w0 2017/192165 A1 |00 00O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date

(10) International Publication Number

WO 2017/192165 Al

09 November 2017 (09.11.2017) WIPOI|IPCT
(51) International Patent Classification: (74) Agent: VEZERIS, James A. et al.; Lerner, David, Litten-
GO06T 7/33 (2017.01) GO6F 3/048 (2013.01) berg, Krumholz & Mentlik, LLP, 600 South Avenue West,
GO06T 7/73 (2017.01) Westfield, NJ 07090 (US).
(21) International Application Number: (81) Designated States (unless otherwise indicated, for every
PCT/US2016/059109 kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
27 October 2016 (27.10.2016) CA,CH,CL,CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
o DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
(25) Filing Language: English HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR, KW,
. . KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME, MG, MK,
(26) Publication Language: English MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM., PA.
(30) Priority Data: PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC, SD,
62/331,273 03 May 2016 (03.05.2016) Us SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, TT,
. TZ,UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(71) Applicant: GOOGLE LLC [US/US]; 1600 Amphitheatre
Parkway, Mountain View, CA 94043 (US). (84) Designated States (unless otherwise indicated, for every
. kind of regional protection available): ARIPO (BW, GH,
(72) Imventors: SHERIDAN, Alan; 1600 Amphitheatre Park-

way, Mountain View, CA 94043 (US). SATKIN, Scott,
Benjamin; 1600 Amphitheatre Parkway, Mountain View,
CA 94043 (US). VERMA, Vivek; 1600 Amphitheatre
Parkway, Mountain View, CA 94043 (US).

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IF, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SF, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

(54) Titlee METHOD AND SYSTEM FOR OBTAINING PAIR-WISE EPIPOLAR CONSTRAINTS AND SOLVING FOR
PANORAMA POSE ON A MOBILE DEVICE

610~ .

820
N

300 -

T
]
]
]
]
g0~

T
Align the top p}:.otc sphere to
match the direqtions of the
rectangle belo\){

v’

FIGURE 8

(57) Abstract: Aspects of the disclosure generally relate to connecting panoramic
images. One or more computing devices (120) may load and display a first panoram-
ic image captured at a first location and receive a selection of an area on the first
! panoramic image (300), the area corresponding to where a connection to other
! panoramic images may be made (510). The one or more computing devices (120) may
i identify and display one or more nearby panoramic images which were captured near
i the first location and receive a selection of one of the one or more nearby panoramic
: images (710). The one or more computing devices may display the selected panoram-
ic image and the first panoramic image and align the selected panoramic image with
the first panoramic image such that the selected panoramic image is oriented in the
same direction as the first panoramic image (610). The one or more computing de-
vices may connect the selected panoramic image with the first panoramic image.
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METHOD AND SYSTEM FOR OBTAINING PAIR-WISE EPIPOLAR CONSTRAINTS AND
SOLVING FOR PANORAMA POSE ON A MOBILE DEVICE

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims the benefit of the filing date of U.S. Provisional
Application No. 62/331,273, filed May 3, 2016, entitled Method And System For Obtaining Pair-Wise
Epipolar Constraints And Solving For Panorama Pose On A Mobile Device, the disclosure of which is
hereby incorporated herein by reference.
BACKGROUND
[0002] Access to computing devices, such as mobile devices and digital cameras, has led to a
proliferation of digital images, including panoramic images. Panoramic images may be connected (e.g.,
linked) to each other based on their location and orientation data. The locations at which the panoramic
images were captured are typically derived from the global position systems (“GPS”) on the computing
devices which captured the images. However, these systems are often inaccurate, and can provide
location data which is off by a significant distance, e.g., a few meters or more. Panoramic images may
thus be improperly connected together based on the inaccurate data.
[0003] When transitioning between connected neighboring panoramic images, the orientations
of the two images may be different; this may result in the user being presented with a jarring and
confusing experience as they transition between panoramic images. While automatic computer vision
based techniques can be used to orient panoramic images relative to each other based on visually similar
image data, this can consume significant amounts of processing resources and the results are very often

of low quality.

SUMMARY

[0004] Various embodiments within the disclosure relate generally to connecting panoramic
images with accurate orientation information such that there is a consistent, natural transition when a user
switches from viewing one panoramic image to viewing another panoramic image captured from a
nearby location.

[0005] One aspect includes a method for connecting two panoramic images. In this regard, a
portable computing devices may perform storing a first panoramic image and one or more further
panoramic images, each of the panoramic images having associated therewith a respective location
corresponding to a capture location of the respective panoramic image, whilst displaying the first
panoramic image, receiving a user selection of a point on the first panoramic image, the point relating to
where a connection to another panoramic image may be made. The portable computing device may
further perform identifying a location corresponding to the user-selected point on the first image,
identifying and displaying one or more further panoramic images having a respective location proximate
to the identified location, and, in response to receiving a user selection of one of the displayed further

panoramic images, displaying the selected panoramic image and the first panoramic image and aligning
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the selected panoramic image with the first panoramic image such that the selected panoramic image is
oriented in the same direction as the first panoramic image. The portable computing device may further
perform storing data representing a connection between the selected panoramic image with the first
panoramic image and including alignment information for the first and selected panoramic images.
[0006] In some embodiments, the portable computing device may perform displaying a
navigation icon overlaid on the first panoramic image at the selected area and, in response to receiving a
selection of the navigation icon, transitioning from displaying the first panoramic image to displaying the
selected panoramic image.

[0007] In some embodiments, the portable computing device may perform transitioning from
displaying the first panoramic image to displaying the selected panoramic image in the same direction as
the first panoramic image.

[0008] In some embodiments, the nearby images include similar image data to image data in the
first panoramic image.

[0009] In some embodiments, displaying the selected panoramic image and the first panoramic
image includes the portable computing device displaying the selected panoramic image above the first
panoramic image.

[0010] In some embodiments, the portable computing device may perform displaying an
alignment indicator overlaid on the selected panoramic image and the first panoramic image.

[0011] In some embodiments, the portable computing device may perform, after aligning the
selected panoramic image and the first panoramic image, optimizing the location and orientation of the
images.

