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ALIGNING GROUND BASED IMAGES AND AERIAL IMAGERY

FIELD
[0001] The present disclosure relates generally to image processing, and more

particularly to aligning ground based images with aerial imagery.

BACKGROUND
[0002] User generated images of a geographic area are typically captured from a
perspective at or near ground level. These ground based images can be a valuable
resource for refining representations of a geographic area provided, for instance, by
a geographic information system. For example, user generated images can be used
to refine or generate high resolution three-dimensional models of various
landmarks, buildings, objects, terrain, etc. in a geographic information system. For
the user generated images to be useful, accurate camera parameters, such as the pose
of the images, and/or geographic position of objects depicted in the image need to
be determined. As used herein, the pose of an image refers to the position and
orientation of a camera that captured the image relative to a reference.
[0003] Geographic information systems can include a database of aerial imagery
of a geographic area. The aerial imagery can be captured from an aircraft and can
provide an oblique perspective of the geographic area from one of various canonical
viewpoints, such as north, south, east, and west canonical viewpoints. The database
of aerial imagery can be associated with accurate pose information. The known
pose information associated with the aerial imagery can be a valuable reference for
determining camera parameters associated with ground based user generated
images.
[0004] Various techniques for determining camera parameters associated with
images are known, such as bundle adjustment techniques. For these techniques to
provide good accuracy, features need to be reliably matched between sets of images.
It can be difficult to identify reliably matched features between ground based
images and aerial imagery due to the large differences in camera viewpoint and

imaging conditions associated with the ground based images and aerial imagery.
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SUMMARY
[0005] Aspects and advantages of embodiments of the present disclosure will
be set forth in part in the following description, or may be learned from the
description, or may be learned through practice of the embodiments.
[0006] One example aspect of the present disclosure is directed to a computer-
implemented method of aligning a ground based image with aerial imagery. The
method includes obtaining, by one or more computing devices, a ground based
image of a geographic area captured from a perspective at or near ground level. The
method further includes identifying, by the one or more computing devices,
candidate aerial imagery of the geographic area and transforming, by the one or
more computing devices, the ground based image to a warped image having a
projection associated with the candidate aerial imagery based at least in part on
geometric data associated with the ground based image. The method further
includes identifying, by the one or more computing devices, one or more feature
matches between the warped image and the candidate aerial imagery and aligning,
by the one or more computing devices, the ground based image with the candidate
acrial imagery based at least in part on the one or more feature matches.
[0007] Other aspects of the present disclosure are directed to systems,
apparatus, tangible, non-transitory computer-readable media, user interfaces and
devices for aligning ground based imagery and aerial imagery.
[0008] These and other features, aspects and advantages of various
embodiments will become better understood with reference to the following
description and appended claims. The accompanying drawings, which are
incorporated in and constitute a part of this specification, illustrate embodiments of
the present disclosure and, together with the description, serve to explain the related

principles.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] Detailed discussion of embodiments directed to one of ordinary skill in
the art are set forth in the specification, which makes reference to the appended
figures, in which:

[0010] FIG. 1 depicts an example ground based image of a geographic area;
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[0011] FIG. 2 depicts an example point cloud associated with a ground based
image;

[0012] FIG. 3 depicts example aerial imagery depicting a geographic area;
[0013] FIG. 4 depicts example geometric data associated with the aerial
imagery.

[0014] FIG. 5 depicts a flow diagram of an example method for aligning a
ground based image with aerial imagery according to an example embodiment of
the present disclosure;

[0015] FIG. 6 depicts a flow diagram of an example method for identifying
candidate aerial imagery according to an example embodiment of the present
disclosure;

[0016] FIG. 7 depicts example candidate aerial imagery identified according to
an example embodiment of the present disclosure;

[0017] FIG. 8 depicts a flow diagram of an example method for normalizing
candidate aerial imagery according to an example embodiment of the present
disclosure;

[0018] FIG. 9 depicts the example transformation of a ground based image to a
warped image having a perspective associated with an aerial view according to an
example embodiment of the present disclosure;

[0019] FIG. 10 depicts example feature matching between a warped image and
a candidate aerial image according to an example embodiment of the present
disclosure;

[0020] FIG.11 depicts a flow diagram of an example method for aligning a
ground based image with candidate aerial imagery based at least in part on one or
more matched features according to an example embodiment of the present
disclosure;

[0021] FIG. 12 depicts a flow diagram of an example method for aligning
candidate aerial imagery with a ground based image according to an example
embodiment of the present disclosure; and

[0022] FIG. 13 depicts an example computing system according to an example

embodiment of the present disclosure.

DETAILED DESCRIPTION
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[0023] Reference now will be made in detail to embodiments, one or more
examples of which are illustrated in the drawings. Each example is provided by
way of explanation of the embodiments, not limitation of the invention. In fact, it
will be apparent to those skilled in the art that various modifications and variations
can be made to the embodiments without departing from the scope or spirit of the
present disclosure. For instance, features illustrated or described as part of one
embodiment can be used with another embodiment to yield a still further
embodiment. Thus, it is intended that aspects of the present disclosure cover such

modifications and variations.

Overview
[0024] Generally, example aspects of the present disclosure are directed to
aligning ground based images of a geographic area taken from a perspective at or
near ground level and a set of acrial images taken from, for instance, an oblique
perspective. More particularly, it can be desirable to determine camera parameter
information, such as camera pose, for ground based images using the known camera
parameter information associated with aerial imagery. Features need to be reliably
matched between ground based images and aerial imagery to accurately identify
camera parameters for the ground based images based on camera parameters
associated with the aerial imagery. Matching features between ground based
images and aerial images can be difficult given the widely different camera
perspectives and imaging conditions associated with the ground based images and
acrial imagery.
[0025] According to example aspects of the present disclosure, images
associated with a first and images associated with a second perspective are aligned
so that one or more camera parameters and/or other characteristics associated with
the images can be identified. For instance, ground based images and acrial imagery
of a geographic area can be aligned. Example aspects of the present disclosure are
discussed with reference to aligning ground based images and aerial imagery.
Imagery captured from other perspectives can be aligned without deviating from the

scope of the present disclosure.
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[0026] In one particular example, candidate aerial imagery can be identified for
alignment with the ground based image. The candidate aerial imagery can be
identified, for instance, using an automated cropping process that crops aerial
imagery based at least in part on the geographic position associated with the ground
based image.

[0027] Once the candidate aerial imagery has been identified, geometric data
associated with the ground based image can be obtained and used to warp the
ground based image to a perspective associated with the candidate aerial imagery.
For instance, a point cloud generated from the user generated image and other
ground based images can be used to construct a depth map of the user generated
image. The depth map can be used to reproject the ground based image to a
projection associated with an aerial view.

