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REFERENCE COORDINATE SYSTEM
DETERMINATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/722,023, filed Nov. 2, 2012,
entitled “Simultaneous Localization and Mapping Coordi-
nate Systems,” that is incorporated by reference herein for all
purposes.

BACKGROUND

[0002] Augmented Reality (AR) provides a view of a real-
world environment that is augmented with computer-gener-
ated audio and/or visual content. The audio and/or visual
content can be overlaid over or integrated into an image or
video of the real-world environment captured using a camera
of' a mobile device, or displayed on a transparent or semi-
transparent screen through which a user is viewing the real-
world environment. For example, an augmented reality appli-
cation may be implemented on a mobile phone or tablet
computer that includes a camera that can be used to capture
images or video of a view of the real-world environment and
adisplay that can be used to display an augmented view of the
real-world environment, and/or on a head-mounted display
(HMD).

[0003] The device can include one or more sensors that
collect data that can be used to determine the position, orien-
tation, speed, and/or direction of movement of the device.
This information can be used to assist the device in generating
augmentation content. The sensors can also be used to collect
input information from a user, such as touchscreen selections
or other input information that can be used to allow the user to
navigate the augmented content displayed on the device.
[0004] In a simultaneous localization and mapping
(SLAM) system (e.g., AR, robotics, etc.), typically there is a
known reference target in the environment, e.g., in a field of
view of a camera. If no known reference target is in the
environment, a coordinate system for the SLAM may be
defined arbitrarily. For example, the pose (position and ori-
entation) of the camera when tracking begins may be used to
define the coordinate system for the SLAM.

SUMMARY

[0005] An example method of determining a reference
coordinate system includes: obtaining information indicative
of'a direction of gravity relative to a device; and converting an
orientation of a device coordinate system using the direction
of gravity relative to the device to produce the reference
coordinate system.

[0006] Implementations of such a method may include one
or more of the following features. The method further
includes obtaining information indicative of a direction per-
pendicular to gravity and wherein the converting comprises
converting the orientation of the device coordinate system
using the direction perpendicular to gravity. The direction
perpendicular to gravity is one of magnetic north or a projec-
tion of a viewing direction of a camera of the device onto a
plane perpendicular to gravity. The method further includes
setting an origin of the reference coordinate system. Setting
the origin comprises: obtaining a point cloud; and determin-
ing a geometric center of a substantially planar portion of the
point cloud. Setting the origin comprises: obtaining a point
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cloud; and determining an intersection of a view direction of
a camera of the device and a plane corresponding to a sub-
stantially planar portion of the point cloud.

[0007] Also or alternatively, implementations of the
method may include one or more of the following features.
The method further includes calculating a scale value and
producing the reference coordinate system using the scale
value. Calculating the scale value comprises: obtaining a
point cloud; and comparing a dimension of the point cloud to
afixed size. Calculating the scale value comprises calculating
the scale value such that an origin of the reference coordinate
system will have a predetermined distance from the device.
Calculating the scale value comprises using absolute mea-
surements from one or more input sensors of the device. The
one or more input sensors comprise an accelerometer or a
plurality of cameras. The method further includes refining the
reference coordinate system. Refining the reference coordi-
nate system comprises using information from the reference
coordinate system and at least one previously-determined
coordinate system to generate a combination of the reference
coordinate system and the at least one previously-determined
coordinate system.

[0008] An example device for determining a reference
coordinate system includes: means for obtaining information
indicative of a direction of gravity relative to the device; and
means for converting an orientation of a device coordinate
system using the direction of gravity relative to the device to
produce the reference coordinate system.

[0009] Implementations of such a device may include one
or more of the following features. The device further includes
means for obtaining information indicative of a direction
perpendicular to gravity and wherein the means for convert-
ing are for converting the orientation of the device coordinate
system using the direction perpendicular to gravity. The
direction perpendicular to gravity is one of magnetic north or
a projection of a viewing direction of a camera of the device
onto a plane perpendicular to gravity. The device further
includes means for setting an origin of the reference coordi-
nate system. The means for setting the origin comprise:
means for obtaining a point cloud; and means for determining
a geometric center of a substantially planar portion of the
point cloud. The means for setting the origin comprise: means
for obtaining a point cloud; and means for determining an
intersection of a view direction of a camera of the device and
a plane corresponding to a substantially planar portion of the
point cloud.

[0010] Also or alternatively, implementations of the device
may include one or more of the following features. The device
further includes means for calculating a scale value. The
means for calculating the scale value comprise: means for
obtaining a point cloud; and means for comparing a dimen-
sion of the point cloud to a fixed size. The means for calcu-
lating the scale value comprise means for calculating the scale
value such that an origin of the reference coordinate system
will have a predetermined distance from the device. The
means for calculating the scale value comprise means for
using absolute measurements from one or more input sensors
of the device. The one or more input sensors comprise an
accelerometer or a plurality of cameras.

[0011] An example mobile device includes: a sensor con-
figured to determine a direction of gravity and to provide an
indication of the direction of gravity relative to the mobile
device; and an orientation module communicatively coupled
to the sensor and configured to convert an orientation of a
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device coordinate system, of the mobile device, using the
indication of the direction of gravity relative to the device to
produce a reference coordinate system.

[0012] Implementations of such a mobile device may
include one or more of the following features. The orientation
module is further configured to convert the orientation of the
device coordinate system using a direction perpendicular to
gravity. The mobile device further includes an origin module
communicatively coupled to the orientation module and con-
figured to set an origin of the reference coordinate system by
obtaining a point cloud and at least one of: determining a
geometric center of a substantially planar portion of the point
cloud; or determining an intersection of a view direction of a
camera of the mobile device and a plane corresponding to a
substantially planar portion of the point cloud. The mobile
device further includes a scale module communicatively
coupled to the orientation module and configured to set a
scale value for the reference coordinate system relative to the
device coordinate system by: (1) obtaining a point cloud and
comparing a dimension of the point cloud to a fixed size; or
(2) calculating the scale value such that an origin of the
reference coordinate system will have a predetermined dis-
tance from the mobile device; or (3) using absolute measure-
ments from one or more input sensors of the mobile device.
The orientation module is configured to produce a refined
reference coordinate system using information from the ref-
erence coordinate system and at least one previously deter-
mined coordinate system.

[0013] An example processor-readable storage medium of
a mobile device includes processor-readable instructions
configured to cause a processor to: obtain an indication of a
direction of gravity relative to the mobile device; and convert
an orientation of a device coordinate system, of the mobile
device, using the indication of the direction of gravity relative
to the device to produce a reference coordinate system.
[0014] Implementations of such a storage medium may
include one or more of the following features. The instruc-
tions configured to cause the processor to convert the orien-
tation of the device coordinate system include instructions
configured to use a direction perpendicular to gravity. The
storage medium further includes instructions configured to
cause the processor to set an origin of the reference coordinate
system are configured to cause the processor to obtain a point
cloud and at least one of: determine a geometric center of a
substantially planar portion of the point cloud; or determine
an intersection of a view direction of a camera of the mobile
device and a plane corresponding to a substantially planar
portion of the point cloud. The storage medium further
includes instructions configured to cause the processor to set
a scale value for the reference coordinate system relative to
the device coordinate system by: (1) obtaining a point cloud
and comparing a dimension of the point cloud to a fixed size;
or (2) calculating the scale value such that an origin of the
reference coordinate system will have a predetermined dis-
tance from the mobile device; or (3) using absolute measure-
ments from one or more input sensors of the mobile device.
The storage medium further includes instructions configured
to cause the processor to produce a refined reference coordi-
nate system using information from the reference coordinate
system and at least one previously determined coordinate
system.

