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(57) Abstract: A method includes receiving, from an image capture device, a first image frame of a sequence of image frames. The
method also includes estimating, at a processor, a camera pose corresponding to the first image frame by comparing the first image
frame to a second image frame. The second image frame precedes the first image frame in the sequence of image frames. The method
further includes estimating, at the processor, a refined camera pose corresponding to the first image frame by comparing the first im-
age frame to a keyframe. The keyframe corresponds to a particular image frame that precedes the second image frame in the se-
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SYSTEM AND METHOD OF POSE ESTIMATION

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority from commonly owned U.S. Non-
Provisional Patent Application No. 14/491,857 filed on September 19, 2014, the

contents of which are expressly incorporated herein by reference in their entirety.

FIELD
[0002] The present disclosure is generally related to a system and method of pose

estimation.

DESCRIPTION OF RELATED ART

[0003] Advances in technology have resulted in smaller and more powerful computing
devices. For example, there currently exist a variety of portable personal computing
devices, including wireless telephones such as mobile and smart phones, tablets and
laptop computers that are small, lightweight, and easily carried by users. These devices
can communicate voice and data packets over wireless networks. Further, many such
devices incorporate additional functionality such as a digital still camera, a digital video
camera, a digital recorder, and an audio file player. Also, such devices can process
executable instructions, including software applications, such as a web browser
application, that can be used to access the Internet. As such, these devices can include

significant computing capabilities.

[0004] Wireless telephones and similar devices may be used to capture images. Such
images may be used to generate a three-dimensional (3D) model of an object.
Generally, devices for generating 3D models do not operate in real time or near real
time. Rather, a sequence of image frames is captured (e.g., by a camera), and the
sequence of image frames is subsequently processed as a group (e.g., at a processing
system, such as a computer) to generate the 3D model. If the sequence of image frames
is insufficient or inadequate to generate a complete 3D model, such insufficiency or
inadequacy may go unnoticed until after the processing to generate the 3D model. In
this case, an incomplete or inaccurate 3D model may be generated. To generate a more
complete or more accurate 3D model, the user may have to capture a new sequence of

images of the object and process the new sequence of images.



WO 2016/043827 PCT/US2015/038582

SUMMARY

[0005] A system and method is disclosed that enables real time or near real time
generation of a 3D point cloud and/or a 3D model based on a captured sequence of
image frames. The sequence of image frames may be captured by an image capture
device (e.g., a camera of a mobile phone). A user (e.g., an operator) of the image
capture device may move the image capture device around an object to capture the

sequence of image frames of the object.

[0006] The 3D point cloud and/or the 3D model may be generated at an electronic
device (e.g., a mobile phone that includes the camera) by utilizing parallel processing
threads to process a sequence of image frames. For example, a first processing thread
and a second processing thread may be processed in parallel to enable real time or near
real time processing of the image frames. For example, the first processing thread may
perform camera pose estimation from frame-to-frame, and the second processing thread

may perform camera pose estimation from frame-to-keyframe.

[0007] In a particular embodiment, the first processing thread and the second processing
thread may process images with different resolutions. For example, the first processing
thread may process low resolution (e.g., Quarter-Quarter Video Graphics Array
(QQVGA) resolution) image frames to estimate camera poses of one or more image
frames. The second processing thread may process higher resolution (e.g., Quarter
Video Graphics Array (QVGA) resolution) image frames and reference image frames
(i.e., keyframes) to refine the camera pose of a particular image frame. For example,
the camera pose may be refined by comparing a QVGA image frame to a particular
keyframe to determine additional information that may be lost when the QVGA image
frame is down-sampled to QQVGA resolution. The particular keyframe may be one of
a plurality of keyframes and each of the plurality of keyframes may serve as a reference
image frame at a corresponding location relative to the object. While the sequence of
image frames is being captured, one or more additional keyframes are generated to
refine camera pose estimates to generate the 3D point cloud and/or 3D model. The
additional keyframes may serve as additional reference image frames to compare

against the sequence of image frames at different locations relative to the object.

[0008] In a particular embodiment, a method includes receiving, from an image capture

device (e.g., a camera), a first image frame of a sequence of image frames. The method
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also includes estimating, at a processor, a camera pose corresponding to the first image
frame by comparing the first image frame to a second image frame, where the second
image frame precedes the first image frame in the sequence of image frames. The
method further includes estimating, at the processor, a refined camera pose
corresponding to the first image frame by comparing the first image frame to a
keyframe, where the keyframe corresponds to a particular image frame that precedes the

second image frame in the sequence of image frames.

[0009] In another particular embodiment, an apparatus includes a memory and a
processor. The processor is configured to receive, from an image capture device, a first
image frame of a sequence of image frames. The processor is also configured to
estimate a camera pose corresponding to the first image frame by comparing the first
image frame to a second image frame, where the second image frame precedes the first
image frame in the sequence of image frames. The processor is further configured to
estimate a refined camera pose corresponding to the first image frame by comparing the
first image frame to a keyframe, where the keyframe corresponds to a particular image

frame that precedes the second image frame in the sequence of image frames.

[0010] In another particular embodiment, a computer-readable storage device includes
instructions that, when executed by a processor, cause the processor to receive, from an
image capture device, a first image frame of a sequence of image frames. The
instructions also cause the processor to estimate a camera pose corresponding to the first
image frame by comparing the first image frame to a second image frame, where the
second image frame precedes the first image frame in the sequence of image frames.
The instructions further cause the processor to estimate a refined camera pose
corresponding to the first image frame by comparing the first image frame to a
keyframe, where the keyframe corresponds to a particular image frame that precedes the

second image frame in the sequence of image frames.

[0011] In yet another particular embodiment, an apparatus includes means for receiving,
from an image capture device, a first image frame of a sequence of image frames. The
apparatus also includes means for estimating a camera pose corresponding to the first
image frame based on a first comparison of the first image frame to a second image
frame, where the second image frame precedes the first image frame in the sequence of

image frames. The apparatus further includes means for estimating a refined camera
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pose corresponding to the first image frame based on a second comparison of the first
image frame to a keyframe, where the keyframe corresponds to a particular image frame

that precedes the second image frame in the sequence of image frames.

[0012] One particular advantage provided by at least one of the disclosed embodiments
is that estimation of a camera pose based on a comparison between adjacent image
frames in a sequence of image frames and estimation of a refined camera pose based on
a comparison between a particular image frame and a keyframe may be performed
concurrently (e.g., in parallel) using separate processing threads. Parallel processing of
camera pose estimation and camera pose refinement enables real time or near real time
processing of the sequence of image frames to generate a 3D point cloud or a 3D model.
Another particular advantage provided by at least one of the disclosed embodiments is
an ability to generate a 3D point cloud of an object in real time or near real time with

respect to the capturing of image frames of the object.

[0013] Other aspects, advantages, and features of the present disclosure will become
apparent after review of the entire application, including the following sections: Brief

Description of the Drawings, Detailed Description, and the Claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 is a block diagram of a particular illustrative embodiment of a system to

generate point cloud data based on a sequence of image frames;

[0015] FIG. 2 is a block diagram of another particular illustrative embodiment of the

system to generate point cloud data;

[0016] FIG. 3 is a perspective view of a scene being captured by an image capture
device, the scene including illustration of a time-lapse depiction of point cloud data

being generated in near real time;

[0017] FIG. 4 is a diagram that illustrates generating camera poses or new keyframes

based on the sequence of image frames;

[0018] FIG. 5 is a subsequent view of the diagram of FIG. 4 including use of additional

image frames to generate a new keyframe;

[0019] FIG. 6 is a subsequent view of the diagrams of FIGs. 4 and 5 including use of

additional image frames to generate a new keyframe;
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[0020] FIG. 7 is a diagram that illustrates determining a pixel intensity error and/or a

depth error between two image frames of the sequence of image frames;

[0021] FIG. 8 is a flow diagram of a particular illustrative embodiment of a method of

generating a new keyframe;

[0022] FIG. 9 is a flow diagram of a particular illustrative embodiment of a method of

estimating camera poses of image frames in a sequence of image frames;

[0023] FIG. 10 is a flow diagram of a particular illustrative embodiment of a method of

estimating camera poses of a particular image frame based on a cost function;

[0024] FIG. 11 is a flow diagram of a particular illustrative embodiment of a method of

estimating a camera pose and estimating a refined camera pose; and

[0025] FIG. 12 is a block diagram of a computing device including a processor

configured to perform camera pose estimation based on a sequence of image frames.

DETAILED DESCRIPTION

[0026] Referring to FIG. 1, a particular illustrative embodiment of a system 100 is
shown. The system 100 includes a camera 102 communicatively coupled to a processor
106 and a memory 112. In an illustrative embodiment, the camera 102, the processor
106, and the memory 112 may be integrated into a computing or electronic device, such

as a mobile phone, a tablet computer, a personal computer, a media player device, etc.

[0027] In a particular embodiment, the system 100 is configured to generate point cloud
data 116 (e.g., a 3D point cloud or a 3D model) during an image capture process as an
image capture device (e.g., the camera 102) is moved around an object. The camera 102
(or another image capture device) may be configured to capture a sequence of image
frames 104. The camera 102 may be moved around the object (e.g., by a user that may
walk around the object) while the camera 102 captures the sequence of image frames
104. In the embodiment shown, the sequence of image frames 104 includes five image
frames; however, the sequence of image frames 104 may include more than five image
frames or fewer than five image frames. Each image frame includes multiple pixels,
and each pixel corresponds to a set of pixel values, such as depth values, photometric
values (e.g., red-green-blue (RGB) values, intensity values, chroma values, saturation

values, etc.), or a combination thereof.
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[0028] The camera 102 may provide the sequence of image frames 104 to a comparator
108 of the processor 106. In a particular embodiment, the processor 106 may be a
single core processor. In another embodiment, the processor 106 may include multiple
processing cores, and the comparator 108 may correspond to (e.g., be executed by) at
least one core of the multiple processing cores. In another particular embodiment, the
processor 106 may include multiple processors operating in parallel, where each
processor of the multiple processors includes a corresponding comparator, such as the
comparator 108. In an illustrative embodiment, each image frame in the sequence of
image frames 104 may be captured at a source resolution (e.g., a high resolution, such as

high definition (HD)).