[0028] One or more feature matches between the warped image and the
candidate aerial imagery can then be identified using a feature matching technique.
In one embodiment, the candidate aerial imagery can be normalized to facilitate
feature matching between the warped image and the candidate aerial imagery. The
normalization can address visual attributes of aerial imagery, such as shadowed
north facing facades.

[0029] The matched features can be used to align the ground based image with
the candidate aerial imagery. For instance, in one embodiment, the matched features
can be used to estimate a similarity transformation for the ground based image. The
similarity transformation can transform geometric data associated with the ground
based image (e.g. a point cloud determined based at least in part on the ground
based image) to be aligned with geometric data associated with the candidate aerial
imagery (e.g. a polygon mesh generated from the aerial imagery). In other
embodiments, one or more camera parameters (e.g. pose) can be determined and/or
refined using the matched feature. For instance, a bundle adjustment algorithm can
be used to refine the pose of the ground based image and to georeference features
depicted in the ground based image using feature matches with the candidate aerial
imagery.

[0030] As an example, a user can capture an image of a landmark from a
perspective at or near ground level. Candidate aerial imagery having known pose

information and depicting the landmark can be identified. Geometric data
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associated with the user generated image can be obtained and used to warp the user
generated image to a projection associated with the candidate aerial imagery of the
landmark. Features associated with the landmark can be matched between the
warped image and the candidate aerial image. A three-dimensional point-to-point
correspondence between the matched features can be determined from the
geometric data associated with user generated image and from geometric data
associated with the candidate aerial imagery. The geometric data associated with
the user generated image can be transformed to be more aligned with the geometric
data associated with candidate aerial image by positioning, scaling, and rotating the
geometric data associated with the user generated image. A refined camera pose
and/or geographic position information for the user generated image can also be
determined based on the matched features. The camera pose and/or geographic
position information can be used, for instance, to generate or enhance a three-
dimensional model of the landmark based at least in part on the user generated
image.

[0031] Example aspects of the present disclosure will be discussed with
reference to aligning ground based images with candidate aerial imagery for
purposes of illustration and discussion. Those of ordinary skill in the art, using the
disclosures provided herein, will understand that candidate aerial imagery can
similarly be aligned with ground based imagery without deviating from the scope of

the present disclosure.

Example Ground Based Imagery and Aerial Imagery

[0032] FIG. 1 depicts an example ground based image 100. The ground based
image 100 depicts a landmark 102 captured from a perspective at or near ground
level. The ground based image 100 can be a user generated image captured by a
user with a digital camera or other device. The ground based image 100 can have
associated geometric data. For instance, the ground based image 100 can be
captured by a stereo camera or other camera configured to capture an image with
associated depth data (e.g. an RGBZ image).

[0033] The depth data associated with the ground based image 100 can include
a depth map for the image. In other embodiments, the geometric data associated

with the ground based image can include a point cloud generated based at least in
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part on the geometric data. A point cloud provides the depth/location and a color
associated with selected points depicted in an image.

[0034] FIG. 2 depicts an example point cloud 110 associated with the ground
based image 100. The point cloud 110 can be generated, for instance, based at least
in part on a plurality of ground based images 120 captured of the landmark 102
(FIG. 1). The plurality of ground based images 120 can be images captured by the
same user that captured the ground based image 100. Alternatively, the plurality of
images 120 can be images previously captured of the landmark 102 and stored in a
memory, such as in a database of geographic information system.

[0035] Structure-from-motion techniques can be used to generate the point
cloud 110 from the plurality of images 120. Structure-from-motion techniques
typically involve detecting features in a plurality of images. The motion of the
detected features can then be tracked through a plurality of the images. The feature
trajectories over the images can then be used to determine the position of the
features in three-dimensional space. Structure-from-motion techniques can also be
used to determine the pose of the images in the plurality of images relative to a
reference, such as the camera position of another ground based image.

[0036] In certain embodiments, the point cloud 110 can be used to generate a
depth map for the ground based image 100 using, for instance, stereo matching
techniques. For example, a plane sweep algorithm can be used to generate a depth
map for the ground based image using the point cloud 110. Other techniques can be
used to generate the depth map for the image 100 without deviating from the scope
of the present disclosure.

[0037] FIG. 3 depicts example aerial imagery 130 depicting landmark 102
captured from an oblique perspective relative to the geographic area. The aerial
imagery 130 can be generated from a plurality of images captured from camera
mounted on an aircraft as the aircraft flies over the geographic area. The aerial
imagery 130 can be accurately georeferenced imagery stored, for instance, in a
geographic information system.

[0038] More particularly, a geographic information system can include aerial
imagery 130 of a geographic area captured along various canonical viewpoints of
the geographic area, such as along the north, south, cast, and west directions. The

acrial imagery 130 can be stored and indexed according to geographic coordinates.
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The aerial imagery 130 can be used to provide an interactive representation of the
geographic area from an oblique perspective to a user of the geographic information
System.

[0039] The aerial imagery 130 can also have associated geometric data, such
as a point cloud or depth map associated with the aerial imagery 130. In one
embodiment, the geometric data can include a polygon mesh generated based at
least in part from the aerial imagery 130. FIG. 4 depicts an example polygon mesh
140 generated at least in part on the aerial imagery 130. The polygon mesh 140 can
provide a three-dimensional model of the geographic area depicted in the aerial
imagery 130, including a model of landmark 102. The polygon mesh 140 can be a
stereo reconstruction generated from the aerial imagery 130. More particularly,
features can be detected and correlated with one another in various images used to
construct the aerial imagery 130. The points can be used to determine the polygon
mesh from the aerial imagery 130.

[0040] It can be desirable to align the ground based image 100 of FIG. 1 with
the aerial imagery 130 of FIG. 3. More particularly, it can be desirable to determine
the pose of the ground based image 100 and/or a geographic position of an object
depicted in the ground based image 100 relative to a reference associated with the
acrial imagery 130 (as opposed to a reference associated with other ground based
imagery). In other aspects, it can be desirable to align the geometric data associated
with the ground based imagery 100 with the geometric data associated with the
acrial imagery 130, for instance, so that the geometric data associated with the
ground based imagery 100 can be merged or otherwise used to modify or refine the

geometric data associated with the aerial imagery 130.

Example Methods for Aligning Ground Based Image with Aerial Imagery

[0041] FIG. 5 depicts a flow diagram of an example method (200) for aligning
ground based imagery with aerial imagery according to example aspects of the
present disclosure. The method (200) can be implemented by one or more
computing devices, such as one or more of the computing devices depicted in FIG.