[0012] The aligning of the two panoramic images may include simultaneously displaying the
two images on an electronic display and receiving input from the user indicating that the panoramic
images are being displayed in the same direction. The aligning of the two panoramic images may also
include identifying visually similar features in each image

[0013] Another aspect includes an apparatus for connecting two panoramic images. The
apparatus being configured to store a first panoramic image and one or more further panoramic images,
each of the panoramic images having associated therewith a respective location corresponding to a
capture location of the respective panoramic image. The apparatus may be further configured to whilst
displaying the first panoramic image, receive a user selection of a point on the first panoramic image, the
point relating to where a connection to another panoramic image may be made, identify a location
corresponding to the user-selected point on the first image, identify and display one or more further
panoramic images having a respective location proximate to the identified location, and in response to
receiving a user selection of one of the displayed further panoramic images, display the selected
panoramic image and the first panoramic image. The apparatus may be further configured to align the
selected panoramic image with the first panoramic image such that the selected panoramic image is

oriented in the same direction as the first panoramic image, and store data representing a connection
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between the selected panoramic image with the first panoramic image and including alignment
information for the first and selected panoramic images.

[0014] In some embodiments, the apparatus may be further configured to display a navigation
icon overlaid on the first panoramic image at the selected area and, in response to receiving a selection of
the navigation icon, transition from displaying the first panoramic image to displaying the selected
panoramic image.

[0015] In some embodiments, the apparatus may be further configured to transition from
displaying the first panoramic image to displaying the selected panoramic image in the same direction as
the first panoramic image.

[0016] In some embodiments, the nearby images include similar image data to image data in the
first panoramic image.

[0017] In some embodiments, the apparatus may be further configured to display the selected
panoramic image and the first panoramic image includes the portable computing device displaying the
selected panoramic image above the first panoramic image.

[0018] In some embodiments, the apparatus may be further configured to perform displaying an
alignment indicator overlaid on the selected panoramic image and the first panoramic image.

[0019] Another aspect includes a computer program comprising machine readable instructions
that when executed by the computing apparatus control it to perform the method of connecting two
panoramic images.

[0020] Another aspect includes a method for connecting panoramic images. In this regard, one
or more computing devices may load and display a first panoramic image captured at a first location. A
selection of an area on the first panoramic image, the area corresponding to where a connection to other
panoramic images may be made and received by the one or more computing devices. The one or more
computing devices may identify and display one or more nearby panoramic images which were captured
near the first location and receive a selection of one of the one or more nearby panoramic images. The
one or more computing devices may display the selected panoramic image and the first panoramic image
and align the selected panoramic image with the first panoramic image such that the selected panoramic
image is oriented in the same direction as the first panoramic image, and connect the selected panoramic
image with the first panoramic image.

[0021] In some embodiments, the one or more computing devices may display a navigation icon
overlaid on the first panoramic image at the selected area, receive a selection of the navigation icon, and
transition the display from the first panoramic image to the selected panoramic image.

[0022] In some embodiments, the transitioning is done such that the selected panoramic image
is displayed in the same direction as the first panoramic image.

[0023] In some embodiments, the nearby images include similar image data to image data in the

first panoramic image.
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[0024] In some embodiments, the selected panoramic image is displayed above the first
panoramic image.

[0025] In some embodiments, an alignment indicator may be overlaid on top of the selected
panoramic image and the first panoramic image.

[0026] In some embodiments, after aligning the selected panoramic image and the first
panoramic image, the location and orientation of the images may be optimized.

[0027] In some embodiments, the aligning of the two panoramic images may include
simultaneously displaying the two images on an electronic display and receiving input from the user
indicating that the panoramic images are being displayed in the same direction. The aligning of the two
panoramic images may also include identifying visually similar features in each image.

[0028] Another aspect includes a system for connecting panoramic images. The system may
comprise one or more computing devices having one or more processors and memory storing
instructions. The instructions may be executable by the one or more processors and may comprise
loading and displaying a first panoramic image captured at a first location; receiving a selection of an
area on the first panoramic image, the area corresponding to where a connection to other panoramic
images may be made; identifying and displaying one or more nearby panoramic images which were
captured near the first location; receiving a selection of one of the one or more nearby panoramic images;
displaying the selected panoramic image and the first panoramic image; aligning the selected panoramic
image with the first panoramic image such that the selected panoramic image is oriented in the same
direction as the first panoramic image; and connecting the selected panoramic image with the first
panoramic image.

[0029] Another aspect includes non-transitory computer-readable medium storing instructions.
The instructions, which when executed by one or more processors, cause the one or more processors to
load and display a first panoramic image captured at a first location and receive a selection of an area on
the first panoramic image, the area corresponding to where a connection to other panoramic images may
be made; identify and display one or more nearby panoramic images which were captured near the first
location; receive a selection of one of the one or more nearby panoramic images; display the selected
panoramic image and the first panoramic image; aligning the selected panoramic image with the first
panoramic image such that the selected panoramic image is oriented in the same direction as the first

panoramic image; and connect the selected panoramic image with the first panoramic image.

BRIEF DESCRIPTION OF THE DRAWINGS
[0030] The present technology is illustrated by way of example, and not by way of limitation, in

the figures of the accompanying drawings in which like reference numerals refer to similar elements

including:

[0031] Figure 1 is a functional diagram of an example system in accordance with aspects of the
disclosure.

[0032] Figure 2 is a pictorial diagram of the example system of Figure 1.
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[0033] Figure 3 is an example of consistent transitions in accordance with aspects of the
disclosure.
[0034] Figure 4 is an example screenshot of a panoramic image displayed on a user device in

accordance with aspects of the disclosure.

[0035] Figure 5 is an example screenshot of a selected area of a panoramic image displayed on a
user device in accordance with aspects of the disclosure.

[0036] Figure 6 is an example panoramic image selection interface in accordance with aspects
of the disclosure.

[0037] Figure 7 is an example panoramic image selection interface displaying an image
selection confirmation in accordance with aspects of the disclosure.

[0038] Figure 8 is an example screenshot of an alignment interface in accordance with aspects
of the disclosure.

