor; and

a hardware processor configured to:
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cause the image sensor to capture n frames of image data, each frame
having an exposure time such that the exposure time of the nth frame is substantially equal to the
sum of the exposure times of the first n-1 frames;

generate combined image data using the first n-1 frames of image data;

determine first estimated motion data representative of motion between
the combined image data and the image data of the nth frame;

determine second estimated motion data representative of motion between
the image data of the n-1st frame and the image data of the nth frame based on the first estimated
motion data; and

generate a high dynamic range image using at least the image data of the n

frames of image data and the second estimated motion data.

18.  The system of claim 17, wherein n is greater than two.

19.  The system of claim 17, wherein the exposure time of the first frame of image

data corresponds to a minimum exposure time of the image sensor.

20.  The system of claim 17, wherein the hardware processor is further configured to:
receive a time budget for capturing a plurality of images including images
corresponding to the n frames of image data;
determine one or more properties of the scene to be captured; and
determine at least the exposure time of the first n-1 frames of image data based at

least in part on the one or more properties of the scene.

21.  The system of claim 20, wherein the one or more properties of the scene include
at least one of a dynamic range of the scene, an amount of scene motion, and an amount of

camera motion.

22.  The system of claim 17, wherein determining the second estimated motion data

comprises scaling the first estimated motion data based on a ratio of the sum of the exposure
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time of the n-1st frame and the exposure time of the nth frame to the sum of the exposure times

for the n frames.

23. A method for high dynamic range imaging, the method comprising:

causing an image sensor to capture n frames of image data, each frame having an
exposure time such that the exposure time of the nth frame is substantially equal to the sum of
the exposure times of the first n-1 frames;

generating combined image data using the first n-1 frames of image data;

determining first estimated motion data representative of motion between the
combined image data and the image data of the nth frame;

determining second estimated motion data representative of motion between the
image data of the n-1st frame and the image data of the nth frame based on the first estimated
motion data; and

generating a high dynamic range image using at least the image data of the

n frames of image data and the second estimated motion data.

24. The method of claim 23, wherein n is greater than two.

25.  The method of claim 23, wherein the exposure time of the first frame of image

data corresponds to a minimum exposure time of the image sensor.

26.  The method of claim 23, further comprising:
receiving a time budget for capturing a plurality of images including images
corresponding to the n frames of image data;
determining one or more properties of the scene to be captured; and
determining at least the exposure time of the first n-1 frames of image data based

at least in part on the one or more properties of the scene.
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27.  The method of claim 26, wherein the one or more properties of the scene include
at least one of a dynamic range of the scene, an amount of scene motion, and an amount of

camera motion.

28.  The method of claim 23, wherein determining the second estimated motion data
comprises scaling the first estimated motion data based on a ratio of the sum of the exposure
time of the n-1st frame and the exposure time of the nth frame to the sum of the exposure times

for the n frames.
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