[0029] Although not illustrated, one or more image frames of the sequence of image
frames 104 may be buffered (e.g., stored) by the processor 106. For example, the
processor 106 may receive a particular image frame of the sequence of image frames
104 at a source resolution (e.g., a high resolution, such as high definition (HD)) and
may store the image frame at the source resolution at a memory, such as a random
access memory (RAM) coupled to or included in the processor 106. Additionally or
alternatively, the processor 106 may be configured to down sample or resize one or
more image frames of the sequence of image frames 104. For example, the processor
106 may generate one or more reduced resolution image frames (as compared to the
source resolution) of the particular image frame. To illustrate, when the source
resolution is the high resolution (e.g., HD resolution), the processor 106 may generate a
medium resolution (e.g., Quarter Video Graphics Array (QVGA) resolution) image
frame and/or a low resolution (e.g., Quarter-Quarter Video Graphics Array (QQVGA)
resolution) image frame of the particular image frame. In some implementations, the
processor 106 may receive the particular image frame at various (e.g., different)
resolutions. The processor 106 may be configured to store (e.g., buffer) the one or more
reduced resolution image frames of the particular image frame at the memory (e.g., the
RAM) that is included in or coupled to the processor 106. The image frames at various
resolutions that are buffered at or by the processor 106 may be accessible to one or more
components of the processor 106, such as the comparator 108 and/or the keyframe
generator 110. One or more reduced resolution versions of the particular image frame
may be generated in response to the processor 106 receiving the particular image frame

or may be generated on an as needed basis as the one or more reduced resolution
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versions of the particular image frame are needed (e.g., requested) by components of the

processor 106.

[0030] The comparator 108 may be implemented using one or more hardware devices
(e.g., a logic circuit) of the processor 106, software instructions (e.g., program code)
executable by the processor 106, or a combination thereof. In a particular embodiment,
the comparator 108 is configured to perform a pixel-by-pixel comparison of image
frames in the sequence of image frames 104 with respect to each other and/or with
respect to one or more keyframes 114 stored in the memory 112. In a particular
embodiment, the comparator 108 performs the pixel-by-pixel comparison to determine
an overlap ratio 109, as described further below. The pixel-by-pixel comparison may
include a comparison between pixel values (e.g., depth values, photometric values (e.g.,
red-green-blue (RGB) values), or a combination thereof) of the first image frame 121

and pixel values of the second image frame 122 or the keyframe 114.

[0031] The overlap ratio 109 may be a numerical representation of similarity of two or
more image frames of the sequence of image frames 104. For example, the numerical
representation may be a number of “similar” pixels divided by a total number of pixels.
Pixels of two or more image frames may be determined to be similar when the pixels
exactly match (e.g., have the same numeric value for a particular pixel value) or when
the pixels substantially match (e.g., the numerical value of a first pixel is within a
difference threshold of a corresponding numerical value of a second pixel). In an
alternative embodiment, the overlap ratio 109 may be a numerical representation of
dissimilarity between two or more image frames of the sequence of image frames 104.
For example, the overlap ratio 109 may be a number of “dissimilar” pixels (e.g., pixels
that are not similar as described above) divided by the total number of pixels. In a
particular embodiment, determining the overlap ratio 109 includes determining multiple
difference values between an image frame and a keyframe based on a pixel-by-pixel
comparison and determining a number of the multiple difference values that satisfy a
difference threshold (which may correspond to the overlap ratio threshold 131), where
the overlap ratio 109 is based on the number divided by a total number of pixels of the

image frame.

[0032] The keyframe generator 110 may generate a new keyframe 111 based on an

initially captured frame (e.g., a first image frame 121) of the sequence of image frames
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104. For example, when no keyframes 114 associated with the sequence of image
frames 104 are stored to the memory 112, then the first image frame 121 (or a version
thereof) may be used as a new keyframe 111 by default. A particular generated
keyframe may be stored as one of the keyframes 114 and may have the same resolution
as a captured image frame or may have a different resolution than the captured image
frame (e.g., the keyframe 111 generated based on the first image frame 121 may have a
different resolution than the first image frame 121). For example, the particular
keyframe may be a medium resolution (e.g., Quarter Video Graphics Array (QVGA)
resolution) image frame that retains at least some detail from the first image frame 121
while using a lower memory or processing footprint than the first image frame 121 at a
source resolution (e.g., the first image frame’s 121 original resolution). In a particular
embodiment, the processor 106 (e.g., the keyframe generator 110) may be configured to

down-sample or resize the first image frame 121 to generate the new keyframe 111.

[0033] Additionally or alternatively, the keyframe generator 110 may generate the new
keyframe 11 based on a particular keyframe of the one or more keyframes 114 and a
captured image (e.g., the second image 122) of the sequence of image frames 104. To
illustrate, each of the one or more keyframes 114 may be available to serve as a
reference image frame for one more of image frames of the sequence of image frames
104 (e.g., to refine camera pose estimates, as described below). For example, the
comparator 108 may be used to compare a particular keyframe (that is based on the first
image frame 121) of the one or more keyframes 114 to a second image frame 122 to
refine a camera pose associated with the second image frame 122. As additional image
frames of the sequence of image frames 104 are received, the comparator 108 may
perform a pixel-by-pixel comparison of each received image frame, or reduced
resolution versions thereof, to a previously stored keyframe of the one or more
keyframes 114 in the memory 112. In a particular embodiment, the pixel-by-pixel
comparison determines pixels of the second image frame 122 that are similar to a
corresponding pixel of the particular keyframe. The comparator 108 may calculate the
overlap ratio 109 based on the number of similar pixels. For example, the comparator
108 may generate the overlap ratio 109 based on the number of similar pixels between
the second image frame 122 and the particular keyframe divided by a total number of
pixels in the second image frame 122. In an alternative embodiment, the overlap ratio

109 may be a numerical representation of a number of dissimilar pixels between the first
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image frame 121 and the second image frame 122 divided by a number of total pixels.
The second image frame 122 may also be modified (e.g., warped or distorted as
described with reference to FIG. 6), to align to the first image frame 121 to calculate the

overlap ratio 109.

[0034] The keyframe generator 110 may be configured to compare the overlap ratio 109
to an overlap ratio threshold 131. The overlap ratio threshold 131 may be expressed in
terms of a percentage, a number of pixels, or in some other fashion. For example, the
overlap ratio threshold 131 may be a percentage when the overlap ratio 109 is expressed
as a percentage. In a particular embodiment, the overlap ratio 109 is a percentage of
similar pixels of a total number of pixels, and the overlap ratio threshold 131 is a
percentage at or above which an image frame is considered to be substantially similar
(e.g., 90% similarity) to a keyframe. A value of the overlap ratio threshold 131 may be
adjusted (e.g., by a user) to increase or decrease sensitivity in determining whether
image frames are substantially similar. In a particular embodiment, the overlap ratio
109 may satisty the overlap ratio threshold 131 when the overlap ratio 109 is greater
than or equal to the overlap ratio threshold 131. When the overlap ratio 109 is greater
than or equal to the overlap ratio threshold 131, the image frame and the keyframe are
substantially similar and the keyframe generator 110 does not generate the new
keyframe 111 (e.g., another keyframe) for storage in the memory 112. In another
particular embodiment, the overlap ratio 109 may satisfy the overlap ratio threshold 131
when the overlap ratio 109 is less than or equal to the overlap ratio threshold 131.
When the overlap ratio 109 is less than or equal to the overlap ratio threshold 131, the
image frame and the keyframe are not substantially similar and the keyframe generator
110 generates a new keyframe 111 (e.g., another keyframe) for storage in the memory
112. Generating the new keyframe 111 may include creating a copy of a source frame
of the sequence of image frames 104. In a particular embodiment, the copy has a
reduced resolution (e.g., QVGA resolution) relative to the source frame (e.g., HD

resolution).

[0035] In a particular embodiment, when the comparison of the overlap ratio 109 to the
overlap ratio threshold 131 indicates that the image frame and the keyframe are not
substantially similar, a substantial change is determined to have occurred between a first

position and a second position of the camera 102, such as a first position of the camera
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102 during capture of the first image frame 121 and a second position of the camera 102
during capture of the second image frame 122. Thus, based on the comparison between
the overlap ratio 109 and the overlap ratio threshold 131, the first image frame 121 and
the second image frame 122 may be determined to be substantially different image
frames having different image data. When the first image frame 121 and the second
image frame 122 are determined to be substantially different image frames, the
keyframe generator 110 may generate a new keyframe 111 based on the second image
frame 122. Alternatively, when the comparison of the overlap ratio 109 to the overlap
ratio threshold 131 indicates that the image frame and the keyframe are substantially
similar, no new keyframe 111 is generated based on the second image frame 122
because the keyframe 114 and the second image frame 122 include substantially the
same image data. When the keyframe 114 and the second image frame 122 are
substantially similar, generation of a new keyframe 111 is not needed. By reducing the
number of new keyframes generated and available for comparisons, the sequence of

image frames 104 may be processed in a more efficient manner.

[0036] Generally, not every image frame of the sequence of image frames 104 will be
determined to be similar to the keyframe based on the overlap ratio threshold 131.