[0015] Items and/or techniques described herein may pro-
vide one or more of the following capabilities, as well as other
capabilities not mentioned. Meaningful ways are provided to
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define a coordinate system for augmented reality applica-
tions. For example, in a board game augmented reality appli-
cation, a coordinate axis may be aligned parallel to the ground
or another surface such as a table, and in a graffiti augmented
reality application a coordinate axis may be aligned perpen-
dicular to the ground, for example parallel to a wall or other
structure. Coordinate systems may be provided where there is
aknown object in view or no known object in view. For cases
with one or more objects in view, a more meaningful coordi-
nate system may be established compared to prior techniques.
For example, with multiple targets in view, the targets may be
tracked and a coordinate system established. Alternatively,
with multiple targets in view, a coordinate system may be
aligned with an object, but not one of the tracked targets, thus
providing a global coordinate system for all the targets. Other
capabilities may be provided and not every implementation
according to the disclosure must provide any particular capa-
bility, let alone all of the capabilities, discussed. Further, it
may be possible for an effect noted above to be achieved by
means other than that noted, and a noted item/technique may
not necessarily yield the noted effect.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 is a simplified perspective view of an aug-
mented reality system.

[0017] FIG. 2 is a block diagram of a computer system that
incorporates components of a mobile device shown in FIG. 1.
[0018] FIG. 3 is a functional block diagram of the computer
system shown in FIG. 2.

[0019] FIGS. 4-5 are simplified plan views of the mobile
device shown in FIG. 1.

[0020] FIG. 6 is a block flow diagram of a process of cal-
culating a reference coordinate system.

[0021] FIG. 7 is a perspective view of the system shown in
FIG. 1 showing techniques for setting an origin of the refer-
ence coordinate system.

[0022] FIGS. 8-10 are perspective view of the system
shown in FIG. 1 showing techniques for setting an orientation
of the reference coordinate system.

[0023] FIGS. 11-13 are block flow diagrams of processes
for determining reference coordinate systems.

DETAILED DESCRIPTION

[0024] Techniques are provided to define an origin and/or
an orientation, and optionally a scale, of a coordinate system.
The coordinate system may be for a simultaneous localization
and mapping system. The techniques may be used in a variety
of situations, but at least some of the techniques may be
particularly useful in situations where the origin and orienta-
tion are not given a priori by a known reference.

[0025] Techniques are provided for defining a reference
coordinate system, e.g., for a simultaneous localization and
mapping (SLAM) system, e.g., for augmented reality (AR)
applications. Techniques are provided for determining the
origin and/or orientation, and optionally the scale, of a coor-
dinate system. For example, a device such as a mobile device
may use as inputs a camera pose (position and orientation), a
point cloud, and sensor data (e.g., measured from inertial
sensors such as an accelerometer and a magnetometer). Using
these inputs, the mobile device can determine a three-dimen-
sional point in space for the origin of the desired coordinate
system, an orientation of the desired coordinate system (e.g.,
three orthogonal axes), and a scale. The mobile device canuse
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this information to determine a translation from a coordinate
system of the camera to the desired coordinate system.

[0026] Selecting a meaningful origin, orientation (and
scale) for the coordinate system may be independent tasks.
Different techniques are provided for each of these tasks.
Some techniques make use of a three-dimensional (3D) point
cloud. Some techniques use sensors. The defined coordinate
system may be refined over time. Different techniques for
determining the origin and/or different techniques for deter-
mining the orientation for the coordinate system may be used,
e.g., depending on a particular application used.

[0027] Referring to FIG. 1, a system for determining a
coordinate system, here an augmented reality (AR) system 10
which may comprise a SLAM system, includes a device, here
an AR-enabled mobile device 12, and an object 14. The
mobile device 12 may be any computing device with an input
sensory unit, such as a camera, and a display. Here, the mobile
device 12 is a smart phone although the functionality
described herein is not limited to smart phones. For example,
the mobile device 12 may be a digital camera, a camcorder, a
tablet computer, a personal digital assistant, a video game
console, an HMD or other wearable display, a projector
device, or other device. Further, instead of the mobile device
12, a device such as a personal computer (e.g., desktop com-
puter), or other non-hand-held device or device not typically
labeled a mobile device, could be used. The mobile device 12
includes a camera for capturing images of objects, here the
object 14, in a field of view 18 of the camera. As used herein,
a point cloud is a collection of points in three-dimensional
space corresponding to at least a portion of an object, here the
object 14, that is visible in the field of view 18 by the camera
of'the mobile device 12. The point cloud may be determined
by one or more techniques performed by a processor of the
mobile device 12, for example based on image data from a
camera 24 (described below) of the mobile device 12 The
mobile device 12 is configured to augment reality by captur-
ing images of its environment, here capturing images of the
object 14, and displaying the additional imagery on a trans-
parent or semi-transparent display through which the object
14 is visible or displaying an image of the object 14 supple-
mented with additional imagery, here a drawing 16 partially
superimposed on and partially disposed above the object 14,
e.g., here for use in a graffiti AR application.

[0028] Referring to FIG. 2, the mobile device 12 includes
sensors 20, a sensor processor 22, one or more cameras 24, a
camera processor 26, a display 28, a graphics processor 30, a
touch sensor 32, a touch sensor processor 34, a communica-
tion module 36, a processor 38, and memory 40. The proces-
sors 22, 26, 30, 34, the communication module 36, the pro-
cessor 38, and the memory 40 are communicatively coupled
through a bus 42, as illustrated, or may be directly coupled or
coupled in another way. The processors 22, 26, 30, 34 may be
portions of a single processor, or implemented by different
portions of software code stored in the memory 40 and
executed by the processor 38, or separate dedicated proces-
sors, or combinations of these (e.g., with one or more of the
processors 22, 26, 30, 34 being a dedicated processor or
processors and others being part of the processor 38). The
processors 22, 26, 30, 34, 38 may be one or more general-
purpose processors and/or one or more special-purpose pro-
cessors (such as digital signal processing chips, graphics
acceleration processors, and/or the like). The sensors 20 can
provide an indication and/or indications of various sensed
parameters, e.g., an indication of a direction of gravity, e.g.,
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relative to an orientation of the mobile device 12 (relative to a
device coordinate system of the mobile device 12).