13. In addition, FIG. 5 depicts steps performed in a particular order for purposes of
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illustration and discussion. Those of ordinary skill in the art, using the disclosures
provided herein, will understand that the various steps of any of the methods
disclosed herein can be omitted, adapted, modified, rearranged, or expanded in
various ways without deviating from the scope of the present disclosure.

[0042] At (202), the method (200) can include obtaining a ground based image
of a geographic area. For instance, the ground based image 100 of FIG. 1 captured
from a perspective at or near ground level can be obtained. As used herein,
obtaining a ground based image can be, for instance, capturing the ground based
image using an image capture device (e.g. a digital camera) or accessing the ground
based image stored, for instance, in a memory.

[0043] At (204) of FIG. 5, the method (200) can include identifying candidate
acrial imagery for alignment with the ground based image. Aecrial imagery
accessible in, for instance, a geographic information system, can include imagery
for many different geographic areas. In addition, the aerial imagery can be available
for a plurality of viewpoints, such as a north viewpoint, a south viewpoint, an east
viewpoint, and a west viewpoint. To facilitate alignment with aerial imagery,
candidate aerial imagery depicting the geographic area shown in the ground based
image can be identified.

[0044] According to particular aspects of the present disclosure, candidate aerial
imagery for alignment with ground based imagery can be identified using an
automated cropping process that selects and crops aerial imagery based on
geographic position data associated with the ground based image. FIG. 6 depicts a
flow diagram of an example method (300) for identifying candidate aerial imagery
according to an example embodiment of the present disclosure. The method (300)
of FIG. 6 can be implemented by one or more computing devices, such as one or
more of the computing devices depicted in FIG. 13.

[0045] At (302) of FIG. 6, the method (300) includes selecting a set of aerial
imagery. For instance, acrial imagery associated with a particular view direction
(e.g. a north view direction) can be selected for analysis. The set of aerial imagery
can be selected, for instance, based at least in part on a view direction associated
with the ground based image. More particularly, a pose of the ground based image
may be known, for instance, from structure-from-motion techniques performed

based at least in part on the ground based image. The pose of the ground based
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image can be used to select a set of acrial imagery associated with a view direction
more closely aligned with the view direction of the ground based image.
Alternatively, a trial and error approach can be used to select a set of aerial imagery.
[0046] At (304), geographic position data associated with the ground based
image can be obtained. For instance, the ground based image can have associated
metadata indicative of a geographic location of where the image was captured. The
metadata can be generated, for instance, from a positioning system (e.g. a GPS
system or other positioning system) associated with the image capture device used
to capture the ground based image. Other techniques for obtaining data indicative
of a geographic position associated with the ground based image can be used
without deviating from the scope of the present disclosure.

[0047] The geographic position data can include two-dimensional coordinates
(latitude and longitude) or three-dimensional coordinates (latitude, longitude, and
altitude). In cases where only latitude and longitude coordinates are available, the
altitude coordinate can be estimated using geometric data associated with the
ground based image. For instance, the altitude can be computed as a mean altitude
of points in a neighboring region in the geometric data associated with the ground
based image.

[0048] At (306), the method (300) includes identifying a center pixel for
cropping the set of acrial imagery based at least in part on the geographic position
data associated with the ground based image. More particularly, a pixel of the aerial
imagery having geographic coordinates associated with the geographic position of
the ground based image can be selected as the center pixel. If the aerial imagery is
not already georeferenced, a process such as a random sample consensus
(RANSAC) process can be used to assign geographic coordinates to each pixel in
the aerial imagery based on, for instance, the known geographic positions of aerial
cameras used to capture the aerial imagery. Once the geographic coordinates for
cach pixel have been determined, the center pixel can be selected as the pixel having
geographic coordinates commensurate with the geographic position of the ground
based image.

[0049] At (308), a crop size for cropping the aerial imagery is identified. In one
example implementation, the crop size can be a predefined crop size. For instance,

the crop size can be predefined to 1001 pixels x 1001 pixels. Alternatively, the crop
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size can be determined based on the ground based image. For instance, a point
cloud associated with the ground based image can be projected to a perspective
associated with the aerial imagery. A bounding box of the point cloud in the aerial
imagery space can be used to determine the crop size for cropping the aerial
imagery.

[0050] At (310), the method (300) includes cropping the set of acrial imagery
based on the center pixel and the crop size. As an example, for an identified center
pixel (cx, cy) and a crop size of 1001 pixels x 1001 pixels, the aerial imagery can be
cropped as (cx-500, cy-500) = (cx+500, cy+500). The cropped acrial imagery can
be identified as the candidate acrial imagery for alignment with the ground based
image.

[0051] FIG. 7 depicts example candidate aerial imagery 150 depicting landmark
102 identified according to example aspects of the present disclosure. The
candidate aerial imagery 150 can be identified by cropping the aerial imagery 130 of
FIG. 3 based at least in part on geographic position data associated with the ground
based image 100 of FIG. 1.

[0052] Referring back to FIG. 5 at (206), the method (200) can include
normalizing the candidate aerial imagery to facilitate feature matching. Aerial
imagery tends to be smooth due to the hazing effects of air. In addition, acrial
images are usually captured on sunny days and north facing facades of buildings
and landmarks depicted in the aerial imagery can be in shadow. To address these
issues, the candidate aerial imagery can be normalized to enhance the success of
feature matching.

[0053] FIG. 8 depicts one example method (320) for normalizing candidate
acrial imagery according to example aspects of the present disclosure. The method
(320) can be implemented by one or more computing devices, such as one or more
of the computing devices depicted in FIG. 13. At (322) of FIG. 8, the method (320)
includes accessing the candidate aerial image. For instance, the candidate aerial
image can be accessed from a memory. The candidate aerial imagery can have
pixel values defined in a red green blue (RGB) space. At (324), the candidate aerial
imagery is converted from the RGB space to a hue saturation value (HSV) space.
Noise in the value channel of the aerial imagery can then be filtered (326). For

instance, the V channel of the aerial imagery can be enhanced using noise reduction
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and unsharp masking. Other suitable techniques can be used to normalize the
candidate aerial imagery without deviating from the scope of the present disclosure.
For example, bilateral filtering can be used to normalize the candidate acrial
imagery. As another example, wavelet based operations can be used to normalize
the candidate aerial imagery.

[0054] Referring back to FIG. 5 at (208), the method (200) can include
transforming the ground based image to a warped image having a projection
associated with the candidate aerial imagery. More particularly, the ground based
image can be warped to an image plane associated with a view perspective aligned
with the candidate aerial imagery. FIG. 9 depicts an example transformation of a
ground based image to a warped image according to example aspects of the present
disclosure. As shown, ground based image 100 depicting landmark 102 has been
transformed to a warped image 160. The warped image 160 has a projection
associated with a candidate aerial image identified for alignment with the ground
based image, such as the candidate aerial image 150 of FIG. 7.