[0039] Figure 9 is an illustration showing the creation of relative orientations in accordance with
aspects of the disclosure.

[0040] Figure 10 is an illustration showing the creation of relative orientations in accordance
with aspects of the disclosure.

[0041] Figure 11 is an example screenshot of a finalization interface in accordance with aspects
of the disclosure.

[0042] Figures 12a-14a are example illustrations of three connected panoramic images in
accordance with aspects of the disclosure.

[0043] Figures 12b-14b are example illustration of three optimized connected panoramic images

in accordance with aspects of the disclosure.

[0044] Figure 15 is a flow diagram in accordance with an embodiment.

[0045] Figure 16 is a flow diagram in accordance with an embodiment.

DETAILED DESCRIPTION

OVERVIEW

[0046] The technology relates to connecting panoramic images with accurate orientation

information such that there is a consistent, natural transition when a user switches from viewing one
panoramic image to viewing another panoramic image captured from a nearby location. At least some
aspects of the technology include a user interface that enables panoramic images to be connected with
accurate orientation information by soliciting certain information from users in a way that makes it easy
for the users to provide the solicited information. Other aspects of the technology relate to automatic
optimization to provide for correction of inaccuracies (resulting from human error or inaccuracy of
technical measurement) in locations of the panoramic images, their relative orientations, and the heading
between two panoramic images. Although the technology is described in terms of panoramic images,

other images, such as images with less than a 180-degree field of view may also be used.
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[0047] For instance, a user may cause a computing device to load a first panoramic image
captured at a first location. The user may then select an area within the first panoramic image where
they would like to create a connection to a second panoramic image captured at a second location. The
computing device may load the second panoramic image and the user may align the second panoramic
image relative to the orientation of the first panoramic image, such that both images are oriented in the
same direction.

[0048] Based on the relative orientations of the images, the computing device may optimize the
location and orientations of the first and second panoramic images and create a connection between the
two images. Accordingly, when a user causes the computing device to switch from viewing the first
panoramic image to viewing the connected second panoramic image, the transition may be consistent,
smooth and natural.

[0049] A consistent transition may include a transition from viewing a first panoramic image to
a second panoramic image where the direction of motion is consistent (e.g., with little to no rotation).
For example, Fig. 3 shows an example of two different types of transitions without rotation. Panoramic
images A and B are represented by circles 302 and 304, respectively. Line 306 extends from the location
at which panoramic image A was captured to the location at which panoramic image B was captured.
Panoramic image A is shown with an arrow 312 indicating an orientation at which panoramic image A is
displayed to a user relative to the circle 302. If the orientation of the view of the panoramic images
remains constant, a transition from panoramic image A to panoramic image B would appear as if the user
were moving sideways along line 306. The actual transition may be displayed using any type of still
image transitioning effect such as the panning and zooming of the Ken Burns Effect. Panoramic image B
is shown with an arrow 314 indicating an orientation at which panoramic image B is displayed to a user
relative to the circle 304 after the transition. Thus, the relative orientation between the images does not
change, and there is no rotation as part of the transition.

[0050] Similarly, in the second example, panoramic images C and D are represented by circles
322 and 324, respectively. Line 326 extends from the location at which panoramic image C was captured
to the location at which panoramic image D was captured. Panoramic image 322 is shown with an arrow
324 indicating an orientation at which panoramic image C is displayed to a user relative to the circle 322.
If the orientation of the view of the panoramic images remains constant, a transition from panoramic
image C to panoramic image D would appear as if the user were moving straight ahead along line 326.
In this regard, panoramic image D is shown with an arrow 324 indicating an orientation at which
panoramic image D is displayed to a user relative to the circle 322 after the transition. Thus, again, the
relative orientation between the images does not change, and there is no rotation as part of the transition.
[0051] The computing device may create a connection between a first panoramic image and
another panoramic image. In this regard, the user may select an area on the first panoramic image to
indicate that the selected area should be used to create a connection point with another panoramic image.
[0052] Once a connection point has been selected, a corresponding panoramic image may be

selected to pair with the first panoramic image. In this regard, the computing device may display the
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closest captured panoramic images as options for the corresponding panoramic image. One of the
options may be selected by the user as a corresponding panoramic image.

[0053] The orientations of the two panoramic images (i.e., the first panoramic image and the
corresponding panoramic image) may be aligned. In this regard the computing device may display the
first panoramic image and the corresponding panoramic image simultaneously. Since the orientations of
the first panoramic image and the corresponding panoramic image are likely unknown or incorrect, the
view of the panoramic images may be different. As such, the computing device may display an
alignment line to assist the user in aligning the direction of the corresponding panoramic image to the
first panoramic image.

[0054] Based on the location data and relative orientations of the two panoramic images, the
computing device may determine the direction of common vectors between the two panoramic images.
The relative orientation between the two panoramic images may then be calculated as an angular distance
from the common vector. Similarly, the angular difference between the relative orientation of the
corresponding panoramic image may be calculated from the same vector.

[0055] Additionally, the heading from the first panoramic image to the corresponding image
may be determined. In this regard, using the location data (i.e., latitude and longitude data) of the first
panoramic image and corresponding image, the heading between the first panoramic image and the
corresponding panoramic image may be calculated. Upon determining the orientation and location data,
the connection between the first panoramic image and the corresponding panoramic image may be
completed.

[0056] In the event other panoramic pairs have been created with one or both of the first
panoramic image or corresponding panoramic image, the locations of all of the panoramic images in the
panoramic pairs, as well as their relative orientations and headings may be optimized. Since the location
data and relative orientations of the two panoramic images may be inaccurate, such as from human error
or imprecise GPS data the transition from the first panoramic image to the corresponding panoramic
image may still be inconsistent, and such inconsistencies may be compounded as additional panoramic
images are paired with one or more of the two panoramic images. As such, the computing device may
calculate modifications to those values in accordance with certain objectives.