[0029] The sensors 20 and the sensor processor 22 are
configured to determine an orientation of the mobile device
12. The sensors 20 are orientation sensors configured to sense
information for use in determining an orientation of the
mobile device 12. For example, the sensors 20 may include
one or more inertial sensors such as gyroscopes, one or more
accelerometers, an inertial measurement unit (IMU), and/or
another type and/or other types of sensors. The sensor pro-
cessor 22 is configured to process data measured/collected by
the sensors 20 to determine the orientation of the mobile
device 12.

[0030] The camera(s) 24 and the camera processor 26 are
configured to capture and produce visual information. The
camera(s) 24 is(are) configured to capture images and/or
video of a real-world scene that can be augmented (with
augmentation, e.g., text or designs placed on a real-world
surface) using augmentation logic. The camera processor 26
is configured to process the data collected by the camera(s) 26
to convert the data into a format that can be used by the
augmentation logic. The camera processor 26 is configured to
perform various types of image or video processing on the
data collected from the camera(s) 24 to prepare the content for
display on display 28.

[0031] The display 28 and the graphics processor 30 are
configured to provide visual information based on the data
captured by the camera(s) 24 and processed by the camera
processor 26, and to provide visual information based on
information produced by the augmentation logic. The display
28 can be a touch screen interface that includes the touch
sensor 32. The graphics processor 30 is configured to gener-
ate graphical data for display on the display 28. The graphics
processor 30 is configured to use information provided by the
augmentation logic to display augmented image or video
content.

[0032] The touch sensor processor 34 can process data
output by the touch sensor 32 to identify when a user touches
the touch screen. The touch sensor process 34 can be config-
ured to identify various touch gestures, including multi-finger
touches of the touch screen. The augmentation logic can use
the gesture information determined by the touch sensor pro-
cessor 34 to determine, at least in part, how the augmentation
should react in response to user input.

[0033] The communication module 36 is configured to
enable the mobile device 12 to communicate using one more
wireless protocols. The communication module 36 is config-
ured to allow the mobile device 12 to send and receive data
from nearby wireless devices, including wireless access
points and other AR-enabled devices. The communication
module 36 may include a modem, a wireless network card, an
infrared communication device, a wireless communication
device and/or chipset (such as a short-range wireless device
such as a Bluetooth™ device, or an 802.11 device, a WiFi
device, a WiMax device, cellular communication facilities,
etc.), or the like. The communication module 36 may permit
datato be exchanged with a network, other computer systems,
and/or other devices.

[0034] The processor 38 is configured to control one or
more of the sensor processor 22, the camera processor 26, the
graphics processor 30, or the touch sensor processor 34. One
or more of the sensor processor 22, camera processor 26, the
graphics processor 30, or the touch sensor processor 34 may
also be implemented by the processor 38.
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[0035] The memory 40 includes volatile and/or persistent,
non-transitory memory for storing data used by various com-
ponents of the AR-enabled mobile device 12. The memory 40
may include local and/or network accessible storage, a disk
drive, a drive array, an optical storage device, a solid-state
storage device such as a random access memory (“RAM”)
and/or aread-only memory (“ROM”), which can be program-
mable, flash-updateable and/or the like. Such storage devices
may be configured to implement any appropriate data storage,
including without limitation, various file systems, database
structures, and/or the like.

[0036] The memory 40 stores processor-readable, proces-
sor-executable software program code 44 for one or more of
the processors included in the mobile device 12. The software
code 44 contains instructions for controlling the processor(s)
to perform functions described below (although the descrip-
tion may read that the software or a processor performs the
function(s)). In some instances, augmentation logic can be
implemented as processor-executable instructions stored in
the memory 40. The software 44 includes an operating sys-
tem, device drivers, executable libraries, and/or other soft-
ware code instructions, such as one or more application pro-
grams, that may implement methods described herein. For
example, one or more procedures described herein might be
implemented as software code instructions executed by a
processor. Such instructions can cause a general purpose
computer (or other device) to perform one or more operations
as described herein. The software 44 may be stored on a
non-removable portion of the memory 40 incorporated within
the mobile device 12 or may be stored on a removable
medium, such as a compact disc, and/or provided in an instal-
lation package. The instructions may take the form of execut-
able code, which is directly executable by a processor, or
alternatively the instructions may take the form of source
and/or installable code, which, upon compilation and/or
installation (e.g., using any of a variety of generally available
compilers, installation programs, compression/decompres-
sion utilities, etc.) then takes the form of executable code. One
or more of the elements described above with respect to the
mobile device 12 may be omitted. For example, the commu-
nication module 36 and/or the touch sensor 32 and touch
sensor processor 34 may be omitted. Further, additional ele-
ments may be included in some embodiments. One or more of
the processors 22, 26, 30, 34 may be combined with, or
implemented in, the processor 38, and/or some or all func-
tionality of one or more of the processors 22, 26, 30, 34 may
be implemented by instructions stored in the memory 40.

[0037] Referring to FIG. 3, the mobile device 12 includes
an origin module (means for setting a coordinate system
origin) 46, an orientation module (orientation means or
means for setting a coordinate system orientation) 48, a scale
module (means for setting a coordinate system scale) 50, and
a refining module (means for refining a coordinate system)
52. The origin module 46, the orientation module 48, the scale
module 50, and the refining module 52 are communicatively
coupled to each other. The modules 46, 48, 50, 52 are func-
tional modules that may be implemented by the processors
22, 26, 38 and/or the software 44 stored in the memory 40,
although the modules 46, 48, 50, 52 could be implemented in
hardware, firmware, or software, or combinations of these.
Reference to the modules 46, 48, 50, 52 performing or being
configured to perform a function is shorthand for one or more
of'the processors 22, 26, 38 performing or being configured to
perform the function in accordance with the software 44
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(and/or firmware, and/or hardware of the processors 22, 26,
38). Similarly, reference to one or more of the processors 22,
26, 38 determining an origin of a coordinate system, or deter-
mining an orientation of a coordinate system, or setting a
scale of a coordinate system is equivalent to the origin module
46, or the orientation module 48, or the scale module 50,
respectively, performing the function. The origin module 46,
or means for setting a coordinate system origin, is configured
to set an origin of a coordinate system, e.g., an AR coordinate
system based on information captured by the camera(s) 24.
Examples of operation of the origin module 46 are discussed
below with respect to FIG. 6, although the origin module 46
may operate in one or more other ways as well. The orienta-
tion module 48, or means for setting a coordinate system
orientation, is configured to set an orientation of a coordinate
system, e.g., an AR coordinate system using information
captured by the camera(s) 24 and/or information obtained
from the sensor(s) 22. The orientation module 48, or means
for setting a coordinate system orientation, include convert-
ing means for converting an orientation of a device coordinate
system of the mobile device 12 to the orientation of a refer-
ence coordinate system. Examples of operation of the orien-
tation module 48 are discussed below with respect to FIG. 6,
although the orientation module 48 may operate in one or
more other ways as well. The scale module 50 is configured to
set (including determine) a scale value for a coordinate sys-
tem, e.g., an AR coordinate system, using techniques dis-
cussed below or other appropriate techniques. The refining
module 52 is configured to use previously-determined infor-
mation, e.g., origin and/or orientation and/or scale value, to
refine the reference coordinate system, e.g., change the origin
and/or orientation and/or scale value of the reference coordi-
nate system.