When a particular image frame, such as a fourth image frame 123, is captured and
provided to the comparator 108, the camera 102 may be in a substantially different
position from when an image frame corresponding to a particular keyframe (e.g., the
particular keyframe based on the first image frame 121) of the one or more keyframes
114 was captured. As a result, the overlap ratio 109 corresponding to a comparison
between the particular keyframe and the fourth image frame 123 may be determined and
may be compared to the overlap ratio threshold 131 to indicate whether the fourth image
frame 123 and the particular keyframe are similar. Thus, a new keyframe 111 based on
the fourth image frame 123 may be generated and stored in the memory 112 when the
fourth image frame 123 and the particular keyframe are determined to not be similar,
based on the comparison. When the new keyframe 111 is generated based on the fourth
image frame 123, received image frames that follow the fourth image frame 123 of the
sequence of image frames 104 may be used by the comparator 108 to perform additional
pixel-by-pixel comparisons of such image frames (or of reduced resolution versions of
such image frames) to the new keyframe 111 generated based on the fourth image frame

123. Thus, after an initial received image frame in a sequence of image frames 104 is
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designated as a keyframe and stored in the memory 112, comparisons performed by the
comparator 108 are performed with respect to a “most recently generated” keyframe in
the memory 112 (e.g., the last generated keyframe based on timestamps of the
keyframes 114). Alternately, comparisons may be performed by the comparator 108
with respect to a set of previously generated keyframes in the memory 112. For
example, the memory 112 may store keyframe(s) that were previously generated during
processing of the sequence of image frames 104. In some embodiments, one of the
previous keyframes may be selected to be used in the comparison performed by the

comparator 108, as further described with reference to FIG. 2.

[0037] In a particular embodiment, the new keyframe 111 is generated at a reduced
resolution relative to image frames of the sequence of image frames 104. A reduced
resolution image frame may be generated from an image frame via down-sampling,
resizing, and/or other operations. For example, if the second image frame 122 is a HD
image frame, the new keyframe 111 may be a medium resolution image frame (e.g.,
QVGA resolution, e.g., 320x240 pixels). The keyframe generator 110 may send newly
generated keyframes, e.g. the new keyframe 111, to the memory 112. In a particular
embodiment, the memory 112 may include random access memory (RAM), read-only
memory (ROM), disk-based memory, solid state memory, or any combination therecof.
In the embodiment shown in FIG. 1, the new keyframe 111 may be stored as one of the
keyframe(s) 114 within the memory 112. One or more keyframes 114 associated with
the sequence of image frames 104 may be stored in the memory 112 during operation of
the camera 102. In a particular embodiment, a number of the multiple keyframes 114 is
fewer than a total number of image frames in the sequence of image frames 104. The
multiple keyframes 114 may provide multiple reference image frames to refine camera
poses from different relative positions around the scene. In a particular embodiment,
each of the keyframes 114 in the memory 112 is available to be selected and used in a
comparison by the comparator 108 as a reference image frame. For example, in some
implementations, the memory 112 may include multiple keyframes 114 and a most
similar keyframe of the stored multiple keyframes 114 may be selected to be used in a
comparison with a particular image frame of the sequence of image frames 104, as
described further herein with reference to FIG. 2. Additionally or alternatively, the one
or more keyframes 114 stored in the memory 112 and corresponding to the set of

sequence of image frames 104 may include each keyframe generated based on the
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sequence of images 104 or may include fewer than all of the keyframes 114 associated
with the sequence of image frames 104. For example, the one or more keyframes 114
may include a particular number of keyframes, such as a number of most recently
generated keyframes such that the one or more keyframes 114 do not incur a large

memory footprint.

[0038] As new keyframes 111 are generated and as additional image frames are
received from the camera 102, the processor 106 may generate point cloud data 116. In
a particular embodiment, the point cloud data 116 includes data regarding points (e.g.,
coordinates) in a 3D space, such as a collection of coordinates (e.g., x, y, and z
coordinates or other coordinates) or equations to represent a particular shape.
Generation of the point cloud data 116 is further described with reference to FIG. 3. In
an illustrative embodiment, the point cloud data 116 may be generated based on data
included in one or more image frames in the sequence of image frames 104, one or more
keyframes stored in the memory 112, camera pose information computed by the
processor 106 as described herein with reference to FIG. 2, or any combination thereof.
For example, the point cloud data 116 may be generated in real time or near-real time
relative to capture of the sequence of image frames 104, and, in an illustrative
embodiment, the point cloud data 116 may be used during generation of a three-
dimensional (3D) model of one or more objects captured by the camera 102, as further
described herein. In a particular embodiment, the 3D model is generated based on
interpolating the point cloud data 116, such as using the coordinates to identify points in

3D space that are a part of the 3D model.

[0039] During operation, the processor 106 may receive the first image frame 121 of the
sequence of image frames 104 from the camera 102. The processor 106 may generate a
first keyframe (e.g., the first keyframe of the one or more keyframes 114) based on the
first image frame 121 since the first image frame 121 is the first (e.g., initial) image
frame of the sequence of image frames 104, and thus no keyframe associated with the
sequence of image frames 104 is stored in the memory 112. Generating the first
keyframe may include down sampling the first image frame 121 to generate a lower
resolution (e.g., QVGA) version of the first image frame 121 than a resolution at which

the first image frame 121 was captured.
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[0040] After receiving the first image frame 121, the processor 106 may receive the
second image frame 122 from the camera 102. The processor 106 may determine the
overlap ratio 109 between the second image frame 122 and the first keyframe. The
overlap ratio 109 may be based on a pixel-by-pixel comparison of pixel values (e.g., a
color value, an intensity value, or any combination thereof) of the second image frame
122 and corresponding pixel values of the keyframe 114. In some implementations, a
particular resolution of the second image frame 122 used to determine the overlap ratio
109 may be the same resolution as the first keyframe (e.g., both are QVGA). In other
implementations, the particular resolution of the second image frame 122 used to
determine the overlap ratio 109 may be different than the resolution of the first
keyframe and one or more pixel values of the second image frame 122 and/or the first
keyframe may be interpolated to perform a pixel-by-pixel comparison to generate the

overlap ratio 109.

[0041] The overlap ratio 109 may be compared to the overlap ratio threshold 131 and,
based on a determination that the second image frame 122 is not substantially similar to
the keyframe 114, the second image frame 122 may be used to generate a new keyframe
111 for storage in the memory 112. Alternatively, when the second image frame 122 is
determined to substantially similar to the keyframe 114 based on the comparison, the
second image frame 122 may not be used to generate a new keyframe 111. Generating
the new keyframe 111 based on the second image frame 122 may include down
sampling the second image frame 122 to generate a lower resolution (e.g., QVGA)
version of the second image frame 122, or using a previously down-sampled version of

the second image frame 122.

[0042] The system 100 in FIG. 1 may be used to selectively generate keyframes, such
that the number of generated keyframes is less than the number of image frames of the
sequence of image frames 104. Additionally, processing of the image frames to identify
the keyframes may be performed at a reduced resolution as compared to a particular
resolution of a received image of the sequence of image frames 104. By using a lower
resolution to generate the keyframes 114, the generation of the point cloud data 116 and
other processing operations may be performed in real time or in near-real time relative
to the speed at which the sequence of image frames 104 is captured. Thus, the system

of FIG. 1 may be used to generate point cloud data and/or a 3D model in real time, or
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near real time, relative to a rate of capturing of the sequence of image frames 104.

[0043] Referring to FIG. 2, another particular embodiment of a system 200 that is
operable to selectively generate keyframes is shown. The system 200 includes a camera
202, a processor 206, and a memory 212. The processor 206 includes an image frame
buffer 207, one or more camera pose estimators 208, one or more comparators 220, and
a keyframe generator 210. The image frame buffer 207 may correspond to a cache
and/or disk-based memory that is configured to receive a sequence of image frames 204
from the camera 202. Image frames from the image frame buffer 207 may be provided
to the one or more camera pose estimators 208 such that multiple frames (e.g., a first
image frame 221 and a second image frame 222) may be provided concurrently to the

one or more camera pose estimators 208.

[0044] The one or more camera pose estimators 208 may generate camera pose
information for one or more image frames in the sequence of image frames 204 and/or
one or more keyframes generated by the keyframe generator 210. In some
embodiments, the keyframe generator 210 may correspond to the keyframe generator
110 of FIG. 1. A camera pose estimate may be an approximation of a relative position
(e.g., a coordinate associated with a difference of position relative to an initial position,
such as an “origin” coordinate position) and orientation (e.g., an angle associated with a
difference relative to an initial angle, such as an “origin” angle) of the camera 202
during the capture of a particular image frame. In a particular embodiment, one or more
camera poses are estimated independent of location data, such as global positioning
satellite (GPS) data, that associates the particular image frame with a particular location
(e.g., geotagging). The camera pose estimate, in conjunction with the pixel values of a
particular image frame, may be used to generate point cloud data 216. The point cloud
data 216 may correspond to the point cloud data 116 of FIG. 1. In an illustrative
embodiment, the one or more camera pose estimators 208 estimate a camera pose for a
particular image frame based on a comparison between multiple image frames (e.g., the
first image frame 221 and the second image frame 222). For example, the one or more
camera pose estimators 208 may compare low resolution (e.g., QQVGA resolution, i.e.,
160x120) versions of image frames in the sequence of image frames 204. Based on the
comparison of the low resolution versions of the image frames, the one or more camera

pose estimators 208 may generate a camera pose estimate 250. As described herein, the
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camera pose estimate 250 corresponds to the latter of the two image frames (e.g., the
second image frame 222). To illustrate, the first image frame 221 of the sequence of
image frames 204 may be used as an “origin” and each subsequent image frame of the
sequence of image frames 204 may have a corresponding camera pose that is
determined relative to the first image frame 221 (e.g., the “origin™). For example, a
camera pose associated with the first image frame 121 may be represented as a
reference point (e.g., point zero) having a relative angle of zero. In this example,
subsequent camera pose estimates may be represented as a coordinate indicating relative
motion in real space (e.g., (X,y,z) coordinates indicating an approximate change in
distance) and an angle indicating a relative change in tilt of the camera 102 (e.g., 10°

change in angle).

[0045] In an illustrative embodiment, generating a camera pose estimate 250
corresponding to the latter (e.g., later received and/or generated) of the two image
frames includes generating a warped frame by warping (i.e., transforming) the latter
captured frame based on relative motion of the camera 202 and an object (and/or a
scene) being captured by the camera 202 between the two image frames. The latter
captured frame is warped to become more similar to the earlier captured image frame as

described herein with reference to FIG. 6.