[0057] One of the optimization objectives may be to determine new locations for the panoramic
images that are as close as possible to the original GPS locations. Another objective may be that the
orientations of the panoramic images are such that the directions defined by relative angles between pairs
of panoramic images point towards each other. Yet another objective may be that the distances between
pairs of panoramic images are as close to the original distances as possible. New location and
orientations for both panoramic images may be determined by minimizing the costs of an objective
function and solving for a minimum value using a least-squares solver. The total cost may be a weighted
sum of all the GPS costs, all of the orientation costs, and all of the distance costs. In some aspects, a
panoramic image may have many corresponding panoramic images. As such, the above objectives may

be satisfied by minimizing the costs to the above objective functions for each panoramic image pair.
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[0058] The features described herein may allow a user to connect panoramas in such a way as to
enable intuitive and consistent panorama transitions. In that regard, untrained individuals may connect
panoramic images to each other using a relatively simple and intuitive solution that can be implemented
on a mobile device. Aspects of the technology also allow for the connection of panoramic images that

don't have a lot of data image overlap and without the need for need for computer vision.

EXAMPLE SYSTEMS

[0059] Figures 1 and 2 show an example system 100 in which the features described herein may
be implemented. It should not be considered as limiting the scope of the disclosure or usefulness of the
features described herein. In this example, system 100 may include computing devices 110, 120, 130,
and 140 as well as storage system 150. Each computing device may contain one or more processors 112,
memory 114 and other components typically present in general purpose computing devices. Memory
114 of each of computing devices 110, 120, 130, and 140 may store information accessible by the one or
more processors 112, including instructions 116 that can be executed by the one or more processors 112.
[0060] The memory may store data that can be retrieved, manipulated or stored by one or more
processors. The memory may be of any non-transitory type capable of storing information accessible by
the processor, such as a hard-drive, memory card, ROM, RAM, DVD, CD-ROM, write-capable, and
read-only memories.

[0061] The instructions 116 may be any set of instructions to be executed directly, such as

machine code, or indirectly, such as scripts, by the one or more processors. In that regard, the terms

non non

"instructions,” "application,” "steps,” and "programs" can be used interchangeably herein. The
instructions can be stored in object code format for direct processing by a processor, or in any other
computing device language including scripts or collections of independent source code modules that are
interpreted on demand or compiled in advance. Functions, methods, and routines of the instructions are
explained in more detail below.

[0062] Data 118 may be retrieved, stored, and modified by the one or more processors 112 in
accordance with the instructions 116. For instance, although the subject matter described herein is not
limited by any particular data structure, the data can be stored in computer registers, in a relational
database as a table having many different fields and records, or XML documents. The data can also be
formatted in any computing device-readable format such as, but not limited to, binary values, ASCII or
Unicode. Moreover, the data can comprise any information sufficient to identify the relevant
information, such as numbers, descriptive text, proprietary codes, pointers, references to data stored in
other memories such as at other network locations, or information that is used by a function to calculate
the relevant data.

[0063] The one or more processors 112 can be any conventional processors, such as a
commercially available CPU. Alternatively, the processors can be dedicated components such as an

application specific integrated circuit ("ASIC") or other hardware-based processor. Although not

necessary, one or more of computing devices 110, 120, and 130 may include specialized hardware
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components to perform specific computing processes, such as decoding video, matching video frames
with images, distorting videos, encoding distorted videos, etc. faster or more efficiently.

[0064] Although Figure 1 functionally illustrates the processor, memory, and other elements of
the computing devices as being within the same block, the processor, computer, computing device, or
memory can actually comprise multiple processors, computers, computing devices, or memories that may
or may not be stored within the same physical housing. For example, the memory 144 can be a hard
drive or other storage media located in housings different from that of the computing device 110.

[0065] References to a processor, computer, computing device, or memory will be understood to
include references to a collection of processors, computers, computing devices, or memories that may or
may not operate in parallel. For example, the computing device 110 may include server computing
devices operating as a load-balanced server farm, distributed system, etc. Yet further, although some
functions described below are indicated as taking place on a single computing device having a single
processor, various aspects of the subject matter described herein can be implemented by a plurality of
computing devices, for example, communicating information over network 160.

[0066] Each of the computing devices can be at different nodes of a network 160 and capable of
directly and indirectly communicating with other nodes of network 160. Although only a few computing
devices 110, 120, 130, and 140 are depicted in Figures 1-2, it should be appreciated that a typical system
can include a large number of connected computing devices, with each different computing device being
at a different node of the network 160. The network 160 and intervening nodes described herein can be
interconnected using various protocols and systems, such that the network can be part of the Internet,
World Wide Web, specific intranets, wide area networks, or local networks. The network can utilize
standard communications protocols, such as Ethernet, WiFi and HTTP, protocols that are proprietary to
one or more companies, and various combinations of the foregoing. Although certain advantages are
obtained when information is transmitted or received as noted above, other aspects of the subject matter
described herein are not limited to any particular manner of transmission of information.

[0067] As an example, each of the computing devices 110 may include web servers capable of
communicating with storage system 150 as well as computing devices 120, 130, and 140 via the network.
For example, one or more of server computing devices 110 may use network 160 to transmit and present
information to a user, such as user 220 or 230, on a display, such as displays 122 or 132 of computing
devices 120 or 130. In this regard, computing devices 120, 130, and 140 may be considered client
computing devices, and may perform all or some of the features described herein.

[0068] Each of the client computing devices 120, 130, and 140 may be configured similarly to
the server computing devices 110, with one or more processors, memory and instructions as described
above. Each client computing device 120 or 130 may be a personal computing device intended for use
by a user 220 or 230, and have all of the components normally used in connection with a personal
computing device such as a central processing unit (CPU), memory (e.g., RAM and internal hard drives)
storing data and instructions, a display such as displays 122 or 132 (e.g., a monitor having a screen, a

touch-screen, a projector, a television, or other device that is operable to display information), and user
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input device 124 (e.g., a mouse, keyboard, touch-screen, or microphone). In another example, client
computing devices 120-140 may be a head-mounted computing system and/or a virtual reality system. In
this regard, an augmented or virtual environment including one or more panoramic images may be
presented to a user through a display of the client computing device. The client computing device may
also include a camera for recording video streams and/or capturing images, speakers, a network interface
device, and all of the components used for connecting these elements to one another.