[0038] The modules 46, 48, 50, 52 are configured to estab-
lish a reference coordinate system to enhance performance of
the device 12. For example, with the reference coordinate
system being an AR coordinate system, the modules 46, 48,
50, 52 help with the provision of AR images so that the AR
images comport with user expectations, e.g., so that a gaming
experience is more realistic and/or believable. As further
examples, the modules 46, 48, 50, 52 can help ensure that a
painting application provides a vertical easel, a board-game
application provides a horizontal gameboard, a sports appli-
cation is coordinated with sports equipment (e.g., a basketball
hoop) in view ofthe camera 24, etc. Use of these modules may
cause AR images to appear to displayed by the device 12 as an
appropriate size, in an expected orientation, and/or in a proper
augmentation with respect to a surface, for example to appear
to be walking on or anchored to a surface instead of floating
above it. Further, these modules may be used to establish a
reference system by the device 12 for uses other than AR, for
example in other applications where tracking and/or mapping
is utilized, such as in a different type of SLAM system.

[0039] Referring to FIGS. 4-5, the mobile device 12 may
include two cameras 24,, 24, in at least some configurations.
The camera 24, is disposed on a front side 54 of the mobile
device 12, along with the display 28, and the camera 24, is
disposed on a back side or rear side 56 of the mobile device
12. The camera 24, is referred to as a front-facing camera and
the camera 24, is referred to herein as a rear-facing camera.
The mobile device 12 is typically held such that the front-
facing camera 24, faces a user ofthe mobile device 12 and the
rear-facing camera 24, faces away from the user of the mobile
device 12. Alternatively, the converse may be true depending
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onhow the mobile device 12 is held by the user. Referring also
to FIG. 1, either of the cameras 24, 24, may have the field of
view (FOV) 18. The camera 24, is described below as having
the FOV 18, but the camera 24, or another camera may have
the FOV 18 in other situations or implementations.

[0040] Referring to FIG. 6, with further reference to FIGS.
1-5, a process 60 of establishing a reference coordinate sys-
tem includes the stages shown. The process 60 is, however, an
example only and not limiting. The process 60 can be altered,
e.g., by having stages added, removed, rearranged, combined,
and/or performed concurrently. For example, stages 70 and
74 discussed below could be eliminated, or two or more of the
stages 64, 66, 68 could be performed in a different order than
illustrated. The reference coordinate system may be a SLAM
coordinate system such as an AR coordinate system.

[0041] At stage 62, the mobile device 12 obtains an image
frame and in some embodiments also obtains sensor data. At
a triggering event such as at power up, activation of an AR
application, user selection, or other triggering event, the
mobile device 12 captures an image from one of the cameras
24, e.g., the rear-facing camera 24,, as processed by the
camera processor 26. The mobile device 12 may further
obtain information from the sensors 20 as processed by the
sensor processor 22. In this example, using an accelerometer,
the mobile device 12 obtains information regarding the direc-
tion of gravity relative to the coordinate system of the mobile
device 12. Further, using an accelerometer and a magnetom-
eter, the mobile device 12 obtains the direction of magnetic
north relative to the coordinate system of the mobile device
12. In some embodiments, two non-linear vectors are used.
The two non-linear vectors may comprise a gravity vector
(pointed downward) and a vector of magnetic north (pointed
toward magnetic north), or a combination of one of these
vectors and another vector, or a combination of two other
non-linear vectors. The gravity vector and the vector of mag-
netic north (i.e., a magnetic north vector) may both be derived
from one or more accelerometer measurements.

[0042] At stage 64, the mobile device 12 determines the
reference coordinate system origin. The origin module 46
may set the origin in one of a variety of ways depending upon
the circumstances. In a first technique, the origin module 46
sets the origin at a present 3D position 80 of the camera 24, as
shown in FIG. 7. In a second technique, the origin module 46
sets the origin 82 at a geometric center associated with a point
cloud, e.g. a geometric center of the object 14 as shown in
FIG. 7. This technique may be used, for example, when the
point cloud is known or determined to have a planar surface
(e.g., a table, a poster on a wall, etc.). The geometric center
associated with the point cloud may be determined as the
geometric center of the planar surface. In a third technique,
the origin module 46 sets the origin 84 at a point of the point
cloud whose two-dimensional (2D) projection lies close to a
center of the camera image as shown in FIG. 7. This technique
affixes or assigns the origin to a physical object, because any
point of the point cloud corresponds to a physical structure in
the environment (around the mobile device 12). This tech-
nique may be used in various situations, but may be particu-
larly useful where variance in the depth in the physical envi-
ronment is small, with the points of the point cloud being at
similar distances from the camera 24. In a fourth technique,
the origin module 46 sets the origin 86 of the reference coor-
dinate system at an intersection between the camera view
direction 88 (i.e., a ray through the center of the camera
frame, i.e., in the center of the field of view of the camera 24)
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and a plane fit to the point cloud. The plane can be fit to a large
or small portion of the point cloud depending upon whether
the point cloud is planar (represents a planar surface) or does
not represent a substantial planar surface. For example, the
origin module 46 can fit the plane to some points of the point
cloud whose 2D projections lie close to the camera center.
This technique helps ensure that the origin will be at or near
the center of the camera’s view and also associated with a
physical geometry in the environment around the mobile
device 12. As shown in FIG. 7, the origins 82, 84, 86 are in
different locations but close to each other. This is an example
only, and in other examples, one or more of the origins 82, 84,
86 may be co-located, and/or one or more of the origins 82,
84, 86 may be displaced from one or more of the other origins
82, 84, 86 further or lesser than shown.

[0043] At stage 66, the mobile device 12 determines the
reference coordinate system orientation, for example using
two non-parallel vectors. The orientation of the reference
coordinate system defines the directions for elevation (up/
down, +/-z-direction), azimuth (left/right, +/-x-direction),
and forward/backward (+/-y-direction), assuming an x-y-z
orthogonal coordinate system. Because the reference coordi-
nate system is orthogonal, it is enough for the orientation
module 48 to define the z-axis and the y-axis, with the final
axis resulting from the orthogonality between the axes (and
sidedness such as right-handedness). In some techniques, a
different combination of two axes is used. Several techniques
are available for determining the orientation. In a first tech-
nique, the orientation module 48 sets the orientation of the
reference coordinate system as the orientation of the present
camera image frame, as shown in FIG. 8. This technique, as
shown in FIG. 8, is applied to the origin 86, but the technique
could be applied to any origin, selected using any technique.
This technique is independent of sensor measurements and
can be used when the sensor information is not available (e.g.,
the sensors 20 are inoperative or it is desirable to conserve
power). The resulting reference coordinate system will be
oriented without regard to gravity and may be askew relative
to the physical environment (e.g., with azimuth being non-
parallel to the floor). In a second technique, as shown in FIG.
9, the orientation module 48 sets the orientation with respect
to gravity (shown as vector g) and to a direction perpendicular
to gravity or within a tolerance, e.g., 10°, of perpendicular to
gravity (i.e., substantially horizontal orientation with respect
to Earth or a surface of Earth), such as magnetic north (or,
alternatively, true north). The orientation module 48 may use
information from the sensor processor 22 to set the positive
z-axis (Zz) of the reference coordinate system as the inverse
direction of gravity or within a tolerance, e.g., 10°, of this
direction (i.e., substantially vertical orientation with respect
to Earth or a surface of Earth) based on information from the
accelerometer, and set the positive y-axis (Y) of the refer-
ence coordinate system as the direction of magnetic north
(based on information from the magnetometer and/or accel-
erometer). This technique may be used in various situations,
and may be particularly useful in situations where alignment
with geographic directions (e.g., for a navigation system) is
useful or important. In a third technique, as shown in FIG. 10,
the orientation module 48 sets the orientation of the reference
coordinate system with respect to gravity and a present view
direction of the camera 24. For example, the orientation mod-
ule 48 sets the positive z-axis as the inverse direction of
gravity (using the accelerometer) and sets the positive y-axis
as the current view direction of the rear-facing camera 24,
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projected onto a plane perpendicular to the z-axis (here the
top surface of the table 14). This technique may be used in
various situations, and may be particularly useful in situations
where alignment with geographic directions is of little or no
importance or use and alignment with the camera viewing
direction is useful or important.