[0046] In a particular embodiment, the camera pose estimate 250 generated by the one
or more camera pose estimators 208 based on an image frame to image frame
comparison may correspond to an “initial” camera pose. The camera pose estimate 250
may be “initial” by virtue of having been generated based on a low resolution (e.g.,
QQVGA) operation. The “initial” camera pose may be refined during a subsequent
operation. In some embodiments, the “initial” camera pose estimate may be “initial”
relative to a particular image frame, where subsequent image frames may have their
own respective “initial” camera pose estimate. The one or more comparators 220 may
select a most similar keyframe from the keyframes 214 using the keyframe selector 242,
as described further herein. In some embodiments, the keyframe selector 242 uses the
camera pose estimate 250 to select an identified keyframe 252, where the identified
keyframe 252 is the most similar keyframe with respect to the camera pose estimate
250. The identified keyframe 252 (or an indication thereof) may be provided to the

camera pose estimators 208.
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[0047] The camera pose estimators 208 may receive the identified keyframe 252 and
may refine an initial camera pose estimate, such as the camera pose estimate 250. For
example, the camera pose estimators 208 may be configured to estimate a refined
camera pose 256 corresponding to an image frame by comparing a QVGA version of
the image frame to a QVGA resolution version of the identified keyframe 252
corresponding to a preceding image frame in the sequence of image frames 204. In
some embodiments, the one or more comparators 220 may correspond to the comparator

108 of FIG. 1.

[0048] To illustrate, after an initial camera pose estimate corresponding to one of the
image frames in the sequence of image frames 204 is determined, the one or more
camera pose estimators 208 may generate a refined camera pose estimate 256
corresponding to the image frame by comparing that image frame to a keyframe 214
previously generated by the keyframe generator 210 and stored in the memory 212, such
as a most recently generated keyframe or a most similar keyframe, such as the identified
keyframe 252). The memory 212 may correspond to the memory 112 of FIG. 1.
Determining an initial camera pose estimate 250 for the image frame 223 may include
comparing the image frame 223 to a preceding image frame, such as the image frame
222 or another image frame. The one or more comparators 220 include a keyframe
selector 242 configured to select the keyframe 214 from the memory 212. In some
embodiments, the keyframe selector 242 may select the keyframe 214 based on
similaritics between the camera pose estimate 250 and a corresponding camera pose
estimate of a particular keyframe of the one or more keyframes 214. In some
embodiments, the similarity between the camera pose estimate 250 and the
corresponding camera pose estimate of the particular keyframe may be based on a
comparison between relative locations, orientations, or a combination thereof (e.g.,

coordinates and angles).

[0049] For example, to identify the most similar keyframe with respect to the camera
pose estimate 250, the keyframe selector 242 may compare a relative position (e.g., a
coordinate) and an orientation (e.g., an angle) of the camera pose estimate to one or
more camera poses associated with the keyframes 214. To illustrate, each keyframe of
the keyframes 214 may be associated with a camera pose that corresponds to a

particular image frame of the sequence of image frames 204 used to generate the
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keyframe. For example, a first keyframe may be associated with the “origin”, as
described above. A second keyframe may be generated based on a particular image
frame that is subsequent to the first image frame 221 and the second keyframe may be

associated with a camera pose of the particular keyframe.

[0050] The keyframe selector 242 may identify a similar keyframe (or a most similar
keyframe) of the keyframes 214 based on a relative position and/or a relative angle of
the camera pose estimate 250. For example, the keyframe selector 242 may determine a
first difference between the relative position of the camera pose estimate 250 and a
relative position of a particular camera pose associated with a particular keyframe.
Additionally or alternatively, the keyframe selector 242 may determine a second
difference between the relative angle of the camera pose estimate 250 and a relative
angle of the particular camera pose. The keyframe selector 242 may determine a first
difference and/or a second difference for each of the keyframes 214 and may select the
keyframe that results in the smallest difference value (e.g., smallest difference in
relative position and/or smallest difference in relative angle) as the most similar

keyframe.

[0051] As another example, the keyframe selector 242 may iteratively compare the
camera pose estimate 250 to a set of one or more keyframes (of the keyframes 214) until
the keyframe selector 242 identifies a particular keyframe that satisfies a relative
position threshold and/or a relative distance threshold. For example, the keyframe
selector 242 may determine the first difference and/or the second difference for a first
keyframe (e.g., a most recently generated keyframe). The keyframe selector 242 may
compare the first difference to the relative position threshold and/or may compare the
second difference to the relative angle threshold. If the first difference satisfies (is less
than or equal to) the relative position threshold and/or if the second difference satisfies
(is less than or equal to) the relative angle threshold, the keyframe may be identified as
being similar (e.g., the most similar) to the camera pose estimate 250 and the camera
pose estimate 250 may not be compared to another keyframe (e.g., a keyframe
generated prior to the most recently generated keyframe). If none of the set of one or
more keyframes satisfies the relative position threshold and/or the relative angle

threshold, a most similar keyframe is not selected and the keyframe generator 201 may
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be instructed to generate a new keyframe based on the image frame that corresponds to

the camera pose estimate 250.

[0052] Generating the refined camera pose estimate 256 for the image frame 223 may
involve comparing the image frame 223 to the particular keyframes stored in the
memory 212, such as the keyframe that has a camera pose most similar to that of the
camera pose estimate 250 corresponding to the image frame 223. In some
embodiments, each keyframe of the one or more keyframes 214 is associated with a

corresponding refined camera pose estimate 256.

[0053] The one or more comparators 220 may perform a pixel-by-pixel comparison of a
QVGA resolution version of a particular image frame in the sequence of image frames
204 to the most similar keyframe in the memory 212. Based on the comparison of the
particular image frame to the keyframe, the one or more comparators 220 may generate
an overlap ratio 209 and provide the overlap ratio 209 to the keyframe generator 210.
The keyframe generator 210 may compare the overlap ratio 209 to the overlap ratio
threshold to determine whether the particular image frame and the keyframe are similar
(e.g., no new keyframe is to be generated) or whether the particular image frame and the
keyframe are dissimilar (e.g., an additional keyframe is to be generated). For example,
when the particular image frame and the keyframe are dissimilar, the keyframe
generator 210 may generate a new keyframe 211. In some embodiments, the overlap
ratio 209 and the overlap ratio threshold correspond to the overlap ratio 109 and the

overlap ratio threshold 131 of FIG. 1, respectively.

[0054] The overlap ratio 209 may be generated by the one or more comparators 220
based on the warped comparison described herein. Alternatively, the camera pose
estimate 250 may be generated based on warping the image frame to become more
similar to an earlier captured (or generated) keyframe, as described herein. In another
alternative embodiment, the overlap ratio 209 may be generated based on a comparison
between the refined camera pose estimate 256 and corresponding camera pose estimates
of the keyframes 214. The overlap ratio 209 may be expressed in terms of percentage,
number of pixels, or in some other fashion. The one or more comparators 220 may
determine a pixel intensity error, where the pixel intensity error indicates a difference in
pixel intensity between one or more pixels of the warped frame and one or more pixels

of the prior captured frame in the pair of image frames (or one of the keyframes 114).
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The one or more camera pose estimators 208 may then determine a depth error that
indicates a difference of depth between the one or more pixels of the warped frame and
the one or more pixels of the prior captured frame (or the prior keyframe). An example
of determining pixel intensity and depth errors is further described with reference to
FIG. 7. The pixel intensity error and depth error may be used to estimate the camera

pose for the latter captured image frame.

[0055] In a particular embodiment, initial camera pose information may be generated by
a first thread of the processor 206, and refined camera poses may be estimated by a
second processing thread of the processor 206. The first processing thread and the
second processing thread may be executed by the processor 206 in parallel (e.g.,
concurrently). The first processing thread may include or correspond to a first
processing core of the processor 206 and the second processing core may include or
correspond to a second processing core of the processor 206. Parallel processing
enables the second processing thread to execute operations to refine camera poses
without interrupting the initial estimation of camera poses as described above. In an
illustrative embodiment, the one or more camera pose estimators 208 are configured to
be executed by different processing threads of the processor 206. The different
processing threads may be executed in parallel in multiple processor cores and/or in a
time multiplexed fashion in a single processing core. Although the first and second
processing threads are described as being included in a single processor (e.g., the
processor 206), in other implementations the first processing thread may be included in
a first processor and the second processing thread may be included in a second

processor that is distinct from the first processor.

[0056] The one or more camera pose estimators 208 may perform comparisons between
image frames (e.g., the first image frame 221 and the second image frame 222) or
between an image frame (e.g., the second image frame 222) and a keyframe (e.g., one of
the keyframes 214). For example, the one or more camera pose estimators 208 may
compare, pixel-by-pixel or in some other fashion, pairs of consecutive image frames in
the sequence of image frames 204. To illustrate, the one or more camera pose
estimators 208 may compare the first image frame 221 and the second image frame 222.
In a particular embodiment, the image frame to image frame comparison performed by

the one or more camera pose estimators 208 may be independent of (e.g., not based on)



WO 2016/043827 PCT/US2015/038582

-20 -

landmarks or other such features (e.g., edges, vertices, etc.), but may rather be
performed on a per-pixel basis. Thus, the one or more camera pose estimators 208 may
perform a pixel-by-pixel comparison instead of searching for landmarks in image
frames in the sequence of image frames 204. Results of the comparison performed by
the one or more camera pose estimators 208 may be provided as the camera pose

estimate 250 to the one or more comparators 220.