[0069] Although the client computing devices 120, 130, and 140 may each comprise a full-sized
personal computing device, they may alternatively comprise mobile computing devices capable of
exchanging data with a server, such as server computing device 110, over a network such as the Internet.
By way of example only, client computing device 120 may be a mobile phone or a device such as a
wireless-enabled PDA, a tablet PC, or a netbook that is capable of obtaining information via the Internet.
In another example, client computing device 130 may be a tablet or laptop computer. In an additional
example, client computing device 140 may be a digital camera, such as a 360-degree camera or digital
single-lens reflex camera. As an example the user may input information using a small keyboard, a
keypad, microphone, using visual signals with a camera, or a touch screen.

[0070] As with memory 114, storage system 150 can be of any type of computerized storage
capable of storing information accessible by the server computing devices 110, such as a hard-drive,
memory card, ROM, RAM, DVD, CD-ROM, write-capable, and read-only memories. In addition,
storage system 150 may include a distributed storage system where data is stored on a plurality of
different storage devices which may be physically located at the same or different geographic locations.
Storage system 150 may be connected to the computing devices via the network 160 as shown in Figure
1 and/or may be directly connected to any of the computing devices 110, 120, 130, and 140 (not shown).
[0071] Memory 114 and storage system 150 may store various images, such as panoramic
images including a single image or a collection of images as described above having a field of view
which is greater than that of the human eye, e.g., 180 degrees or greater. The example panoramic images
described herein provide a 360-degree view of a location, such as cylindrical and spherical panoramic
images, though other types of images, such as those having a view of less than 360 degrees as well as
combinations of images with different viewing angles, may also be used. In addition, each panoramic
image may be associated with an image identifier that may be used to retrieve the panoramic image,
geographic location information indicating the location and orientation at which the panoramic image
was captured (e.g., a latitude longitude pair as well as an indication of which portion of the panoramic
image faces a given direction such as North), as well as timestamp information indicating the date and

time at which the panoramic image was captured.

EXAMPLE METHODS
[0072] In order to connect panoramic images together such that there is a consistent transition
between the panoramic images, a computing device may receive a selection of panoramic images to

connect. In this regard, a first panoramic image may be displayed within an application on the
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computing device. For example and as shown in Fig. 4, a first panoramic image 300 may be displayed
on a display of a computing device, such as display 122 of computing device 120. The user may view
the image from different directions by using the device’s user interface to rotate the image. The user may
also use the interface to zoom in and out of portions of the panoramic image. In some aspects, the first
panoramic image 300 may be connected to additional panoramic image and navigation icons. For
instance, navigation icon 410 may indicate that a transition to at least one other panoramic image is
available.

[0073] The computing device may be used to create a connection between the first panoramic
image and another panoramic image. In this regard, the user may select an area on the displayed first
panoramic image to indicate that the selected area should be used to create a connection point with
another panoramic image. For example, as shown in Fig. 5, the user may select area 510 as a connection
point. Such a selection may be made by, for example, the user long pressing or double tapping on the
area 510 with their finger or a virtual pointer.

[0074] Once a connection point has been selected, a corresponding panoramic image may be
selected to pair with the first panoramic image. In this regard, the computing device may determine,
based on the location data associated with the panoramic images stored within its memory or in a storage
database, such as database 150, which panoramic images were captured closest to the connection point.
The closest captured panoramic images may then be displayed. For example, as shown in Fig. 6, the
three closest panoramic images 610-630 to the displayed panoramic image 300 may be displayed to the
user, along with the instruction 640 to “select a nearby photosphere to connect to.” In some
embodiments, additional panoramic images may be presented to the user if the closest captured
panoramic images 610-630 are not satisfactory. Upon the user selecting one of the additional panoramic
images as the corresponding panoramic image, a confirmation may be displayed. For example, as shown
in Fig. 7, a confirmation 710 including a checkmark is displayed when panoramic image 610 is selected
as the corresponding panoramic image.

[0075] In some aspects, the system may provide a recommended connection point based on the
location data of one or more panoramic images located closely to the displayed panoramic image. For
example, a processor may identify a second panoramic image that is located within a threshold distance
of the location of the displayed image. Such recommended connection points may be generated
automatically or upon receiving a request from the user.

[0076] The orientations of the two panoramic images (i.e., the first panoramic image and the
corresponding panoramic image) may be aligned. In this regard, the computing device may display the
first panoramic image and the corresponding panoramic image simultaneously. If the orientations of the
first panoramic image and the corresponding panoramic image are unknown or incorrect, the view of the
panoramic images may be different. As such, the computing device may display an alignment line to
assist the user in aligning the heading of the corresponding panoramic image to the first panoramic
image. For example, as shown in Fig. 8, the selected corresponding panoramic image 610 may be

presented above first panoramic image 300. An alignment line 810 may be overlaid on top of both
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images. Instructions 820 may be displayed that inform the user to align the images by rotating the top
panoramic image until both panoramic images are displayed from the same orientation (i.e., heading).
For instance, the user may rotate image 610 until the tree is viewed in both images from the same
direction.

[0077] Using the headings of the respective images and their respective location data, the
relative orientation information for both the first panoramic image 300 and the corresponding panoramic
image 610 may be found. In this regard, the relative orientations between the panoramic images 300 and
610 may be determined. For example, as shown in drawing A of Fig 9, each panoramic image 300 and
610 has an unknown true north vector 910 and 920. The relative orientation for first panoramic image
300, labeled as 930 in drawing B of Fig. 9, may be defined by the direction to reach the corresponding
panoramic image 610. The relative orientation of the corresponding panoramic image 610, labeled as
940 may be defined as the direction to reach the first panoramic image 300. The relative orientation of
the first panoramic image 300 may be determined by calculating the heading from the first panoramic
image 300 to the corresponding panoramic image 610 using the following formula (where ¢,i; is the
lat/long of the first panoramic image and, ¢,,%; is the lat/long of the corresponding panoramic image and
Al is the difference in longitude between the first panoramic image and the corresponding panoramic

image):
A. 6 = atan2( sin Al - cos @, , COs @ - sin @ — sin @; - cos @, - cos Ak)

[0078] The relative orientation of the corresponding panoramic image 610 may then be
determined by setting the orientation of the corresponding image in the direction of the first panoramic
image. For example, as shown in drawing A of Fig. 10, the computing device may set the relative
orientation 930 (i.e., 9) of first panoramic image 300 and the relative orientation 940 of corresponding
panoramic image 610 towards each other. The relative orientation of the corresponding image may then
be calculated by subtracting 180° from the relative orientation & of the first panoramic image 300. As
such, the true north for the first panoramic image 910 and true north for the corresponding panoramic
image 920 may be oriented in the same direction.