[0044] Referring also to FIG. 11, a process 110 of deter-
mining a reference coordinate system using a direction of
gravity includes the stages shown. The process 110 is, how-
ever, an example only and not limiting. The process 110 can
be altered, e.g., by having stages added, removed, rearranged,
combined, and/or performed concurrently. While x-y-z coor-
dinate systems are discussed below, other coordinate systems
could be used. The process 110 includes techniques shown in
both FIG. 9 and FIG. 10 and discussed above for orienting a
reference coordinate system.

[0045] At stage 112, the process 110 includes obtaining
information indicative of a direction of gravity relative to a
device. The orientation module 48 obtains information
regarding a direction of gravity from the sensor processor 22,
that the sensor processor 22 computed from sensor data from
one or more of the sensors 20. The information from the
sensor processor 22 regarding the direction of gravity may be
relative to the device 12, e.g., relative to a device coordinate
system (X,-Y ,-Z,) or may be converted by the orientation
module 48 to be relative to the device coordinate system.
[0046] Atstage 114, the process 110 includes converting an
orientation of the device coordinate system (X,-Y,-Zp)
using the direction of gravity relative to the device to produce
the reference coordinate system (Xz-Yz-Zz). Known tech-
niques can be used to convert (translate the origin and/or
rotate the orientation) of the device coordinate system to yield
the reference coordinate system. Translate is used here to
indicate linear motion although the term translating (and its
conjugations) was used in U.S. Provisional Application No.
61/722,023 to mean converting as used herein.

[0047] Referring further to FIG. 12, a process 120 of deter-
mining a reference coordinate system based on an application
that will use the reference coordinate system includes the
stages shown. The process 120 is, however, an example only
and not limiting. The process 120 can be altered, e.g., by
having stages added, removed, rearranged, combined, and/or
performed concurrently. The process 120 includes techniques
for orienting the reference coordinate system.

[0048] At stage 122, the process 120 includes obtaining
information indicative of an orientation of a device. The ori-
entation module 48 obtains information from the sensor pro-
cessor 22, that the sensor processor 22 computed from sensor
data from one or more of the sensors 20. The information
indicates (either directly or after processing by the orientation
module 48) an orientation of the device coordinate system,
e.g., here the X,-Y -7, coordinate system shown in FIGS.
9-10.

[0049] At stage 124, the process 120 includes determining
an orientation of the reference coordinate system based on a
selected application for the reference coordinate system. The
reference coordinate system may be initially defined and/or
set to align with a surface determined or hypothesized by the
mobile device 12, e.g., via an AR application executed on the
mobile device 12, to be useful or important. For instance, two
axes of an x-y-z coordinate system may be defined to liein a
plane of a surface of a table (e.g., a tabletop) for a gaming
application, a wall for a graffiti application, or other surface or
an arbitrary orientation, e.g., as discussed below with respect
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to provided examples. For example, the processor 38 can
analyze information from one or more camera images to
determine a plane of a point cloud and assign two axes to be
orthogonal to each other and to lie in the plane, with the third
axis being orthogonal to both of the other two axes. Deter-
mining the orientation of the reference coordinate system
may comprise receiving the orientation of the reference coor-
dinate system, e.g., from the AR application and/or from user
input, and a means for determining the orientation may thus
include means for receiving the orientation of the reference
coordinate system, e.g., from the AR application and/or from
user input. Also or alternatively, the orientation of the refer-
ence coordinate system may be determined based on a type of
augmentation associated with the AR application. For
example, the type of augmentation may comprise text and/or
designs placed on a real-world surface, and/or a character
moving on a real-world surface. Such augmentations could
indicate a plane that should be occupied, e.g., by an x-y plane
of the reference coordinate system.

[0050] The orientation module 48 may determine which
technique or techniques to use to determine the orientation of
the reference coordinate system based on the application. For
example, the orientation module 48 may select one or more of
the techniques discussed above with respect to stage 66 based
on the application. If more than one technique is selected,
then results may be combined, e.g., averaged (including
weighted averaging or non-weighted averaging) to determine
the reference coordinate system orientation if appropriate, or
one of the techniques selected otherwise. The orientation
module 48 may determine (or select) the orientation tech-
nique(s) based on one or more properties or benefits of the
techniques relative to the application. For example, for a
sports application (e.g., a basketball game), the orientation
may be desirable to be relative to gravity while for a first
person shooter game in a spaceship, the orientation may be
desirable to be relative to the camera image frame at the start
of the application. The benefits) and/or property(ies) of the
application can be matched to the orientation technique, e.g.,
by analysis by the orientation module 48, by user input, by
predetermined settings (e.g., by an application developer),
etc. [f more than one technique is selected, then results may be
combined, e.g., averaged (including weighted averaging or
non-weighted averaging) to determine the reference coordi-
nate system orientation if appropriate, or one of the tech-
niques selected otherwise. That is, in situations where mul-
tiple orientation techniques would each be desirable, the
orientation module 48 may combine the orientations if prac-
tical, or may select one of the techniques based on a priority
for the particular application (e.g., as predefined), or may
allow a user to select the orientation technique, etc.

[0051] Atstage 126, the process 120 includes converting an
orientation of a device coordinate system to the determined
orientation to produce the reference coordinate system. The
orientation module 48 converts the orientation of the device
coordinate system to the orientation of the determined orien-
tation from stage 124 to produce the reference coordinate
system, e.g., using known techniques to rotate the device
coordinate system to the determined orientation.