[0057] During operation, the camera pose estimator 208 may generate camera pose
information, and the keyframe generator 210 may generate new keyframes 211, as
applicable. The processor 206 may use such information to the generate point cloud
data 216 in real time or in near-real time relative to the capturing of the sequence of
image frames 204. In a particular embodiment, each of the camera poses generated by
the one or more camera pose estimators 208 indicates an approximation of the
positioning of the camera 202 corresponding to a particular time when a corresponding
image frame in the sequence of image frames 204 was captured. The processor 206
may receive one or more additional image frames in the sequence of image frames 204
from the camera 202 and may update the point cloud data 216, e.g. a three-dimensional
point cloud, based on the one or more additional image frames. In a particular
embodiment, a rate of updating the three-dimensional point cloud is substantially equal
to a rate of receiving the one or more additional image frames. The first processing
thread may be configured to process QQVGA image frames at a sufficient rate to
operate during capture of the sequence of image frames 204. Thus, the point cloud data
216 may be updated in real time or in near-real time relative to the image capture
operations of the camera 202. An example of such real time or near-real time

generation of point cloud data is further illustrated with reference to FIG. 3.

[0058] Thus, the system of FIG. 2 may process multiple resolutions of frames and
selectively generate keyframes and update point cloud data to perform near-real time or
real time operation at a point cloud/3D model generation device. In an illustrative
embodiment, each of the image frames captured by the camera 202 are high resolution
image frames (e.g., HD resolution), the keyframes 214 stored in the memory 212 are
medium resolution frames (e.g., QVGA frames), and the image-frame-to-image-frame
comparisons performed by the one or more camera pose estimators 208 are performed at

a low resolution (e.g., QQVGA resolution). In an illustrative embodiment, the QVGA
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and the QQVGA versions of the image frames in the sequence of image frames 104 may

be generated based on downsampling, resizing, or other techniques.

[0059] Referring to FIG. 3, an illustrative embodiment of operation of the system 100
of FIG. 1 or the system 200 of FIG. 2 is shown and generally designated 300. In FIG. 3,
an image capture device 302, such as the camera 102 of FIG. 1 or the camera 202 of
FIG. 2, is moved along a path 304 (e.g., an arc) about an object 310, such as a cup as
shown in FIG. 3. During the movement of the image capture device 302 along the path,
the image capture device 302 is located at various positions illustrated in FIG. 3 by
camera poses 306A, 306B, 306C, 306D, 306E, and 306F. It should be noted that the
number, separation, and orientation of the camera poses 306A-F shown in FIG. 3 are
shown for illustration only, and are not to be considered limiting. For example, more

camera poses or fewer camera poses may be used.

[0060] The path 304 may be of any configuration, based on how the image capture
device 302 is moved around the object 310. As the image capture device 302 is moved
along the path 304 from a position associated with the camera pose 306A to a position
associated with the camera pose 306F, a 3D point cloud of the object 310 may be
generated in real time or near-real time, as described above with reference to FIG. 1 and
FIG. 2. For example, at the camera pose 306A, which represents an initial camera pose
of the image capture device 302 at a first position along the path 304, a first partial 3D
point cloud 310A may be generated at the image capture device 302, as shown at 307A.
As the image capture device 302 continues to move along the path 304, additional data
may be captured and used to add points to the partial 3D point cloud. For example,
when the computing device 302 has moved along the path 304 to a position associated
with the camera pose 306D, a more complete 3D point cloud 310D may be generated, as
shown at 307D. After the image capture device 302 reaches a position associated with
the camera pose 306F, a completed 3D point cloud 310F may be generated, as shown at

307F.

[0061] Thus, FIG. 3 illustrates near-real-time or real-time generation of 3D point cloud
data based on motion of the image capture device 302 using images captured by the
image capture device 302. Completeness of the 3D point cloud data may depend on the
number of images captured and the positioning of the image capture device 302. For

example, during generation of the 3D point cloud data, the 3D point cloud data may be
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incomplete (e.g., before the image capture device 302 reaches the position associated
with the camera pose 306F), which may lead to generation of an incomplete 3D
representation of the object 310 if additional 3D point cloud data is not gathered. To
illustrate, if the image capture device 302 does not capture images of the object 310
from all visible angles of the object 310, a 3D representation of the object 310 may be
incomplete. In this case, more images may need to be captured by the image capture

device 302 to complete or fill in gaps in the 3D representation of the object 310.

[0062] Referring to FIG. 4, a diagram 400 related to the system 100 of FIG. 1 or to the
system 200 of FIG. 2 is shown. In FIG. 4, different operational levels or processing
threads are shown horizontally. FIG. 4 includes an image capture/retrieval level, a first
operating mode/processing thread, a second operating mode/processing thread, and a
memory operation level. In an illustrative embodiment, the image capture/retrieval
level corresponds to operations performed by the camera 102 of FIG. 1, the camera 202,
the image capture device 302, or a combination thereof. The first operation
mode/processing thread may correspond to operations performed by the comparator 108
of FIG. 1 or by the comparator(s) 220 of FIG. 2. The second operating mode/processing
thread may correspond to operations performed by the one or more comparators 220 of
FIG. 2. The memory may correspond to the memory 112 of FIG. 1 or to the memory
212 of FIG. 2.

[0063] As shown in FIG. 4, different operational segments may involve processing
image data that has different resolutions, such as HD, QQVGA, and QVGA resolutions.
In the embodiment of FIG. 4, the image capture/retrieval level receives, generates
and/or processes high resolution (HD) data, the first operating mode/processing thread
receives, generates and/or processes low resolution (e.g., QQVGA) data, and the second
operating mode/processing thread receives, generates and/or processes medium
resolution (e.g., QVGA) data. For example, the image capture/retrieval level may
receive a sequence of image frames (e.g., source frame:0, source frame:1, source
frame:2, and source frame:3 in FIG. 4) over a period of time. The first operating
mode/processing thread may down sample each of the source frames to generate a
corresponding frame (e.g., frame:0, frame:1, frame:2, and frame:3 in FIG. 4) for use in
camera pose estimation. Similarly, the second operating mode/processing thread may

down sample at least some of the source frames to generate a corresponding frame (e.g.,
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frame:1” in FIG. 4) for keyframe generation. Alternatively, the second operating
mode/processing thread may use source frames at full resolution (e.g., HD) for
keyframe generation. In a particular embodiment, down sampled versions of the source
frames may be provided to the first operating mode/processing thread, the second
operating mode/processing thread, or both, from another processing thread or from

another device (e.g., a device that provides the sequence of image frames).

[0064] When a first frame (e.g., a first image frame in a sequence of image frames),
such as source frame:0, is captured or received, the first frame may automatically be
used to generate a keyframe, such as keyframe:0. In an illustrative embodiment,
generation of keyframe:0 includes making a QVGA resolution copy of the source
frame:0 and storing the QVGA resolution copy of the source frame:0 at a memory. As
shown in the first operating mode/processing thread, each of the source frames
corresponds to a QQVGA frame that may be compared to a preceding QQVGA frame.
For example, as shown in FIG. 4, a camera pose for frame:1 may be determined based
on a comparison of frame:1 with frame:0. Similarly, a camera pose for frame:2 may be
generated based on a comparison of frame:2 with frame:1, a camera pose for frame:3
may be generated based on a comparison of frame:3 with frame:2, etc. In an illustrative
embodiment, the camera pose information may be generated as described with reference
to the one or more camera pose estimators 208 of FIG. 2 and may be stored in the

memory.

[0065] The second operating mode/processing thread involves refining camera poses
determined by the first operating mode/processing thread, as described with reference to
the one or more camera pose estimators 208 of FIG. 2 and determining whether a new
keyframe should be generated, as described with reference to the keyframe generator
110 of FIG. 1 or the keyframe generator 210 of FIG. 2. For example, as shown in FIG.
4, frame:1 at a QVGA resolution is compared to keyframe:0 to determine an overlap
ratio, such as the overlap ratio 109 of FIG. 1 or the overlap ratio 209 of FIG. 2. Based
on a comparison of frame:1 with keyframe:0, the camera pose determined with respect
to the QQVGA version of frame:1 may be refined to create a refined camera pose
estimate, as described with reference to FIG. 2. The refined camera pose estimate is
then used to update the camera pose estimate, associated with the particular frame

generated by the first operating mode/processing thread. For example, the camera pose
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estimate for frame:1 is updated to reflect the corresponding refined camera pose
estimate. Further, when a comparison of the generated overlap ratio to an overlap ratio
threshold, such as the overlap ratio 131 of FIG. 1, indicates that frame:1 is dissimilar to
keyframe:0, a new keyframe may be generated and stored in the memory, as described
with reference to FIGs. 1 and 2. In the embodiment shown in FIG. 4, a new keyframe is
not generated because the comparison of the overlap ratio to the overlap ratio threshold

indicates that frame:1 is similar to keyframe:0.

[0066] Referring to FIG. 5, a diagram 500 illustrating a continuation of operations
described with reference to FIG. 4 is shown. In FIG. 5, additional HD source frames
have been received from the image capture device. For example, as shown in FIG. 5, a
source frame:4, a source frame:5, and a source frame:6 have been received. In the first
operating mode/processing thread, consecutive pairs of image frames are compared to
generate initial camera pose information. Selected QVGA processing is performed by
the second operating mode/processing thread. For example, in FIG. 5, frame:2 is
compared to frame:1 to generate an initial camera pose for frame:2. However, frame:2
is not compared at the QVGA resolution, because the comparison illustrated in FIG. 4
between the QVGA resolution of frame:1 and the QVGA resolution of keyframe:0 takes
additional processing time due to the higher resolution. Accordingly, the second
processing thread may be unable to compare new frames until the first comparison is
completed. Thus, in the example of FIG. 5, the second operating mode/processing
thread processes frame:3, not frame:2, after processing frame:1. As described with
reference to FIG. 4, keyframe:0 may be compared to frame:3 to determine an overlap
ratio and whether the overlap ratio satisfies or does not satisfy the overlap ratio
threshold. When the comparison indicates that keyfram:0 and frame:3 are dissimilar, a
new keyframe may be generated. For example, as shown in FIG. 5, frame:3 is
sufficiently different from keyframe 0, so a new keyframe, denoted keyframe:1, is
generated based on frame:3. The camera pose estimate associated with frame:3 may be
updated to reflect the refined camera pose estimate associated with frame:3 for use in

future comparisons in the first operating mode/processing thread.