[0079] The true north vector may then be determined based on the location data and relative
orientations for both the first panoramic image 300 and the corresponding panoramic image 610. In this
regard the true north vector may be calculated by determining the heading of the first panoramic image
and corresponding panoramic image at 0°. Additionally, any other vector direction, relative to the
relative orientations of the panoramic images, may be determined using the same technique.

[0080] The relative orientation between the two panoramic images may then be calculated as an
angular distance from a common vector. For example, as shown in drawing B of Fig. 10, the angular
difference between the relative orientation of the first panoramic image 930 may be calculated from a
vector, such as vector 1050. Similarly, the angular difference between the relative orientation of the

corresponding panoramic image 940 may be calculated from the same vector 1050. The location of the
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two panoramic images 300 and 610 may be the location provided by the location data, and their
respective relative orientations may be defined, as shown in Fig. 10, as angle o° for the first panoramic
image and angle B° for the second panoramic image.

[0081] Upon determining the orientation and location data, the connection between the first
panoramic image and the corresponding panoramic image may be completed. As shown in Fig. 11, a
testing screen may be presented to the user, to allow them to test the created connection. The testing
screen may display the corresponding panoramic image 610 along with instructions 1110 and a
navigation point 1120. As explained by the instructions 1110, the user may select the navigation point
1120 to view the transition from the corresponding panoramic image 610 to the first panoramic image
300. Upon the user accepting the created connection, the created connection may be stored in the
memory or storage device. In some embodiments, the orientation and location data may be optimized, as
described below, prior to creating the connection.

[0082] In the event other panoramic pairs have been created with one or both of the first
panoramic image or corresponding panoramic image, the locations of all of the panoramic images in the
panoramic pairs, as well as their relative orientations and headings may be further optimized. Since the
location data and relative orientations of the two panoramic images may be inaccurate, such as from
human error or imprecise GPS data the transition from the first panoramic image to the corresponding
panoramic image may still be inconsistent, and such inconsistencies may be compounded as additional
panoramic images are paired with one or more of the two panoramic images.

[0083] As such, the computing device may calculate new values for all panoramic images to
assure a consistent experience for all panoramic pairings while maintaining particular objectives. The
objectives may include: (1) Assuring new locations for panoramic images are as close as possible to the
original GPS locations; (2) The orientations of the panoramic images are such that the directions defined
by relative angles between the pairs of panoramic images point towards each other i.e., for a given pair of
panoramic images A and B, if the new orientations are azimuth_A and azimuth_B then (azimuth_A +
relative_angle_A) and (azimuth_B + relative_angle_B) should be 180 degrees apart; and (3) Assuring the
distances between pairs of panoramic images are as close to the original distances as possible.

[0084] The objectives may be addressed as costs to an objective function that is then minimized
using a least squares solver. For example, given pair of panoramic images A and B, let the original
locations be (latitude_A_original, longitude_A_original) and (latitude_B_original,
longitude_B_original), respectively. Additionally, let their original orientations be azimuth_A and
azimuth_B, respectively. Further, for given pair of panoramic images A and B, let updated locations be
(latitude_A_new, longitude_A_new) and (latitude_B_new, longitude_B_new), respectively. Then the

GPS cost for moving a panoramic image of the panoramic pair (A, B) can be defined as follows:

A. GPS_cost(A) = distance((latitude_A_original, longitude_A_original),
(latitude_A_new, longitude_A_new))
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B. GPS_cost(B) = distance((latitude_B_original, longitude_B_original),

(latitude_B_new, longitude_B_new))

[0085] In addition, the orientation cost for the panoramic pair (A, B) can be defined as follows,
where AngleDifference is the difference between the two angles including wraparound (e..g, (0, 10) = 10
and (0, -10) = -10), HeadingBetween is the heading on the map between the two locations of the
panoramic images, and the constraint_angle is given by the user, with the azimuth/true north of the

panoramic image offset into it to align with north.

A. orientation_cost(A, B) = AngleDifference[HeadingBetween(latitude_A_new,
longitude_A_new), (latitude_B_new, longitude_B_new)), constraint_angle_A_B]
B. orientation_cost(B, A) = AngleDifference[HeadingBetween(latitude_B_new,

longitude_B_new), (latitude_A_new, longitude_A_new)), constraint_angle_B_A]

[0086] The distance cost for the panoramic pair (A, B) can be defined as follows:

A. distance_cost(A,B) = distance((latitude_A_original, longitude_A_original),
(latitude_B_original, longitude_B_original)) — distance((latitude_A_new,

longitude_A_new), latitude_B_new, longitude_B_new))

[0087] The total cost is then the sum of all the GPS costs and all the orientation costs. By
performing a least squares analysis on the above orientation costs, the least squares solution may result in
the determination of new location and orientations for both panoramic images. As such, the above
objectives may be satisfied by minimizing the costs to the above objective functions for each panoramic
image pair.

[0088] For example, as shown in Fig. 12a, 13a, and 14a, respective panoramic images 1201-
1205, 1301-1305, and 1401-1405 may be paired together. The relative orientations of the respective
panoramic images, as shown by the arrowed lines, may not align with the heading between the paired
panoramic images. For example, in Fig. 12a, the relative orientations between panoramic image 1203
and 1205 may be off of the heading 1207 between the panoramic images. In Fig. 13a the relative
orientations between panoramic image 1303 and 1301 may be off of the heading 1302 between the
panoramic images. In Fig. 14a the relative orientations between panoramic image 1401 and 1403 may be
off of the heading 1402 and the orientation between panoramic image 1401 and 1403 may be off of the
heading 1403. Additionally, panoramic image 1403 may be paired with panoramic image 1405, and the
relative orientations between the images may be off of the heading 1406.