[0052] Further, the process 120 may include stages for
obtaining information indicative of an initial origin, deter-
mining a desired origin of the reference coordinate system,
and converting the initial origin to the desired origin as the
origin of the reference coordinate system. These stages may
be done as part of the process 120, or as a separate process,
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independent of the process 120. The origin module 46 may
determine which technique or techniques to use to determine
the origin of the reference coordinate system based on the
application. For example, the origin module 46 may select
one or more of the techniques discussed above with respect to
stage 64 based on the application. The origin module 46 may
determine (or select) the origin technique(s) based on one or
more properties or benefits of the techniques relative to the
application. For example, for a sports application (e.g., a
basketball game), the origin may be desirable to be associated
with sports equipment, e.g., a basketball basket, for a painting
application, the origin may be desirable to be a center of a
planar surface such as a wall or a canvas on an easel, while for
a guidance application the origin may be desirable to be the
origin of the camera 24. The benefits) and/or property(ies) of
the application can be matched to the origin technique, e.g.,
by analysis by the origin module 46, by user input, by prede-
termined settings (e.g., by an application developer), etc. If
more than one technique is selected, then results may be
combined, e.g., averaged (including weighted averaging or
non-weighted averaging) to determine the reference coordi-
nate system origin if appropriate, or one of the techniques
selected otherwise. That is, in situations where multiple ori-
gin techniques would each be desirable, the origin module 46
may combine the origins if practical, or may select one of the
techniques based on a priority for the particular application
(e.g., as predefined), or may allow a user to select the origin
technique, etc.

[0053] Returning to FIG. 6, at stage 68, the mobile device
12 determines the scale of the reference coordinate system,
although doing so is optional as a scale value may be prede-
termined. The scale value may be determined using a variety
of'techniques. In a first technique, the scale module 50 sets a
scale value by comparing and scaling the point cloud to a
fixed size, e.g., one unit. To do so, the scale module 50 may
scale any of a variety of dimensions of the point cloud such as
aheight, a width, or a longest dimension seen from the camera
24. In a second technique, the scale module 50 sets the scale
value such that the AR coordinate origin has a specific pre-
determined distance, e.g., one unit, to the present camera
position, e.g., the origin of the camera coordinate system. In
a third technique, the scale module 50 sets the scale value
based on absolute measurements, e.g., as provided by an
accelerometer or a stereo camera system (e.g., two rear-view
cameras 24 displaced on the back 56 of the mobile device 12).
The absolute measurements can be directly used to define the
scale of the AR coordinate system. For example, a measure-
ment such as 1 cm from the absolute measurements could be
used as 1 unit in the AR coordinate system.

[0054] At stage 70, the mobile device 12 refines the present
reference coordinate system determined in stages 64, 66, 68.
The reference coordinate system may be refined over time
such that the reference coordinate system can be improved
(e.g., corrected if the initial hypothesis is incorrect). The
mobile device 12 refines the present reference coordinate
system (origin, orientation, and possibly scale) using infor-
mation from a previously-determined reference coordinate
system, here the most-recently determined reference coordi-
nate system, if any. For example, the processor 38 may iterate
the reference coordinate system, e.g., origin and/or orienta-
tion and/or scale, over time using a Kalman filter by using one
or more of the values and/or sensor data from previous itera-
tions. This stage is optional, as is the stage 74 discussed
below.

May 8, 2014

[0055] Atstage 72, the mobile device 12 outputs the present
reference coordinate system. The present reference coordi-
nate system may be output to an AR application such as a
drawing application, a board game application, a first-person
shooter application, etc. The present reference coordinate
system may be a refined reference coordinate system if a prior
reference coordinate system was available at stage 70 induc-
ing modification to the system determined at stages 64, 66, 68
and will be an unrefined coordinate system if no prior refer-
ence coordinate system was available at stage 70 or if the prior
reference coordinate system induces no modification to the
system determined at stages 64, 66, 68.

[0056] Atstage 74, the present reference coordinate system
is stored. The present reference coordinate system is stored in
the memory 40 for use as the prior reference coordinate
system in stage 70. As with stage 70, stage 74 is optional.
[0057] Theprocess 60 returns to stage 62 after stage 72. The
process 60 continues until the mobile device 12 is powered
down or the AR application being run on the mobile device 12
is closed. The process 60 can be initiated or repeated based on
or in response to one or more of various criteria. For example,
the process 60 could be performed in response to: each image
being captured; a threshold number of images having been
captured; an application request; a user request; passage of a
threshold amount of time; determination of a threshold
amount of drift in origin and/or orientation having occurred;
etc.

[0058] Referring to FIG. 13, aprocess 130 of determining a
reference coordinate system by refining a determined refer-
ence coordinate system includes the stages shown. The pro-
cess 130 is, however, an example only and not limiting. The
process 130 can be altered, e.g., by having stages added,
removed, rearranged, combined, and/or performed concur-
rently.

[0059] At stage 132, the process 130 includes obtaining
first information indicative of an orientation of a device at a
first time. The processor 38 may obtain the information from
the sensor processor in accordance with measurements taken
by the sensors 20, and/or may obtain the information from the
memory 40, etc. For example, stage 132 may comprises stage
62 discussed above.

[0060] At stage 134, the process 130 includes determining
the reference coordinate system based on the first informa-
tion. The processor 38 determines the reference coordinate
system, e.g., as discussed above with respect to stages 64, 66,
and, optionally, stage 68.

[0061] At stage 136, the process 130 includes refining the
reference coordinate system based on second information
indicative of the orientation of the device at a second time
after the first time(i.e., the second information is obtained,
e.g., sensed, subsequently to the first information being
obtained, e.g., sensed). For example, the processor 38 can
refine the reference coordinate system as discussed above
with respect to stage 70 using stored information regarding
previously-determined reference coordinate system informa-
tion associated with at least one previously-determined coor-
dinate system. Movement of the mobile device 12 between
the first time and the second time may improve the refine-
ment.

Examples

[0062] The preferred choice of a reference coordinate sys-
tem may be affected by the application for which the refer-
ence coordinate system is to be used. The origin module 46
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and/or the orientation module 48 may select a technique or
techniques for determining the origin and/or orientation of
the reference coordinate system based on the application to be
used. The following are examples of how the processor 38 can
choose between various coordinate selection techniques for
some applications, but other techniques for setting the coor-
dinate system origins and/or coordinate system orientations
may be used for the applications discussed or other applica-
tions.

[0063] In a game-board AR game, an example of a mean-
ingful coordinate system is one that is upright and aligned
with a horizontal surface, e.g., of a table. In this case, the
processor 38 can assume that the point cloud is reasonably
planar for calculating the origin of the reference coordinate
system, e.g., using the first or fourth origin-setting techniques
discussed above. The orientation of the reference coordinate
system can be calculated by the processor 38 and/or the
orientation module 48 with respect to gravity and to the view
direction of the camera 24, e.g., using the third orientation-
setting technique discussed above. Similarly, in a graffiti AR
application, a meaningful coordinate system is typically
aligned with a wall and facing the outer side of the wall. In this
case, for example, the processor 38 can calculate the origin
using the second or fourth origin-setting techniques discussed
above, with the point cloud being substantially/reasonably
planar (e.g., having a substantially planar portion, e.g., planar
within an allowed tolerance, e.g., 10% deviation of height
versus length or width of the plane). In this case, for example,
the processor 38 can calculate the orientation of the reference
coordinate system using the third orientation-setting tech-
nique discussed above and then rotating the coordinate sys-
tem by 90 degrees around the x-axis so that the z-axis points
horizontally out of the wall rather than upwards.