[0055] In one example implementation, the ground based image can be
transformed to the warped image having a projection associated with the candidate
acrial imagery based at least in part on geometric data associated with the ground
based image. For example, a point cloud derived based at least in part from the
ground based image can be accessed. A depth map for the ground based image can
be computed from the point cloud. For instance, the depth map can be generated,
for instance, using plane fitting techniques, such as a plane-sweep algorithm or
other technique.

[0056] In one particular implementation, a depth smoothing process can be used
to reduce noise. A RANSAC process can be performed to fit planes to points. For
cach trial, a plane can be fitted to a select number of points (¢.g. 3 points). The
number of points within a threshold distance to the plane can then be determined.
The plane can be determined to exist if more than a threshold number of points are
within the threshold distance to the plane. A depth can then be proposed for the
points. The final depth value of each point can be the mean of all the depth
proposals for the point and its original depth.

[0057] Once the depth map has been generated, the depth values can be used to

project the ground based image to an image plane associated with the candidate
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acrial imagery. For instance, the depth values can be used to project the ground
based image to a new projection associated with the candidate aerial imagery. The
new projection can map the depth values to the image plane associated with the
candidate aerial imagery.

[0058] Holes can be filled in the warped image using an iterative process
analogous to a painter’s algorithm. In a first iteration, each pixel in the ground
based image can have a support size of # in a projection associated with the
candidate aerial image. An n x n rectangle can be warped to the projection
associated with the candidate aerial image. A depth buffer (z-buffer) can be
maintained to paint the closest point to the warped image. For each successive
iteration, the support size can be reduced by 1 and the painting can be performed.
Once the painting is completed, a binary mask can be computed from the warped
image. A binary mask value of 1 can be assigned to any paint pixel. Otherwise the
binary mask value is 0. The mask can be dilated to identify small holes. An
interpolation, such as bilinear interpolation, can be used to fill holes in the warped
image

[0059] Referring to back to FIG. 5 at (210), the method (200) includes
identifying one or more matched features between the warped image and the
candidate aerial imagery. More particularly, feature matching techniques can be
used to identify matched features in the warped image and the candidate aerial
imagery. Feature matching techniques compare the detected features in the images
to determine groups of features that correspond to some fixed point in the scene
depicted by the captured images. The features can be matched, for instance, based
on appearance or based on feature similarity. Any suitable feature matching
technique can be used to identify the matched features, such as a scale-invariant
feature transform (SIFT) technique or other suitable feature matching technique.
[0060] Transforming the ground based image to the warped image having a
projection associated with the candidate aerial imagery facilitates the identification
of matched features between the ground based image and the candidate aerial
image. For example, FIG. 10 depicts the example identification of matched features
between normalized candidate aerial imagery 170 and warped image 160. The
plurality of lines between the candidate aerial imagery 170 and the warped image

160 are indicative of identified matched features.
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[0061] Referring back to FIG. 5 at (212), the method (200) can include aligning
the ground based image with the candidate aerial imagery based at least in part on
the one or more matched features. Aligning the ground based image with the
candidate aerial imagery can include, for instance, determining a pose of the ground
based imagery relative to the candidate aerial imagery, georeferencing the ground
based imagery based at least in part the candidate aerial imagery, and/or aligning
geometric data associated with the ground based imagery and geometric data
associated with the candidate aerial imagery.

[0062] In one embodiment, aligning the ground based image with the candidate
acrial imagery based at least in part on the one or more matched features can include
adjusting a pose associated with the ground based imagery using the one or more
matched features. For instance, a bundle adjustment algorithm can be used to adjust
the pose of the ground based imagery and to georeference objects depicted in the
ground based image based at least in part on the matched features between the
warped image and the candidate aerial imagery.

[0063] In another embodiment, aligning the ground based image can include
aligning geometric data associated with the ground based image with geometric data
associated with the candidate aerial imagery. More particularly, a similarly
transformation can be estimated for the ground based image. The similarity
transformation can transform geometric data associated with the ground based
image to be more aligned with geometric data associated with the candidate aerial
imagery.

[0064] FIG. 11 depicts an example method (400) for aligning geometric data
associated with the ground based image with geometric data associated with the
candidate aerial image according to an example embodiment of the present
disclosure. The method (400) can be implemented by one or more computing
devices, such as one or more of the computing devices depicted in FIG. 13.

[0065] At (402), the method (400) includes obtaining first geometric data
associated with the ground based image. For instance, a depth map generated for
the ground based image can be obtained. The depth map can be generated, for
instance, based at least in part on a point cloud associated with the ground based

image.
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[0066] At (404), the method (400) includes obtaining second geometric data
associated with the candidate aerial imagery. The second geometric data can be a
depth map associated with the candidate aerial imagery. In one implementation, the
depth map can be associated with a polygon mesh generated based at least in part on
the candidate aerial imagery.

[0067] At (406), the method (400) determines three-dimensional point-to-point
correspondence for each of the matched features using the first geometric data and
the second geometric data. For instance, a first three-dimensional point can be
determined for a matched feature in the first geometric data associated with ground
based image. A second three-dimensional point can be determined for the matched
feature in second geometric data associated the candidate aerial image. The first
three-dimensional point can be mapped to the second three-dimensional point as the
three-dimensional point-to-point correspondence for the matched feature.

[0068] At (408), a similarity transformation is computed for the ground based
image based at least in part on the three-dimensional point-to-point correspondence
for each matched feature. In a particular implementation, the similarity transform
can be computed using a RANSAC process and by implementing a least-square
estimation of transformation parameters between point patterns algorithm. The
transformation parameters can include rotation parameters, translation parameters,
and scaling parameters for rotating, translating, and scaling the geometric data
associated with the ground based imagery to be more aligned with the candidate
acrial imagery. According to particular aspects of the present disclosure, the
rotation parameters, translation parameters, and scaling parameters can be estimated
to provide the least-squared errors between point patterns determined from the
three-dimensional point-to-point correspondence associated with the matched
features.

[0069] At (410), the geometric data associated with the ground based image can
be transformed to aligned geometric data that is more closely aligned with the
geometric data associated with the candidate aerial imagery using the similarity
transform. The aligned geometric data can then be used, for instance, to update or
refine the geometric data associated with the candidate aerial imagery, such as a

polygon mesh generated from the candidate acrial imagery.
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Example Methods for Aligning Aerial Imagery with Ground Based Image

[0070] Example aspects of the present disclosure are discussed with reference to
aligning ground based images with candidate aerial imagery for purposes of
illustration and discussion. Those of ordinary skill in the art, using the disclosures
provided herein, will understand that candidate aerial imagery can be aligned with
ground based imagery without deviating from the scope of the present disclosure.
[0071] For instance, FIG. 12 depicts an example method (500) for aligning
candidate aerial imagery with ground based imagery according to an example
embodiment of the present disclosure. The method (500) can be implemented by
one or more computing devices, such as one or more of the computing devices
depicted in FIG. 13. Similar to the method (200) shown in FIG. 5, the method (500)
of FIG. 12 can include obtaining a ground based image of a geographic area (502);
identifying candidate acrial imagery of the geographic area (504); and normalizing
the candidate aerial imagery (506).