[0067] Referring to FIG. 6, a diagram 600 illustrating a continuation of operations
described with reference to FIGs. 4 and 5 is shown. In FIG. 6, additional HD source

frames have been received from the image capture device. For example, as shown in
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FIG. 6, a source frame:n, a source frame:n+1, a source frame n+2, and a source
frame:n+3 have been received, where n may be any non-negative integer. In the first
operating mode/processing thread, consecutive pairs of image frames are compared to
generate initial camera pose information. Selected QVGA processing is performed by
the second operating mode/processing thread. For example, in FIG. 6, frame:n—+1 is
compared to frame:n to generate an initial camera pose for frame:n+1. As described
with reference to FIGs. 4 and 5, keyframe:0 to keyframe:m, where m is a non-negative
integer, may be compared to frame:n+1 to determine an overlap ratio associated with
frame:n+1. For example keyframe:0 may be compared to frame:n+1 to determine a first
overlap ratio, keyframe:1 may be compared to frame:n+1 to determine a second overlap
ratio, and keyframe:m may be compared to frame:n+1 to determine a third overlap ratio.
The second operating mode/processing thread is configured to determine a most similar
keyframe from keyframe:0 to keyframe m based on the camera pose estimated in the
first operating mode/processing thread. In a particular implementation, the most similar
keyframe is selected based on a highest overlap ratio value identified from among the
first to third overlap ratios. If the highest overlap ratio value does not satisfy the overlap
ratio threshold, a new keyframe may be generated. For example, as shown in FIG. 5,
frame:n+1 is sufficiently different from keyframe:0 to keyframe:m (such that the
overlap ratio does not satisfy the overlap ratio threshold), so a new keyframe, denoted
keyframe:m+1, is generated based on frame:n+1. The camera pose estimate associated
with frame:n+1 may be updated to reflect the refined camera pose estimate associated
with frame:n+1 for use in future comparisons in the first operating mode/processing

thread.

[0068] Referring to FIG. 7, a particular embodiment of a method of performing
operations including determining a frame error as part of estimating a camera pose is
shown and generally designated 700. For example, the operations may be performed by
the one or more comparators 220 of FIG. 2 and/or the first processing thread of FIGs. 4-
6. In the embodiment of FIG. 7, a reference image 702 is compared to a “current”
image 704. The “current” image 704 may be the image for which camera pose
information is being estimated. Thus, the “current” image 704 may correspond to a
most recently captured image frame. The reference image 702 may correspond to a
previously captured image frame or to a keyframe generated/stored based on a

previously captured image frame. To illustrate, referring to FIG. 5, the current image
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704 may correspond to frame:3 and the reference image 702 may correspond to frame:2
or keyframe:0. As another example, the current image 704 may correspond to frame:6

and the reference image 702 may correspond to frame:5 or keyframe:1.

[0069] As shown in FIG. 7, the current image 704 may be warped to generate a warped
current image 706. The current image 704 may be warped such that the warped current
image 706 closely approximates the reference image 702 after the warping process is
complete. The reference image 702 may be compared to the warped current image 706.
For example, a subtraction operation may be performed between the reference image
702 and the warped current image 706 to generate an error image 708. The error image
708 indicates pixel intensity and/or depth error between the reference image 702 and the
warped current image 706. The pixel intensity and the depth error may be used in a cost

function C that may be represented by the following equation:

1 1
¢= ZE |15 (n(T(e)®P,)) — 11(7T(P1))]2 +5 (T~ (e)®P, — P)TA, ]2

[0070] In the above equation, / represents a pixel intensity image corresponding to a
particular image frame. The variable P represents a measured 3D point from a depth
image corresponding to the particular image frame. The variable z represents a normal
(e.g., a normal value) from the depth image. The function () represents a camera
projection model. The variable e represents a 6x1 vector in Euclidian se(3) space. The
function 7(g) represents a transformation from se(3) to SE(3) space. The function

T(e)®P applies the SE(3) transformation to a particular point.

[0071] The result of the cost function C may be compared to a cost threshold by the one
or more comparators 220 of FIG. 2. If the result satisfies the cost threshold, the one or
more camera pose estimators 208 may generate a camera pose estimate and associate
the camera pose estimate with the current image 704. If the result does not satisfy the
cost threshold, the current image 704 is warped again to generate a revised warped

current image 706 to reduce the pixel intensity and/or depth error.

[0072] Referring to FIG. 8, a method 800 for generating a new keyframe based on a
sequence of image frames is illustrated. In an illustrative embodiment, the method 800

may be performed by the processor 106 of FIG. 1 or the processor 206 of FIG. 2.
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[0073] The method 800 includes receiving a first image frame of a sequence of image
frames, at 802. For example, the sequence of image frames may be captured by an
image capture device, such as the camera 102 of FIG. 1, the camera 202 of FIG. 2, or
the image capture device 302 of FIG. 3. The method 800 further includes determining
an overlap ratio between the first image frame and a keyframe, at 804. The
determination of the overlap ratio is based on a pixel-by-pixel comparison of first pixel
values of the first image frame and second pixel values of the keyframe. For example,
the determination of the overlap ratio may be performed by the comparator 108 of FIG.
1 or the one or more comparators 220 of FIG. 2. The overlap ratio may be associated
with a ratio, a value, or a percentage of pixels that are similar between the first image
frame and the keyframe. Alternatively, the overlap ratio may be associated with a ratio,
a value, or a percentage of pixels that are dissimilar between the first image and the

keyframe image.

[0074] The method 800 also includes comparing the overlap ratio to an overlap ratio
threshold, at 806. For example, the comparison may be performed by the keyframe
generator 110 of FIG. 1 or the keyframe generator 210 of FIG. 2. The method 800
further includes generating a new keyframe using the first image frame based on the
overlap ratio not satisfying the overlap ratio threshold, at 808. For example, when the
overlap ratio threshold corresponds to a threshold ratio, a threshold value or a threshold
percentage of pixels to be similar between the first image frame and the key, the overlap
ratio threshold may be satisfied when the comparison indicates the overlap ratio is
greater than or equal to the overlap ratio threshold. As another example, when the
overlap ratio threshold corresponds to a threshold ratio, a threshold value or a threshold
percentage of pixels to be dissimilar between the first image frame and the key, the
overlap ratio threshold may be satisfied when the comparison indicates the overlap ratio
is less than or equal to the overlap ratio threshold. The new keyframe may be the new
keyframe 111 stored in the memory 112 of FIG. 1 or the new keyframe 211 store in the
memory 212 of FIG. 2. The method 800 of FIG. 8 may thus enable selective generation
of keyframes, enabling the number of generated keyframes to be fewer than a captured
number of image frames. By generating fewer keyframes, generation of point cloud
data and other processing operations may be performed faster (e.g., in real time or near

real time relative to a speed at which image frames are being captured).
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[0075] Referring to FIG. 9, a method 900 for refining a camera pose estimate of an
image frame is illustrated. In an illustrative embodiment, the method 900 may be

performed by the processor 106 of FIG. 1 or the processor 206 of FIG. 2.

[0076] The method 900 includes receiving a first image frame and a second image
frame, at 902. The first and second image frames may be received from an image
capture device, such as the camera 102 of FIG. 1, the camera 202 of FIG. 2, or the
image capture device 302 of FIG. 3. The method 900 includes calculating a camera
pose estimate of the second image frame using the first image frame at a low resolution
(e.g., QQVGA resolution), at 904. Generation of the camera pose estimate may be
performed by the one or more camera pose estimators 208 of FIG. 2. The camera pose
estimate may include or may be based on information resulting from a comparison of
the first image frame and the second image frame that may be performed by the one or
more comparators 220 of FIG. 2. The method 800 further includes calculating an
overlap ratio between the first image frame and a keyframe, at 806. The overlap ratio
may be calculated at the comparator 108 of FIG. 1 or the one or more comparators 220

of FIG. 2.

[0077] The method 900 also includes determining whether the overlap ratio is greater
than an overlap ratio threshold, at 908. The determination may be performed by the
keyframe generator 110 of FIG. 1 or the keyframe generator 210 of FIG. 2. If the
overlap ratio is greater than the overlap ratio threshold (e.g., the first frame and the
keyframe are relatively similar) the method 900 includes refining the camera pose
estimate of the second image frame using the keyframe at a medium resolution (e.g.,
QVGA resolution), at 910. After refining the camera pose estimate of the second image
frame, the method 900 is repeated with a new set of image frames, without generating a
new keyframe based on the first image frame. In a particular embodiment, the new set
of image frames includes the second image frame and a third image frame that is

subsequent to the second image frame.

[0078] If the overlap ratio is less than the overlap ratio threshold, the method 900
includes refining the camera pose estimate of the second image frame using the first
image frame at the medium resolution (e.g., QVGA resolution), at 912. In some
implementations, when the overlap ratio is determined to be equal to the overlap ratio

threshold, at 908, the method may advance to 910. In other implementations, when the
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overlap ratio is determined to be equal to the overlap ratio threshold, at 908, the method
may advance to 912. The method 900 further includes generating a new keyframe
based on the first image frame and storing the camera pose estimate to memory, such as
the memory 112 of FIG. 1 or the memory 212 of FIG. 2, at 914. After generating the
new keyframe, the method 900 may be repeated with a new set of image frames. Ina
particular embodiment, the new set of image frames includes the second image frame
and a third image frame that is subsequent to the second image frame. When no

additional image frames are received, the method 900 may terminate.

[0079] Referring to FIG. 10, a method 1000 for setting a camera pose estimate for a
particular image frame is illustrated. In an illustrative embodiment, the method 1000

may be performed by the processor 106 of FIG. 1 or the processor 206 of FIG. 2.