[0064] In an application with a robot navigating an
unknown environment, an example of a meaningful coordi-
nate system is one that is centered on the robot’s initial posi-
tion and aligned to gravity and to north. In this case, for
example, the processor 38 and/or the origin module 46 may
use the first origin-setting technique discussed above to cal-
culate the origin of the reference coordinate system, and may
use the second orientation-setting technique discussed above
to orient the reference coordinate system correctly with
respect to gravity and north. In some embodiments, such
reference coordinate system may be used for SLAM, and the
robot navigates the unknown environment using SLAM.
[0065] In a first-person shooting game in outer space, an
example of a meaningful reference coordinate system is one
that is aligned to the initial camera position and orientation,
and that is independent of gravity. In this case, for example,
the processor 38 may use the first origin-setting technique and
the first orientation-setting technique discussed above.
[0066] Proper setting of a reference coordinate system may
help improve a user experience. For example, proper setting
of'the reference coordinate system may help ensure that aug-
mentations are in appropriate proportions (e.g., a basketball
being smaller than basketball basket), in appropriate loca-
tions (e.g., heavy objects not floating in mid-air, fish not
flying, etc.), and at appropriate orientations (e.g., people
standing upright, cars driving horizontally, etc.).

OTHER CONSIDERATIONS

[0067] The discussion gave examples using x-y-z coordi-
nate systems, the principles involved, and/or the specific tech-
niques discussed with little modification, could be applied to
other coordinate systems.
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[0068] Other examples and implementations are within the
scope and spirit of the disclosure and appended claims. For
example, while the discussion above focused on augmented
reality systems and/or SLAM systems, the techniques dis-
cussed may be applied to non-augmented reality systems.
Further, due to the nature of software, functions described
above can be implemented using software executed by a
processor, hardware, firmware, hardwiring, or combinations
of'any of these. Features implementing functions may also be
physically located at various positions, including being dis-
tributed such that portions of functions are implemented at
different physical locations. Also, as used herein, including in
the claims, “or” as used in a list of items prefaced by “at least
one of” indicates a disjunctive list such that, for example, a list
of “at least one of A, B, or C” means A or B or C or AB or AC
or BC or ABC (i.e., A and B and C), or combinations with
more than one feature (e.g., AA, AAB, ABBC, etc.).

[0069] As used herein, including in the claims, unless oth-
erwise stated, a statement that a function or operation is
“based on” an item or condition means that the function or
operation is based on the stated item or condition and may be
based on one or more items and/or conditions in addition to
the stated item or condition.

[0070] Substantial variations may be made in accordance
with specific requirements. For example, customized hard-
ware might also be used, and/or particular elements might be
implemented in hardware, software (including portable soft-
ware, such as applets, etc.), or both. Further, connection to
other computing devices such as network input/output
devices may be employed.

[0071] The terms “machine-readable medium” and “com-
puter-readable medium,” as used herein, refer to any medium
that participates in providing data that causes a machine to
operate in a specific fashion. Using a computer system, vari-
ous computer-readable media might be involved in providing
instructions/code to processor(s) for execution and/or might
be used to store and/or carry such instructions/code (e.g., as
signals). In many implementations, a computer-readable
medium is a physical and/or tangible storage medium. Such a
medium may take many forms, including but not limited to,
non-volatile media and volatile media. Non-volatile media
include, for example, optical and/or magnetic disks. Volatile
media include, without limitation, dynamic memory.

[0072] Common forms of physical and/or tangible com-
puter-readable media include, for example, a floppy disk, a
flexible disk, hard disk, magnetic tape, or any other magnetic
medium, a CD-ROM, any other optical medium, punchcards,
papertape, any other physical medium with patterns of holes,
a RAM, a PROM, EPROM, a FLASH-EPROM, any other
memory chip or cartridge, a carrier wave as described here-
inafter, or any other medium from which a computer can read
instructions and/or code.

[0073] Various forms of computer-readable media may be
involved in carrying one or more sequences of one or more
instructions to one or more processors for execution. Merely
by way of example, the instructions may initially be carried
on a magnetic disk and/or optical disc of a remote computer.
A remote computer might load the instructions into its
dynamic memory and send the instructions as signals over a
transmission medium to be received and/or executed by a
computer system.

[0074] The methods, systems, and devices discussed above
are examples. Various configurations may omit, substitute, or
add various procedures or components as appropriate. For
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instance, in alternative configurations, the methods may be
performed in an order different from that described, and that
various steps may be added, omitted, or combined. Also,
features described with respect to certain configurations may
be combined in various other configurations. Different
aspects and elements of the configurations may be combined
in a similar manner. Also, technology evolves and, thus, many
of'the elements are examples and do not limit the scope of the
disclosure or claims.

[0075] Specific details are given in the description to pro-
vide a thorough understanding of example configurations
(including implementations). However, configurations may
be practiced without these specific details. For example, well-
known circuits, processes, algorithms, structures, and tech-
niques have been shown without unnecessary detail in order
to avoid obscuring the configurations. This description pro-
vides example configurations only, and does not limit the
scope, applicability, or configurations of the claims. Rather,
the preceding description of the configurations provides a
description for implementing described techniques. Various
changes may be made in the function and arrangement of
elements without departing from the spirit or scope of the
disclosure.

[0076] Also, configurations may be described as a process
which is depicted as a flow diagram or block diagram.
Although each may describe the operations as a sequential
process, many of the operations can be performed in parallel
or concurrently. In addition, the order of the operations may
be rearranged. A process may have additional stages or func-
tions not included in the figure. Furthermore, examples of the
methods may be implemented by hardware, software, firm-
ware, middleware, microcode, hardware description lan-
guages, or any combination thereof. When implemented in
software, firmware, middleware, or microcode, the program
code or code segments to perform the tasks may be stored in
anon-transitory computer-readable medium such as a storage
medium. Processors may perform the described tasks.
[0077] Having described several example configurations,
various modifications, alternative constructions, and equiva-
lents may be used without departing from the spirit of the
disclosure. For example, the above elements may be compo-
nents of a larger system, wherein other rules may take prece-
dence over or otherwise modify the application of the inven-
tion. Also, a number of operations may be undertaken before,
during, or after the above elements are considered. Accord-
ingly, the above description does not bound the scope of the
claims.

[0078] Further, the following are example claims regarding
various aspects of the discussion above.

[0079] 1. A method of determining a reference coordinate
system, the method comprising:

[0080] obtaining first information indicative of an orienta-
tion of a device at a first time;

[0081] determining the reference coordinate system based
on the first information; and

[0082] refining the reference coordinate system based on
second information indicative of the orientation of the device
at a second time after the first time.

[0083] 2. The method of claim 1 wherein the device has
been moved between the first time and the second time.
[0084] 3. The method of claim 1 wherein the reference
coordinate system comprises a coordinate system foruse with
an application of the device, and wherein the determining
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comprises converting an orientation of a coordinate system of
the device to the reference coordinate system for use with the
application of the device.