[0072] At (508), the method (500) can include transforming the candidate aerial
imagery to a warped image having a projection associated with the ground based
image. More particularly, the candidate aerial imagery can be warped to an image
plane associated with a view perspective aligned with the ground based image. In
one example implementation, the candidate aerial imagery can be transformed to the
warped image having a projection associated with the ground based image based at
least in part on geometric data associated with the candidate aerial imagery. For
example, a polygon mesh derived based at least in part from the candidate aerial
imagery can be accessed. A depth map for the candidate aerial imagery can be
determined from the polygon mesh. For instance, the depth values for pixels in the
candidate aerial imagery can be determined, for instance, from the polygon mesh.
Once the depth map has been generated, the depth values can be used to project the
candidate aerial imagery to an image plane associated with ground based image.
For instance, the depth values can be used to project the candidate aerial image to a
new projection associated with the ground based image.

[0073] At (510), the method (500) can include identifying one or more matched
features between the warped image and the ground based image. More particularly,
feature matching techniques can be used to identify matched features in the warped

image and the ground based image. At (512), the method (500) can include aligning
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the candidate aerial imagery and the ground based image. Aligning the ground
based image and the candidate aerial imagery can include, for instance, determining
a pose of the ground based imagery relative to the candidate aerial imagery,
georeferencing the ground based imagery to the candidate aerial imagery, and/or
aligning geometric data associated with the ground based imagery and the candidate
acrial imagery.

[0074] For instance, in one embodiment, a similarity transform can be
determined to provide transformation parameters (¢.g. rotation parameters,
translation parameters, scaling parameters) to transform the geometric data
associated with the candidate aerial imagery to be more aligned with geometric data
associated with the ground based image. Alternatively, a similarity transform can
be determined to provide transformation parameters to transform the geometric data
associated with the ground based image to be more aligned with geometric data

associated with the candidate aerial imagery.

Example System for Aligning Ground Based Imagery and Aerial Imagery

[0075] FIG. 13 depicts a computing system 600 that can be used to implement
the methods and systems according to example aspects of the present disclosure.
The system 600 can be implemented using a client-server architecture that includes
a server 610 that communicates with one or more client devices 630 over a network
640. The system 600 can be implemented using other suitable architectures, such
as a single computing device.

[0076] The system 600 includes a server 610, such as a web server. The
server 610 can host a geographic information system. The server 610 can be
implemented using any suitable computing device(s). The server 610 can have one
or more processors 612 and memory 614. The server 610 can also include a
network interface used to communicate with one or more client devices 630 over the
network 640. The network interface can include any suitable components for
interfacing with one more networks, including for example, transmitters, receivers,
ports, controllers, antennas, or other suitable components.

[0077] The one or more processors 612 can include any suitable processing
device, such as a microprocessor, microcontroller, integrated circuit, logic device, or

other suitable processing device. The memory 614 can include any one or more
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computer-readable media, including, but not limited to, non-transitory computer-
readable media, RAM, ROM, hard drives, flash drives, or other memory devices.
The memory 614 can store information accessible by the one or more processors
612, including computer-readable instructions 616 that can be executed by the one
or more processors 612. The instructions 316 can be any set of instructions that
when executed by the one or more processors 612, cause the one or more processors
612 to perform operations. For instance, the instructions 616 can be executed by the
one or more processors 612 to implement one or more modules configured to
implement an alignment module 620 and/or various aspects of any of the methods
disclosed herein.

[0078] The alignment module 620 can be configured to align ground based
imagery and aerial imagery according to example aspects of the present disclosure.
The alignment module 620 can include one or more modules, such as a cropping
module, a normalization module, a warping module, and a feature matching module.
The cropping module can be configured to identify candidate acrial imagery for
alignment with ground based imagery using an automated cropping process, such as
the method (300) of FIG. 6. The normalization module can be configured to
process or normalize the candidate aerial imagery to facilitate feature matching, for
instance, according to the method (320) of FIG. 8. The warping module can be
configured to transform the ground based imagery to a warped image having a
projection associated with the candidate aerial imagery (or vice versa). The feature
matching module can be configured to identify one or more matched features
between the warped image and the candidate aerial imagery. The alignment module
620 can be configured to align the ground based imagery and the candidate aerial
imagery based at least in part on the matched features.

[0079] It will be appreciated that the term “module” refers to computer logic
utilized to provide desired functionality. Thus, a module can be implemented in
hardware, application specific circuits, firmware and/or software controlling a
general purpose processor. In one embodiment, the modules are program code files
stored on the storage device, loaded into memory and executed by a processor or
can be provided from computer program products, for example computer executable

instructions, that are stored in a tangible computer-readable storage medium such as
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RAM, hard disk or optical or magnetic media. When software is used, any suitable
programming language or platform can be used to implement the module.

[0080] Memory 614 can also include data 618 that can be retrieved,
manipulated, created, or stored by the one or more processors 612. The data 618
can include, for instance, ground based images (e.g. user generated images), acrial
imagery, camera parameters, gecometric data associated with the ground based
images and the candidate aerial images, and other information. The data 618 can be
stored in one or more databases. The one or more databases can be connected to the
server 610 by a high bandwidth LAN or WAN, or can also be connected to server
610 through network 640. The one or more databases can be split up so that they
are located in multiple locales.

[0081] The server 610 can exchange data with one or more client devices 630
over the network 640. Although two client devices 630 are illustrated in FIG. 13,
any number of client devices 630 can be connected to the server 610 over the
network 640. Each of the client devices 630 can be any suitable type of computing
device, such as a general purpose computer, special purpose computer, laptop,
desktop, mobile device, smartphone, tablet, wearable computing device, a display
with one or more processors, or other suitable computing device.

[0082] Similar to the server 610, a client device 630 can include one or more
processor(s) 632 and a memory 634. The one or more processor(s) 632 can include
one or more central processing units (CPUs), graphics processing units (GPUs)
dedicated to efficiently rendering images, and/or other processing devices. The
memory 634 can include one or more computer-readable media and can store
information accessible by the one or more processors 632, including instructions
636 that can be executed by the one or more processors 632 and data 638. For
instance, the memory 634 can store instructions 636 for implementing a user
interface module and a renderer module for presenting interactive imagery of a
geographic area to a user. The interactive imagery can be generated based at least
in part on ground based images aligned with candidate aerial imagery.