[0089] Accordingly, the locations and orientation of the panoramic images 1201-1205, 1301-
1305, and 1401-1405 may be optimized. In this regard, for each panoramic pair, the objectives may be
satisfied by minimizing the costs to an objective function by solving for the minimum value and selecting

the values which result in the lowest total cost.
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[0090] In some embodiments a connection between panoramic images may be removed. For
example, a user may long press or double click on a navigation icon, such as navigation icon 410 of Fig.
4. The application may then ask if the user wishes to remove the connection point.

[0091] Flow diagram 1500 of Fig. 15 is an example flow diagram of some of the aspects
described above that may be performed by one or more computing devices such as client computing
devices 120 or 130. It will be understood that the steps discussed herein are merely an example; the steps
may occur in a different order, steps may be added, and steps may be omitted. In this example, at block
1501, one or more computing devices may load and display a first panoramic image captured at a first
location. A selection of an area on the first panoramic image, the area corresponding to where a
connection to other panoramic images may be made and received by the one or more computing devices,
as shown in block 1503. The one or more computing devices may identify and display one or more
nearby panoramic images which were captured near the first location as shown in block 1505 and receive
a selection of one of the one or more nearby panoramic images, as shown in block 1509. Block 1511
shows the one or more computing devices may display the selected panoramic image and the first
panoramic image and block 1513 shows the computing devices may align the selected panoramic image
with the first panoramic image such that the selected panoramic image is oriented in the same direction
as the first panoramic image, and attach the selected panoramic image with the first panoramic image.
[0092] Flow diagram 1600 of Fig. 16 is an example flow diagram of some of the aspects
described above that may be performed by one or more computing devices such as client computing
devices 120 or 130. It will be understood that the steps discussed herein are merely an example; the steps
may occur in a different order, steps may be added, and steps may be omitted. In this example, at block
1601, one or more computing devices may receive alignment data between a first panoramic image and
second panoramic image and original location data for the first panoramic image and the second
panoramic image and, as shown in block 1603, determine relative orientations between the pair of
panoramic images based on the alignment data. As shown in block 1605 the one or more computing
devices may calculate a heading from the first panoramic image to the second panoramic image based on
the original location data, and, as shown in block 1607, optimize the location data and alignment data
based on the relative orientations between the pair of panoramic images and the original location data.
The one or more computing devices may replace the original location data and relative orientations with
the optimized relative orientations and optimized location data, as shown in block 1607.

[0093] In this specification, reference to GPS will be understood to relate to location, as may be
determined using GPS, Galileo, GLONASS or other satellite positioning system or by using an indoor
positioning or other ground-based location-determining system, whether the location determination is
performed by the portable terminal or by the supporting infrastructure.

[0094] Most of the foregoing alternative examples are not mutually exclusive, but may be
implemented in various combinations to achieve unique advantages. As these and other variations and
combinations of the features discussed above can be utilized without departing from the subject matter

defined by the claims, the foregoing description of the embodiments should be taken by way of
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illustration rather than by way of limitation of the subject matter defined by the claims. As an example,
the preceding operations do not have to be performed in the precise order described above. Rather,
various steps can be handled in a different order, such as reversed, or simultaneously. Steps can also be
omitted unless otherwise stated. In addition, the provision of the examples described herein, as well as
clauses phrased as "such as,” "including" and the like, should not be interpreted as limiting the subject
matter of the claims to the specific examples; rather, the examples are intended to illustrate only one of

many possible embodiments. Further, the same reference numbers in different drawings can identify the

same or similar elements.
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CLAIMS

1. A method of connecting two panoramic images, the method comprising a portable computing
device performing:

storing a first panoramic image and one or more further panoramic images, each of the
panoramic images having associated therewith a respective location corresponding to a capture location
of the respective panoramic image;

whilst displaying the first panoramic image, receiving a user selection of a point on the first
panoramic image, the point relating to where a connection to another panoramic image may be made;

identifying a location corresponding to the user-selected point on the first image;

identifying and displaying one or more further panoramic images having a respective location
proximate to the identified location;

in response to receiving a user selection of one of the displayed further panoramic images,
displaying the selected panoramic image and the first panoramic image;

aligning the selected panoramic image with the first panoramic image such that the selected
panoramic image is oriented in the same direction as the first panoramic image;

storing data representing a connection between the selected panoramic image with the first

panoramic image and including alignment information for the first and selected panoramic images.

2. The method of claim 1, further comprising the portable computing device performing:
displaying a navigation icon overlaid on the first panoramic image at the selected area; and
in response to receiving a selection of the navigation icon, transitioning from displaying the first

panoramic image to displaying the selected panoramic image.

3. The method of claim 2, comprising the portable computing device performing transitioning
from displaying the first panoramic image to displaying the selected panoramic image in the same

direction as the first panoramic image.

4. The method of claim 2 or claim 3, wherein the nearby images include similar image data to

image data in the first panoramic image.

5. The method of any preceding claim, wherein displaying the selected panoramic image and the
first panoramic image includes the portable computing device displaying the selected panoramic image

above the first panoramic image.

6. The method of any preceding claim, further comprising the portable computing device
performing displaying an alignment indicator overlaid on the selected panoramic image and the first

panoramic image.
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7. The method of any preceding claim, further comprising the portable computing device
performing, after aligning the selected panoramic image and the first panoramic image, optimizing the

location and orientation of the images.