[0080] The method 1000 includes computing a normal of each pixel of a subset of
pixels of a first image frame, at 1002. The normal of each pixel is a vector that
indicates a direction perpendicular to a tangential plane corresponding to each pixel.
The subset of pixels may include a down-sampled or resized copy of the first image
frame, such as a low resolution (e.g., QQVGA resolution) copy of the first image frame
having a high resolution (e.g., HD). The method 1000 also includes warping the first
image frame and comparing corresponding pixels of a resulting warped image frame to
a second image frame (or keyframe), at 1004. For example, the first image frame may
correspond to the “current” image 704 of FIG. 7, the second image frame may
correspond to the reference image 702 of FIG. 7, and the warped image frame may
correspond to the warped current image 706 of FIG. 7. The method 1000 further
includes calculating pixel intensity error and depth error between a warped first image
frame and the second image frame (or keyframe), at 1006. The pixel intensity error or

the depth error may be depicted by the error image 708 of FIG. 7.

[0081] The method 1000 further includes calculating a cost function based on the pixel
intensity error and the depth error, at 1008. The cost function may be represented by the
equation described herein with respect to FIG. 7. The method 1000 further includes
determining whether the result of the cost function satisfies a cost threshold, at 1010. If
the result does not satisfy the cost threshold, the method 1000 returns to 1004 and the
first image frame is warped again. If the result satisfies the cost threshold, the camera

pose estimate is set, at 1012,
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[0082] Referring to FIG. 11, a method 1100 for estimating a camera pose and estimating
a refined camera pose is illustrated. The method 1100 includes retrieving a first image
frame of a sequence of image frames, at 1102. The sequence of image frames may be
captured with an image capture device, such as the camera 102, the camera 202, or the
image capture device 302. The method 1100 also includes estimating a camera pose
corresponding to the first image frame by comparing the first image frame to a second
image frame, at 1104, where the second image frame precedes the first image frame in
the sequence of image frames. In one embodiment, estimating the camera pose may be
performed by the one or more camera pose estimators 208 of FIG. 2, the first operating
mode/processing thread of FIGs. 4-6, or any combination thereof. The method 1100
further includes estimating a refined camera pose corresponding to the first image frame
by comparing the first image frame to a keyframe, at 1106. The keyframe may
correspond to a particular image frame that precedes the second image frame in the
sequence of image frames. In one embodiment, estimating the refined camera pose may
be performed by the one or more camera pose estimators 208 of FIG. 2, the second

operating mode/processing thread of FIGs. 4-6, or any combination thercof

[0083] The method 800 of FIG. 8, the method 900 of FIG. 9, the method 1000 of FIG.
10, the method 1100 of FIG. 11, or a combination thereof, may be implemented by a
field-programmable gate array (FPGA) device, an application-specific integrated circuit
(ASIC), a processing unit such as a central processing unit (CPU), a digital signal
processor (DSP), a controller, another hardware device, firmware device, or any
combination thereof. As an example, one or more of the method 800 of FIG. 8, the
method 900 of FIG. 9, the method 1000 of FIG. 10, and the method 1100 of FIG. 11
may be performed by a processor that executes instructions, as described with respect to

FIG. 12.

[0084] Referring to FIG. 12, a block diagram of a particular illustrative embodiment of
an electronic device, such as a wireless communication device, is depicted and generally
designated 1200. The device 1200 includes a processor, such as a digital signal
processor (DSP) 1210, coupled to a memory 1232. The processor may include or
correspond to the processor 106 of FIG. 1 or the processor 206 of FIG. 2. The memory
may include or correspond to the memory 112 of FIG. 1 and/or the memory 212 of FIG.

2. A camera 1262 may be coupled to the processor 1210 via a camera controller 1260.
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In an illustrative embodiment, the camera 1262 corresponds to the camera 102 of FIG.
1, to the camera 202 of FIG. 2, or to the image capture device 302 of FIG. 3. One or
more comparators 1250 may be implemented using one or more hardware devices
within the processor 1210, software instructions executable by the processor 1210, or a
combination thereof. In an illustrative embodiment, the one or more comparators 1250
may correspond to the comparator 108 of FIG. 1, may correspond to the one or more
comparators 208 of FIG. 2, and/or may operate according to the methods of FIGs. 6-9.
The one or more comparators 1250 may provide comparison results (e.g., an overlap
ratio between a plurality of image frames) to be analyzed or processed by the processor

1210 using camera pose estimation logic 1252 and/or keyframe generation logic 1254.

[0085] The memory 1232 may be a non-transient or non-transitory computer readable
medium storing computer-executable instructions 1256 to perform all or a portion of
one or more operations described with reference to FIGS. 1-11. For example, the
instructions 1256 may include instructions that, when executed by the processor 1210,
cause the processor 1210 to receive a first image frame of a sequence of image frames,
determine an overlap ratio between the first image frame and a keyframe, where the
overlap ratio is based on a pixel-by-pixel comparison of first pixel values of the first
image frame and second pixel values of the keyframe, compare the overlap ratio to an
overlap ratio threshold, and generate a new keyframe using the first image frame based
on the overlap ratio not satisfying a threshold. If the overlap ratio satisfies the
threshold, no new keyframe may be generated. If a new keyframe is generated, the new
keyframe may be stored to the memory 1232 as a keyframe 1258. Camera pose
estimates generated by the camera pose estimation logic 1252 may be stored as camera

pose estimates 1259.

[0086] In accordance with the disclosed embodiments, a computer-readable storage
device, such as the memory 112 of FIG. 1, the memory 212 of FIG. 2, or the memory
1232 of FIG. 12, is disclosed. The computer-readable storage device includes
instructions that, when executed by a processor, such as the processor 106 of FIG. 1, the
processor 206 of FIG. 2, or the processor 1210 of FIG. 12, cause the processor to
receive, from an image capture device, a first image frame of a sequence of image
frames. The sequence of image frames may include or correspond to the sequence of

image frames 104 of FIG. 1 or the sequence of image frames 204 of FIG. 2. The
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instructions also cause the processor to estimate a camera pose corresponding to the first
image frame by comparing the first image frame to a second image frame, where the
second image frame precedes the first image frame in the sequence of image frames.
The camera pose may include or correspond to the camera pose estimate 250 of FIG. 2.
The instructions further cause the processor to estimate a refined camera pose
corresponding to the first image frame by comparing the first image frame to a
keyframe, where the keyframe corresponds to a particular image frame that precedes the
second image frame in the sequence of image frames. The refined camera pose may

include or correspond to the refined camera pose estimate 256 of FIG. 2.

[0087] FIG. 12 also shows a display controller 1226 that is coupled to the digital signal
processor 1210 and to a display 1228. A coder/decoder (CODEC) 1234 can also be
coupled to the digital signal processor 1210. A speaker 1236 and a microphone 1238
can be coupled to the CODEC 1234.

[0088] FIG. 12 also indicates that a wireless interface 1240 can be coupled to the digital
signal processor 1210 and to an antenna 1242, In a particular embodiment, the
processor 1210, the display controller 1226, the camera controller 1260, the memory
1232, the CODEC 1234, and the wireless interface 1240 are included in a system-in-
package or system-on-chip device 1222. In a particular embodiment, an input device
1230 and a power supply 1244 are coupled to the system-on-chip device 1222.
Moreover, in a particular embodiment, as illustrated in FIG. 12, the display 1228, the
input device 1230, the speaker 1236, the microphone 1238, the antenna 1242, the
camera 1262, and the power supply 1244 are external to the system-on-chip device
1222. However, each of the display 1228, the input device 1230, the speaker 1236, the
microphone 1238, the antenna 1242, the camera 1262, and the power supply 1244 can
be coupled to a component of the system-on-chip device 1222, such as an interface or a

controller.

[0089] In conjunction with the described embodiments, a system is disclosed that may
include means for receiving a first image frame of a sequence of image frames. The
means for receiving images may include the camera 102 of FIG. 1, the camera 202 of
FIG. 2, the image capture device 302 of FIG. 3, the camera 1262 of FIG. 12, one or
more other devices or circuits configured to receive the first image frame of the

sequence of image frames, or any combination thereof. The system may also include
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means for generating a new keyframe. Generating the new keyframe includes
determining an overlap ratio between the first image frame and a keyframe, where the
overlap ratio is based on a pixel-by-pixel comparison of first pixel values of the first
image frame and second pixel values of the keyframe, comparing the overlap ratio to an
overlap ratio threshold, and generating a new keyframe using the first image frame
based on the overlap ratio not satisfying the overlap ratio threshold. For example, the
means for generating the new keyframe may include the processor 106 of FIG. 1, the
keyframe generator 110 of FIG. 1, the processor 206 of FIG. 2, the keyframe generator
210 of FIG. 2, the processor 1210 of FIG. 12 (or component(s) thereof, such as the
keyframe generation logic 1254), one or more other devices or circuits configured to
determine an overlap ratio between the first image frame and the keyframe, or any

combination thereof.

[0090] In conjunction with the described embodiments, an apparatus may include
means for receiving, from an image capture device, a first image frame of a sequence of
image frames. The means for receiving may include the comparator 108 of FIG. 1, the
keyframe generator 110 of FIG. 1, the image frame buffer 207 of FIG. 2, the one or
more camera pose estimators 208 of FIG. 2, the camera controller 1260 of FIG. 12, one
or more other structures, devices, or circuits configured to receive an image frame of the
sequence of image frames, or any combination thereof. The apparatus may also include
means for estimating a camera pose corresponding to the first image frame based on a
first comparison of the first image frame to a second image frame, where the second
image frame precedes the first image frame in the sequence of image frames. The
means for estimating the camera pose may include the one or more camera pose
estimators 208 of FIG. 2, the camera pose estimation logic unit 1252 of FIG. 12, one or
more other structures, devices, or circuits configured to estimate camera poses, or any

combination thereof.

[0091] The apparatus may further include means for estimating a refined camera pose
corresponding to the first image frame based on a second comparison of the first image
frame to a keyframe, where the keyframe corresponds to a particular image frame that
precedes the second image frame in the sequence of image frames. The means for
estimating the refined camera pose may include the one or more camera pose estimators

208 of FIG. 2, the camera pose estimation logic unit 1252 of FIG. 12, one or more other
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structures, devices, or circuits configured to estimate camera poses, or any combination

thereof.