[0083] The client device 630 of FIG. 13 can include various input/output
devices for providing and receiving information from a user, such as a touch screen,

touch pad, data entry keys, speakers, and/or a microphone suitable for voice
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recognition. For instance, the client device 630 can have a display 635 for
presenting geographic imagery of a geographic area to a user.

[0084] The client device 630 can also include a network interface used to
communicate with one or more remote computing devices (e.g. server 610) over the
network 640. The network interface can include any suitable components for
interfacing with one more networks, including for example, transmitters, receivers,
ports, controllers, antennas, or other suitable components.

[0085] The network 640 can be any type of communications network, such as
a local area network (e.g. intranet), wide area network (e.g. Internet), cellular
network, or some combination thereof. The network 640 can also include a direct
connection between a client device 630 and the server 610. In general,
communication between the server 610 and a client device 630 can be carried via
network interface using any type of wired and/or wireless connection, using a
variety of communication protocols (e.g. TCP/IP, HTTP, SMTP, FTP), encodings
or formats (e.g. HTML, XML), and/or protection schemes (e.g. VPN, secure HTTP,
SSL).

[0086] The technology discussed herein makes reference to servers, databases,
software applications, and other computer-based systems, as well as actions taken
and information sent to and from such systems. One of ordinary skill in the art will
recognize that the inherent flexibility of computer-based systems allows for a great
variety of possible configurations, combinations, and divisions of tasks and
functionality between and among components. For instance, server processes
discussed herein may be implemented using a single server or multiple servers
working in combination. Databases and applications may be implemented on a
single system or distributed across multiple systems. Distributed components may
operate sequentially or in parallel.

[0087] While the present subject matter has been described in detail with respect
to specific example embodiments thereof, it will be appreciated that those skilled in
the art, upon attaining an understanding of the foregoing may readily produce
alterations to, variations of, and equivalents to such embodiments. Accordingly, the
scope of the present disclosure is by way of example rather than by way of

limitation, and the subject disclosure does not preclude inclusion of such
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modifications, variations and/or additions to the present subject matter as would be

readily apparent to one of ordinary skill in the art.
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WHAT IS CLAIMED IS:

1. A computer-implemented method of aligning a ground based image with

acrial imagery, the method comprising:

obtaining, by one or more computing devices, a ground based image of a
geographic area captured from a perspective at or near ground level;

identifying, by the one or more computing devices, candidate acrial imagery
of the geographic area;

transforming, by the one or more computing devices, the ground based image
to a warped image having a projection associated with the candidate aerial imagery based at
least in part on geometric data associated with the ground based image;

identifying, by the one or more computing devices, one or more feature
matches between the warped image and the candidate aerial imagery; and

aligning, by the one or more computing devices, the ground based image with
the candidate aerial imagery based at least in part on the one or more feature matches.

2. The method of claim 1, further comprising normalizing, by the one or more
computing devices, the candidate aerial imagery before identifying the one or more feature
matches between the warped image and the candidate aerial imagery.

3. The method of claim 2, wherein normalizing, by the one or more computing
devices, the candidate aerial imagery comprises:

converting, by the one or more computing devices, the candidate aerial
imagery from a red, green, blue (RGB) space to a hue, saturation, value (HSV) space; and

reducing, by the one or more computing device, noise in a value channel of the
acrial imagery in the HSV space.

4. The method of claim 1, wherein identifying, by the one or more computing
devices, candidate aerial imagery of the geographic area comprises:

obtaining, by the one or more computing devices, geographic position data
associated with the ground based image; and

cropping, by the one or more computing devices, acrial imagery of the
geographic arca based at least in part on the geographic position data to identify the candidate

acrial imagery.

22



WO 2015/080993 PCT/US2014/067032

5. The method of claim 4, wherein cropping, by the one or more computing
devices, acrial imagery based at least in part on the geographic position data to identify the
candidate aerial imagery comprises:

determining, by the one or more computing devices, a center pixel;

determining, by the one or more computing devices, a crop size based at least
in part on the geometric data associated with the ground based image; and

cropping, by the one or more computing devices, the acrial imagery based at
least in part on the crop size and the center pixel.

6. The computer-implemented method of claim 1, wherein the ground based
image is transformed to a warped image based at least in part on a depth map generated for
the ground based image.

7. The computer-implemented method of claim 1, wherein aligning, by the one
or more computing devices, the ground based image with the candidate aerial imagery based
at least in part on the one or more feature matches comprises determining, by the one or more
computing devices, a similarity transformation for the ground based image, the similarity
transformation configured to transform the geometric data associated with the ground based
image to be more aligned with geometric data associated with the candidate aerial imagery.

8. The computer-implemented method of claim 7, wherein determining, by the
one or more computing devices, a similarity transformation for the ground based image
comprises:

obtaining, by the one or more computing devices, first geometric data
associated with the ground based image;

obtaining, by the one or more computing devices, second geometric data
associated with the candidate aerial image;

determining, by the one or more computing devices, a three-dimensional
point-to-point correspondence for each of the one or more feature matches based at least in
part on the first geometric data and the second geometric data;

determining, by the one or more computing devices, the similarity
transformation based at least in part on the three-dimensional point-to-point correspondence;
and

transforming the first geometric data to aligned geometric data using the

similarity transformation.
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9. The computer-implemented method of claim 1, wherein aligning, by the one
or more computing devices, the ground based image with the candidate aerial imagery based
at least in part on the one or more feature matches comprises adjusting, by the one or more
computing devices, a pose associated with the ground based image based at least in part on
the one or more feature matches.

10.  The computer-implemented method of claim 9, wherein the pose associated
with the ground based image is adjusted using a bundle adjustment algorithm.

11.  The computer-implemented method of claim 9, wherein the method further
comprises generating a three-dimensional model based at least in part on the pose associated
with the ground based image.

12.  The computer-implemented method of claim 1, wherein the ground based
image is a user generated image.

13. The computer-implemented method of claim 1, wherein the candidate aerial
imagery provides an oblique perspective of the geographic area.

14. A computing system, comprising:

one or more processors; and
one or more computer-readable media storing computer-readable instructions
that when executed by the one or more processors cause the one or more processors to
perform operations, the operations comprising:
obtaining a ground based image of a geographic area captured from a
perspective at or near ground level;
identifying candidate aerial imagery of the geographic area;
transforming the candidate acrial imagery to a warped image having a
projection associated with the ground based image based at least in part on geometric data
associated with the candidate aerial imagery image;
identifying one or more feature matches between the warped image
and the ground based image; and
aligning the candidate aerial imagery with the ground based image
based at least in part on the one or more feature matches.