8. Apparatus for connecting two panoramic images, the apparatus being configured to:

store a first panoramic image and one or more further panoramic images, each of the panoramic
images having associated therewith a respective location corresponding to a capture location of the
respective panoramic image;

whilst displaying the first panoramic image, receive a user selection of a point on the first
panoramic image, the point relating to where a connection to another panoramic image may be made;

identify a location corresponding to the user-selected point on the first image;

identify and display one or more further panoramic images having a respective location
proximate to the identified location;

in response to receiving a user selection of one of the displayed further panoramic images,
display the selected panoramic image and the first panoramic image;

align the selected panoramic image with the first panoramic image such that the selected
panoramic image is oriented in the same direction as the first panoramic image; and

store data representing a connection between the selected panoramic image with the first

panoramic image and including alignment information for the first and selected panoramic images.

9. The apparatus of claim 8, configured to:
display a navigation icon overlaid on the first panoramic image at the selected area; and
in response to receiving a selection of the navigation icon, transitioning from displaying the first

panoramic image to displaying the selected panoramic image.

10. The apparatus of claim 9, configured to transition from displaying the first panoramic image

to displaying the selected panoramic image in the same direction as the first panoramic image.

11. The apparatus of claim 9 or claim 10, wherein the nearby images include similar image data

to image data in the first panoramic image.
12. The apparatus of any of claims 8 to 11, configured to display the selected panoramic image
and the first panoramic image by displaying the selected panoramic image above the first panoramic

image.

13. The apparatus of any of claims 8 to 12, configured to display an alignment indicator overlaid

on the selected panoramic image and the first panoramic image.
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14. The apparatus of any of claims 8 to 13, configured to, after aligning the selected panoramic

image and the first panoramic image, optimize the location and orientation of the images.

15. A computer program comprising machine readable instructions that when executed by

computing apparatus control it to perform the method of any of claims 1 to 7.

16. A computer implemented method for connecting panoramic images, the method comprising:

loading and displaying, with one or more computing devices, a first panoramic image captured at
a first location;

receiving, by the one or more computing devices, a selection of an area on the first panoramic
image, the area corresponding to where a connection to other panoramic images may be made;

identifying and displaying, by the one or more computing devices, one or more nearby
panoramic images which were captured near the first location;

receiving, by the one or more computing devices, a selection of one of the one or more nearby
panoramic images;

displaying, by the one or more computing devices, the selected panoramic image and the first
panoramic image;

aligning, by the one or more computing devices, the selected panoramic image with the first
panoramic image such that the selected panoramic image is oriented in the same direction as the first
panoramic image; and

connecting, by the one or more computing devices, the selected panoramic image with the first

panoramic image.

17. The method of claim 16, further comprising:
displaying a navigation icon overlaid on the first panoramic image at the selected area;
receiving a selection of the navigation icon; and

transitioning the display from the first panoramic image to the selected panoramic image.

18. The method of claim 17, wherein the transitioning is done such that the selected panoramic

image is displayed in the same direction as the first panoramic image.

19. The method of claim 17, wherein the nearby images include similar image data to image

data in the first panoramic image.

20. The method of claim 16, wherein displaying the selected panoramic image and the first

panoramic image includes displaying the selected panoramic image above the first panoramic image.

21. The method of claim 16, further comprising:
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overlaying an alignment indicator on top of the selected panoramic image and the first panoramic

image.

22. The method of claim 16, further comprising:
after aligning the selected panoramic image and the first panoramic image, optimizing the

location and orientation of the images.

23. A system for connecting panoramic images, the system comprising:
one or more computing devices having one or more processors coupled to memory, the one or
more processors being configured to:

load and display a first panoramic image captured at a first location;

receive a selection of an area on the first panoramic image, the area corresponding to
where a connection to other panoramic images may be made;

identify and display one or more nearby panoramic images which were captured near the
first location;

receive a selection of one of the one or more nearby panoramic images;

display the selected panoramic image and the first panoramic image;

align the selected panoramic image with the first panoramic image such that the selected
panoramic image is oriented in the same direction as the first panoramic image; and

connect the selected panoramic image with the first panoramic image.

24. The system of claim 23, wherein the processors are further configured to:
display a navigation icon overlaid on the first panoramic image at the selected area;
receive a selection of the navigation icon; and

transition the display from the first panoramic image to the selected panoramic image.

25. The system of claim 24, wherein the transitioning is done such that the selected panoramic

image is displayed in the same direction as the first panoramic image.

26. The system of claim 24, wherein the nearby images include similar image data to image data

in the first panoramic image.

27. The system of claim 23, wherein displaying the selected panoramic image and the first

panoramic image includes displaying the selected panoramic image above the first panoramic image.

28. The system of claim 23, wherein the processors are further configured to:
overlaying an alignment indicator on top of the selected panoramic image and the first panoramic
image.
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29. The system of claim 23, wherein the processors are further configured to:
after aligning the selected panoramic image and the first panoramic image, optimizing the

location and orientation of the images.

30. A non-transitory computer-readable medium storing instructions, which when executed by
one or more processors, cause the one or more processors to:

load and display a first panoramic image captured at a first location;

receive a selection of an area on the first panoramic image, the area corresponding to where a
connection to other panoramic images may be made;

identify and display one or more nearby panoramic images which were captured near the first
location;

receive a selection of one of the one or more nearby panoramic images;

display the selected panoramic image and the first panoramic image;

align the selected panoramic image with the first panoramic image such that the selected
panoramic image is oriented in the same direction as the first panoramic image; and

connect the selected panoramic image with the first panoramic image.

31. The non-transitory computer-readable medium of claim 30, wherein the instructions further
cause the one or more processors to:

display a navigation icon overlaid on the first panoramic image at the selected area;

receive a selection of the navigation icon; and

transition the display from the first panoramic image to the selected panoramic image.

32. The non-transitory computer-readable medium of claim 31, wherein the transitioning is done

such that the selected panoramic image is displayed in the same direction as the first panoramic image.

33. The non-transitory computer-readable medium of claim 31, wherein the nearby images

include similar image data to image data in the first panoramic image.

34. The non-transitory computer-readable medium of claim 30, wherein displaying the selected
panoramic image and the first panoramic image includes displaying the selected panoramic image above

the first panoramic image.

35. The non-transitory computer-readable medium of claim 30, wherein the instructions further
cause the one or more processors to:
after aligning the selected panoramic image and the first panoramic image, optimize the location

and orientation of the images.
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