[0092] Those of skill would further appreciate that the various illustrative logical
blocks, configurations, modules, circuits, and algorithm steps described in connection
with the embodiments disclosed herein may be implemented as electronic hardware,
computer software executed by a processor, or combinations of both. Various
illustrative components, blocks, configurations, modules, circuits, and steps have been
described above generally in terms of their functionality. Whether such functionality is
implemented as hardware or processor executable instructions depends upon the
particular application and design constraints imposed on the overall system. Skilled
artisans may implement the described functionality in varying ways for each particular
application, but such implementation decisions should not be interpreted as causing a

departure from the scope of the present disclosure.

[0093] The steps of a method or algorithm described in connection with the
embodiments disclosed herein may be embodied directly in hardware, in a software
module executed by a processor, or in a combination of the two. A software module
may reside in random access memory (RAM), flash memory, read-only memory
(ROM), programmable read-only memory (PROM), erasable programmable read-only
memory (EPROM), electrically erasable programmable read-only memory (EEPROM),
registers, hard disk, a removable disk, a compact disc read-only memory (CD-ROM), or
any other form of non-transient storage medium known in the art. An exemplary
storage medium is coupled to the processor such that the processor can read information
from, and write information to, the storage medium. In the alternative, the storage
medium may be integral to the processor. The processor and the storage medium may
reside in an application-specific integrated circuit (ASIC). The ASIC may reside in a
computing device or a user terminal. In the alternative, the processor and the storage

medium may reside as discrete components in a computing device or user terminal.

[0094] The previous description of the disclosed embodiments is provided to enable a
person skilled in the art to make or use the disclosed embodiments. Various
modifications to these embodiments will be readily apparent to those skilled in the art,
and the principles defined herein may be applied to other embodiments without

departing from the scope of the disclosure. Thus, the present disclosure is not intended
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to be limited to the embodiments shown herein but is to be accorded the widest scope
possible consistent with the principles and novel features as defined by the following

claims.
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CLAIMS:

1. A method comprising;:

receiving, from an image capture device, a first image frame of a sequence of
image frames;

estimating, at a processor, a camera pose corresponding to the first image frame
by comparing the first image frame to a second image frame, wherein the
second image frame precedes the first image frame in the sequence of
image frames; and

estimating, at the processor, a refined camera pose corresponding to the first
image frame by comparing the first image frame to a keyframe, wherein
the keyframe corresponds to a particular image frame that precedes the

second image frame in the sequence of image frames.

2. The method of claim 1, wherein the camera pose is estimated as part of a first
processing thread of the processor, and wherein the refined camera pose is estimated as

part of a second processing thread of the processor.

3. The method of claim 2, wherein the processor is configured to execute
processing threads in parallel, and wherein the first processing thread and the second

processing thread are executed in parallel.

4. The method of claim 1, wherein estimating the camera pose corresponding to
the first image frame comprises:
generating a warped frame by transforming the first image frame based on an
estimate of relative motion of the image capture device between capture
of the first image frame and capture of the second image frame;
determining a pixel intensity error, wherein the pixel intensity error indicates a
difference of pixel intensity between one or more pixels of the warped

frame and one or more pixels of the second image frame; and
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determining a depth error, wherein the depth error indicates a difference of depth
between the one or more pixels of the warped frame and the one or more
pixels of the second image frame, and wherein the depth error is
determined based on normal values of the one or more pixels of the

second image frame.

5. The method of claim 1, wherein estimating the refined camera pose
corresponding to the first image frame comprises:

generating a warped frame by transforming the first image frame based on an
estimate of relative motion of the image capture device between capture
of the first image frame and capture of the keyframe;

determining a pixel intensity error, wherein the pixel intensity error indicates a
difference of pixel intensity between one or more pixels of the warped
frame and one or more pixels of the keyframe; and

determining a depth error, wherein the depth error indicates a difference of depth
between the one or more pixels of the warped frame and the one or more
pixels of the keyframe, and wherein the depth error is determined based

on normal values of the one or more pixels of the keyframe.

6. The method of claim 1, further comprising:

determining, at the processor, an overlap ratio between the first image frame and
the keyframe, wherein the overlap ratio is based on a pixel-by-pixel
comparison of first pixel values of the first image frame and second pixel
values of the keyframe;

comparing the overlap ratio to an overlap ratio threshold to generate a
comparison result; and

generating a new keyframe using the first image frame based on the comparison
result indicating that the first image frame and the keyframe are

dissimilar.

7. The method of claim 6, wherein generating the new keyframe comprises
creating a copy image frame corresponding to the first image frame in memory, and

wherein the copy image frame is designated as the new keyframe.
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8. The method of claim 6, wherein the first pixel values include depth values,

photometric values, or a combination thereof.

9. The method of claim 1, further comprising generating a three-dimensional

point cloud using the refined camera pose and the sequence of image frames.

10. The method of claim 9, further comprising:

receiving, from the image capture device, one or more additional image frames
of the sequence of image frames; and

updating the three-dimensional point cloud based on the one or more additional
image frames, wherein a rate of updating the three-dimensional point
cloud is substantially equal to a rate of receiving the one or more

additional image frames.

11. The method of claim 1, wherein the camera pose indicates an approximation
of a position of the image capture device at a particular time when the first image frame

is captured.

12. The method of claim 1, wherein the first image frame has a first resolution,
wherein the keyframe has a keyframe resolution, and wherein the first resolution is

different from the keyframe resolution.

13. An apparatus comprising
a processor; and
a memory storing instruction that are executable by the processor to cause the
processor to:
receive, from an image capture device, a first image frame of a sequence
of image frames;
estimate a camera pose corresponding to the first image frame based on a
first comparison of the first image frame to a second image
frame, wherein the second image frame precedes the first image

frame in the sequence of image frames; and
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estimate a refined camera pose corresponding to the first image frame
based on a second comparison of the first image frame to a
keyframe, wherein the keyframe corresponds to a particular
image frame that precedes the second image frame in the

sequence of image frames.

14. The apparatus of claim 13, wherein the camera pose is estimated as part of a
first processing thread of the processor, and wherein the refined camera pose is

estimated as part of a second processing thread of the processor.

15. The apparatus of claim 14, wherein the instructions are further executable to
cause the processor to select the key frame from a set of keyframes, wherein the

keyframe is selected based on the estimated camera pose.

16. The apparatus of claim 13, wherein the instructions are further executable to
cause the processor to transform the first image frame to generate a warped frame,
wherein the first image frame is transformed based on an estimate of relative motion
between the image capture device and coordinates corresponding to the second image

frame.

17. The apparatus of claim 16, wherein the instructions are further executable to
cause the processor to determine a pixel intensity error, wherein the pixel intensity error
indicates a difference of pixel intensity between one or more pixels of the warped frame

and one or more pixels of the second image frame.

18. The apparatus of claim 16, wherein the instructions are further executable to
cause the processor to determine a depth error, wherein the depth error indicates a
difference of depth between one or more pixels of the warped frame and one or more
pixels of the second image frame, and wherein the depth error is determined based on

normal values of the one or more pixels of the second image frame.

19. The apparatus of claim 13, wherein the instructions are further executable to
cause the processor to determine an overlap ratio between the first image frame and a

keyframe.
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20. The apparatus of claim 19, wherein the overlap ratio is based on a pixel-by-
pixel comparison of first pixel values of the first image frame and second pixel values of

the keyframe.

21. The apparatus of claim 19, wherein the instructions are further executable to
cause the processor to generate a result based on a comparison of the overlap ratio to an

overlap ratio threshold.

22. The apparatus of claim 21, wherein the instructions are further executable to
cause the processor to generate a new keyframe using the first image frame based on the

result indicating that the first image frame is not similar to the keyframe.

23. A computer-readable storage device storing instructions that, when executed
by a processor, cause the processor to:

receive, from an image capture device, a first image frame of a sequence of
image frames;

estimate a camera pose corresponding to the first image frame based on a first
comparison of the first image frame to a second image frame, wherein
the second image frame precedes the first image frame in the sequence of
image frames; and

estimate a refined camera pose corresponding to the first image frame based on a
second comparison of the first image frame to a keyframe, wherein the
keyframe corresponds to a particular image frame that precedes the

second image frame in the sequence of image frames.

24. The computer-readable storage device of claim 23, wherein the camera pose
is estimated as part of a first processing thread of the processor, wherein the refined
camera pose is estimated as part of a second processing thread of the processor, and
wherein the first processing thread and the second processing thread are executed in

parallel.



WO 2016/043827 PCT/US2015/038582

_4] -

25. The computer-readable storage device of claim 23, wherein the instructions,
when executed by the processor, further cause the processor to generate a three-
dimensional point cloud based on the sequence of image frames, wherein a rate of
generating the three-dimensional point cloud is substantially equal to a rate of receiving

the sequence of image frames.

26. An apparatus comprising:

means for receiving, from an image capture device, a first image frame of a
sequence of image frames;

means for estimating a camera pose corresponding to the first image frame based
on a first comparison of the first image frame to a second image frame,
wherein the second image frame precedes the first image frame in the
sequence of image frames; and

means for estimating a refined camera pose corresponding to the first image
frame based on a second comparison of the first image frame to a
keyframe, wherein the keyframe corresponds to a particular image frame

that precedes the second image frame in the sequence of image frames.

27. The apparatus of claim 26, further comprising:

means for performing the first comparison of the first image frame to the second
image frame; and

means for performing the second comparison of the first image frame to the

keyframe.

28. The apparatus of claim 26, further comprising means for selecting the

keyframe from a set of keyframes.

29. The apparatus of claim 26, further comprising means for generating a new

keyframe based on the first image frame.

30. The apparatus of claim 26, further comprising means for generating a three-
dimensional point cloud using the refined camera pose and the sequence of image

frames.
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