15.  The computing system of claim 14, wherein the operation of identifying

candidate aerial imagery of the geographic area comprises:
obtaining geographic position data associated with the ground based image;

and
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cropping aerial imagery of the geographic area based at least in part on the
geographic position data to identify the candidate aerial imagery.

16.  The computing system of claim 14, wherein the operation of aligning the
ground based image with the candidate aerial imagery based at least in part on the one or
more feature matches comprises determining a similarity transformation for the candidate
acrial imagery, the similarity transformation configured to transform the geometric data
associated with the candidate aerial imagery to be more aligned with geometric data
associated with the ground based image.

17.  The computing system of claim 14, wherein the operation of aligning the
ground based image with the candidate aerial imagery based at least in part on the one or
more feature matches comprises determining a similarity transformation for the ground based
image, the similarity transformation configured to transform the geometric data associated
with the ground based image to be more aligned with geometric data associated with the
candidate aerial imagery.

18. One or more non-transitory computer-readable media storing computer-
readable instructions that when executed by one or more processors cause the one or more
processors to perform operations, the operations comprising:

obtaining a ground based image of a geographic area captured from a
perspective at or near ground level, the ground based image associated with first geometric
data;

identifying candidate aerial imagery of the geographic area, the candidate
acrial imagery associated with second geometric data;

transforming the ground based image to a warped image having a projection
associated with the candidate aerial imagery based at least in part on the first geometric data;

identifying one or more feature matches between the warped image and the
candidate aerial imagery; and

aligning the ground based image with the candidate aerial imagery based at
least in part on the one or more feature matches.

19.  The one or more non-transitory computer readable media of claim 18, wherein
the operation of aligning the ground based image with the candidate acrial imagery based at
least in part on the one or more feature matches comprises determining a similarity

transformation for the ground based image, the similarity transformation configured to
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transform the first geometric data associated with the ground based image to be more aligned
with the second geometric data associated with the candidate aerial imagery.

20.  The one or more non-transitory computer-readable media of claim 18, wherein
the operation of aligning the ground based image with the candidate acrial imagery based at
least in part on the one or more feature matches comprises adjusting a pose associated with
the ground based image based at least in part on the one or more feature matches.

21. A computer-implemented method of aligning a ground based image with
acrial imagery, the method comprising:

obtaining, by one or more computing devices, a ground based image of a
geographic area captured from a perspective at or near ground level;

identifying, by the one or more computing devices, candidate acrial imagery
of the geographic area;

transforming, by the one or more computing devices, the ground based image
to a warped image by projecting an image plane of the ground based image to an image plane
associated with the candidate aerial imagery based at least in part on geometric data
associated with the ground based image;

identifying, by the one or more computing devices, one or more feature
matches between the warped image and the candidate aerial imagery; and

aligning, by the one or more computing devices, the ground based image with
the candidate aerial imagery based at least in part on geometric data associated with the one
or more feature matches.

22.  The method of claim 21, further comprising normalizing, by the one or more
computing devices, the candidate aerial imagery before identifying the one or more feature
matches between the warped image and the candidate aerial imagery.

23.  The method of claim 22, wherein normalizing, by the one or more computing
devices, the candidate aerial imagery comprises:

converting, by the one or more computing devices, the candidate acrial
imagery from a red, green, blue (RGB) space to a hue, saturation, value (HSV) space; and

reducing, by the one or more computing device, noise in a value channel of the
acrial imagery in the HSV space.

24. The method of any one of claims 21 to 23, wherein identifying, by the one or

more computing devices, candidate aerial imagery of the geographic area comprises:
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obtaining, by the one or more computing devices, geographic position data
associated with the ground based image; and

cropping, by the one or more computing devices, acrial imagery of the
geographic arca based at least in part on the geographic position data to identify the candidate
acrial imagery.

25.  The method of claim 24, wherein cropping, by the one or more computing
devices, acrial imagery based at least in part on the geographic position data to identify the
candidate aerial imagery comprises:

determining, by the one or more computing devices, a center pixel;

determining, by the one or more computing devices, a crop size based at least
in part on the geometric data associated with the ground based image; and

cropping, by the one or more computing devices, the acrial imagery based at
least in part on the crop size and the center pixel.

26. The computer-implemented method of any one of claims 21 to 25, wherein the
ground based image is transformed to a warped image based at least in part on a depth map
generated for the ground based image.

27. The computer-implemented method of any one of claim 21 to 26, wherein
aligning, by the one or more computing devices, the ground based image with the candidate
acrial imagery based at least in part on the one or more feature matches comprises
determining, by the one or more computing devices, a similarity transformation for the
ground based image, the similarity transformation configured to transform the geometric data
associated with the ground based image to be more aligned with geometric data associated
with the candidate aerial imagery.

28.  The computer-implemented method of claim 27, wherein determining, by the
one or more computing devices, a similarity transformation for the ground based image
comprises:

obtaining, by the one or more computing devices, first geometric data
associated with the ground based image;

obtaining, by the one or more computing devices, second geometric data
associated with the candidate aerial image;

determining, by the one or more computing devices, a three-dimensional
point-to-point correspondence for each of the one or more feature matches based at least in

part on the first geometric data and the second geometric data;
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determining, by the one or more computing devices, the similarity
transformation based at least in part on the three-dimensional point-to-point correspondence;
and

transforming the first geometric data to aligned geometric data using the
similarity transformation.

29. The computer-implemented method of any one of claims 21 to 28, wherein
aligning, by the one or more computing devices, the ground based image with the candidate
acrial imagery based at least in part on the one or more feature matches comprises adjusting,
by the one or more computing devices, a pose associated with the ground based image based
at least in part on the one or more feature matches.

30.  The computer-implemented method of claim 29, wherein the pose associated
with the ground based image is adjusted using a bundle adjustment algorithm.

31. The computer-implemented method of claim 29, wherein the method further
comprises generating a three-dimensional model based at least in part on the pose associated
with the ground based image.

32. The computer-implemented method of any one of claims 21 to 31, wherein the
ground based image is a user generated image.

33.  The computer-implemented method of any one of claims 21 to 32, wherein the
candidate aerial imagery provides an oblique perspective of the geographic area.

34. A computing system, comprising;:

one or more processors (612); and

one or more computer-readable media (614) storing computer-readable
instructions (616) that when executed by the one or more processors cause the one or more
processors to perform a method as claimed in any one of claims 21 to 33.

35. One or more non-transitory computer-readable media storing computer-
readable instructions that when executed by one or more processors cause the one or more

processors to perform a method as claimed in any one of claims 21 to 33.

28



PCT/US2014/067032

WO 2015/080993







WO 2015/080993 PCT/US2014/067032

OBTAIN GROUND BASED IMAGE OF A /gzﬁ?
GEOGRAPHIC AREA

|

204
IDENTIFY CANDIDATE ARRIAL IMAGERY j

i

206
NORMALIZE CANDIDATE AERIAL IMAGERY j

4

TRANSFORM GROUND BASED IMAGE T0 A jzﬁg
WARPED IMAGE

]

DENTIFY FEATURE MATCHES BETWEEN Al
HE D)

]
THE CANDIDATE ALRTAL IMAGERY AND
THE WARFED IMAGE

i

ALIGN GROUND BASED IMAGE WITH 212
(ANDIDATE AERTAL IMAGERY BASED O j
THE FEATURE MATCHES

FIG. 5




WO 2015/080993 PCT/US2014/067032

SELECT SET OF AERIAL TMAGERY jm

|

OBTAIN GEOGRAPHIC POSITION DATA jfm
ASSOCIATED WITH GROUND BASED IMAGE

|

306
IDENTIFY CENTER PIXEL FOR CROP ,5

308
IDENTIFY (ROP SIZE 6

|

(ROP ALRIAL IMAGERY BASED OM 310
CENTER PIXEL AND (ROP SIZE j

HG. 6






WO 2015/080993 PCT/US2014/067032




PCT/US2014/067032

WO 2015/080993




WO 2015/080993 PCT/US2014/067032

OBTAIN FIRST GEOMETRIC DATA j"@ﬁ?
ASSOCIATED WITH GROUMD BASED IMAGE

OBTAIN SECOND GEOMETRIC DATA j‘iﬁ@
ASSOCIATED WITH CANDIDATE AERIAL IMAGERY

%

406
DETERMINE THREE-DIMENSIONAL POINT j
T0 POINT CORRESPONDENCE

|

408
DETERMINE SIMILARITY TRANSFORMATION ’5

%

TRANSFORM FIRST GEOMETRIC DATATO jféiﬁ

ALIGNED GEOMETRIC DATA USING THE
SIMILARITY TRANSFORMATION

FIG. 11



WO 2015/080993 PCT/US2014/067032

OBTAIN GROUND BASED IMAGE OF A jsm
GEOGRAPHIC AREA

504
IDENTIFY CANDIDATE AERIAL IMAGERY j

y

506
NORMALIZE CANDIDATE AERTAL IMAGERY j

S

TRANSFORM CANDIDATE AERIAL IMAGERY jm
T0 A WARPED IMAGE

y

IDENTIFY FEATURE MATCHES BETWEEN 510
THE GROUND BASED IMAGE AND j
THE WARPED IMAGE

4

ALIGN (ANDIDATE AERIAL IMAGERY WITH 512
GROUND BASED IMAGE BASED ON j
THE FEATURE MATCHES

FIG. 12




PCT/US2014/067032

WO 2015/080993

059
N
DIAEINID
569
[
>
A7IdST0
859 Y10
TINCOW Y130 -
N I -
SHOLDMUISH]
pE9. RIOWIW
mmmmmmu@m
o9 ITE)

DI
.

SEALIWYEYA YEIWY) -
ARIVWI TVId3Y -

SOV (HEVEINAS W3sh -
¥i¥(Q

479

1000w
SNIHIIYW 01V -
FHG0W INIduvA -
L mmm CLVZITYWEON -
1

kY

00U SKI4400 -
mmmﬁ%mﬁ%m«

SHOIDEISHE

Y

AOWIW,




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2014/067032

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO6T7/00 GO6T3/00
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

GO6T

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y CHANGCHANG WU ET AL: "3D model matching 1-20,34,
with Viewpoint-Invariant Patches (VIP)", 35
COMPUTER VISION AND PATTERN RECOGNITION,
2008, CVPR 2008. IEEE CONFERENCE ON, IEEE,
PISCATAWAY, NJ, USA,

23 June 2008 (2008-06-23), pages 1-8,
XP031297059,

ISBN: 978-1-4244-2242-5

A 1. Introduction; 21-33
page 1 - page 2

3. Viewpoint-Invariant Patch (VIP);
page 3 - page 4

_/__

Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents : . . . . L
"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance

"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be

filing date considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other

. e "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified)

considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

"P" document published prior to the international filing date but later than
the priority date claimed "&" document member of the same patent family

Date of the actual completion of the international search Date of mailing of the international search report

3 March 2015 11/03/2015

Name and mailing address of the ISA/ Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040, .
Fax: (+31-70) 340-3016 Celik, Hasan

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2014/067032

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

Y

X,P

FORSTER CHRISTIAN ET AL: "Air-ground
localization and map augmentation using
monocular dense reconstruction",

2013 TEEE/RSJ INTERNATIONAL CONFERENCE ON
INTELLIGENT ROBOTS AND SYSTEMS, IEEE,

3 November 2013 (2013-11-03), pages
3971-3978, XP032537241,

ISSN: 2153-0858, DOI:
10.1109/1R0S.2013.6696924

[retrieved on 2013-12-27]

page 3972, right-hand column, paragraph 3
Quan Wang ET AL: "Feature Fusion for
Registering Wide-baseline Urban Images",
International Conference on Image and
Video Processing,

12 July 2010 (2010-07-12), pages 1-8,
XP055173184,

Orlando, FL, USA

ISBN: 978-1-61-782075-5

Retrieved from the Internet:
URL:http://graphics.usc.edu/cgit/publicati
ons/papers/IVPCV_Quan.pdf

[retrieved on 2015-03-03]

page 3, right-hand column, paragraph 2
SHAN QI ET AL: "The Visual Turing Test
for Scene Reconstruction",

2013 INTERNATIONAL CONFERENCE ON 3D
VISION, IEEE,

29 June 2013 (2013-06-29), pages 25-32,
XP032480432,

DOI: 10.1109/3DV.2013.12

[retrieved on 2013-09-13]

figures 1,2

WU CHANGCHANG: "Towards Linear-Time
Incremental Structure from Motion",

2013 INTERNATIONAL CONFERENCE ON 3D
VISION, IEEE,

29 June 2013 (2013-06-29), pages 127-134,
XP032480421,

DOI: 10.1109/3DV.2013.25

[retrieved on 2013-09-13]

page 127 - page 128

US 8 761 457 B1 (SEITZ STEVEN MAXWELL [US]
ET AL) 24 June 2014 (2014-06-24)

the whole document

1-20,34,
35

21-33

1-35

1-35

1-35

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

International application No
Information on patent family members

PCT/US2014/067032
Patent document Publication Patent family Publication
cited in search report date member(s) date

US 8761457 Bl 24-06-2014  NONE

Form PCT/ISA/210 (patent family annex) (April 2005)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - wo-search-report
	Page 42 - wo-search-report
	Page 43 - wo-search-report