[0085] 4. The method of claim 3 wherein the reference
coordinate system for use with an application of the device
comprises a SLAM coordinate system.

[0086] 5. The method of claim 3 wherein the application
comprises an AR application.

[0087] 6. The method of claim 1 wherein the first informa-
tion comprises two non-linear vectors.

[0088] 7. The method of claim 6, wherein a first of the two
non-linear vectors comprises a gravity vector derived from
one or more accelerometer measurements.

[0089] 8. The method of claim 7 wherein a second of the
two non-linear vectors comprises a vector pointed in a direc-
tion of magnetic north, the second of the two vectors being
derived from at least a magnetometer, or wherein the second
of the two non-linear vectors comprises a projection of a
viewing direction of a camera of the device onto a plane
perpendicular to gravity.

[0090] 9. The method of claim 1 wherein the determining
comprises setting an origin of the reference coordinate sys-
tem and/or determining a scale value of the reference coordi-
nate system.

[0091] 10. A mobile device comprising:

[0092] means for obtaining first information indicative of
an orientation of the mobile device at a first time;

[0093] means for determining the reference coordinate sys-
tem based on the first information; and

[0094] means for refining the reference coordinate system
based on second information indicative of the orientation of
the device at a second time after the first time.

[0095] 11. The mobile device of claim 10 wherein the
means for determining are configured to convert an orienta-
tion of a coordinate system of the mobile device to the refer-
ence coordinate system for use with an application of the
mobile device.

[0096] 12. The mobile device of claim 10 wherein the
means for obtaining are configured to obtain two non-linear
vectors as the first information, at least one of the two non-
linear vectors being a gravity vector or a vector of magnetic
north.

[0097] 13. The mobile device of claim 10 wherein the
means for determining are configured to set an origin of the
reference coordinate system and/or determine a scale value of
the reference coordinate system.

[0098] 14. A processor-readable storage medium of a
mobile device, the storage medium comprising processor-
readable instructions configured to cause a processor to:
[0099] obtain first information indicative of an orientation
of the mobile device at a first time;

[0100] determine the reference coordinate system based on
the first information; and

[0101] refine the reference coordinate system based on sec-
ond information indicative of the orientation of the device at
a second time after the first time.

[0102] 15. The storage medium of claim 14 wherein the
instructions configured to cause the processor to determine
the reference coordinate system include instructions config-
ured to cause the processor to convert an orientation of a
coordinate system of the mobile device to the reference coor-
dinate system for use with an application of the mobile
device.
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[0103] 16. The storage medium of claim 14 wherein the
instructions configured to cause the processor to obtain the
first information include instructions configured to cause the
processor to obtain two non-linear vectors as the first infor-
mation, at least one of the two non-linear vectors being a
gravity vector or a vector of magnetic north.

[0104] 17. The storage medium of claim 14 wherein the
instructions configured to cause the processor to determine
the reference coordinate system include instructions config-
ured to cause the processor to set an origin of the reference
coordinate system and/or determine a scale value of the ref-
erence coordinate system.

[0105] 18. A mobile device comprising:

[0106] a memory storing processor-readable instructions;
and

[0107] a processor communicatively coupled to the

memory and configured to:
[0108] obtain first information indicative of an orienta-
tion of the mobile device at a first time;
[0109] determine areference coordinate system based on
the first information; and
[0110] refine the reference coordinate system based on
second information indicative of the orientation of the
mobile device at a second time after the first time.
[0111] 19. The mobile device of claim 18 wherein the pro-
cessor is configured to convert an orientation of a coordinate
system of the mobile device to the reference coordinate sys-
tem for use with an application of the mobile device.
[0112] 20. The mobile device of claim 18 wherein the pro-
cessor is configured to obtain two non-linear vectors as the
first information, at least one of the two non-linear vectors
being a gravity vector or a vector of magnetic north.
[0113] 21. The mobile device of claim 18 wherein to deter-
mine the reference coordinate system the processor is config-
ured to set an origin of the reference coordinate system and/or
determine a scale value of the reference coordinate system.
[0114] 22. A method of determining a reference coordinate
system, the method comprising:

[0115] obtaining information indicative of an orientation of
a device;
[0116] determining an orientation of the reference coordi-

nate system based on a selected application for the reference
coordinate system; and

[0117] converting an orientation of'a device coordinate sys-
tem to the orientation of the reference coordinate system to
produce the reference coordinate system.

[0118] 23. The method of claim 22 further comprising
refining the reference coordinate system based on subse-
quently obtained information indicative of an orientation of
the device.

[0119] 24. The method of claim 22 wherein the reference
coordinate system comprises a SLAM coordinate system.
[0120] 25. The method of claim 22 wherein the application
comprises an AR application.

[0121] 26.Themethod of claim 25 wherein the determining
comprises receiving an orientation from the AR application.
[0122] 27.Themethodofclaim 25 wherein the determining
is based on a type of augmentation associated with the AR
application.

[0123] 28. The method of claim 27 wherein the type of
augmentation comprises text or designs placed on a real-
world surface.
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[0124] 29. The method of claim 27 wherein the type of
augmentation comprises a character moving on a real-world
surface.

[0125] 30. The method of claim 22 wherein the orientation
of the reference coordinate system comprises a substantially
horizontal orientation with respect to Earth.

[0126] 31.The method of claim 22 wherein the orientation
of the reference coordinate system comprises a substantially
vertical orientation with respect to Earth.

[0127] 32. The method of claim 22 further comprising set-
ting an origin of the reference coordinate system based on the
selected application.

[0128] 33. A mobile device comprising:

[0129] obtaining means for obtaining information indica-
tive of an orientation of a device; and

[0130] orientation means, communicatively coupled to the
obtaining means, for determining an orientation of a refer-
ence coordinate system based on a selected application for the
reference coordinate system, the orientation means including
converting means for converting an orientation of a device
coordinate system of the mobile device to the orientation of
the reference coordinate system to produce the reference
coordinate system.

[0131] 34.The mobile device of claim 33 wherein the con-
verting means comprise refining means for refining the ref-
erence coordinate system based on subsequently obtained
information indicative of an orientation of the device.
[0132] 35. The mobile device of claim 33 wherein the ref-
erence coordinate system comprises a SLAM coordinate sys-
tem.

[0133] 36.The mobile device of claim 33 wherein the appli-
cation comprises an AR application.

[0134] 37. The mobile device of claim 36 wherein the ori-
entation means comprise means for receiving an orientation
from the AR application.

[0135] 38.Themobile device of claim 36 wherein the deter-
mining is based on atype of augmentation associated with the
AR application.

[0136] 39. The mobile device of claim 38 wherein the type
of augmentation comprises text or designs placed on a real-
world surface.

[0137] 40. The mobile device of claim 38 wherein the type
of augmentation comprises a character moving on a real-
world surface.

[0138] 41. The mobile device of claim 33 wherein the ori-
entation of the reference coordinate system comprises a sub-
stantially horizontal orientation with respect to Earth.
[0139] 42. The mobile device of claim 33 wherein the ori-
entation of the reference coordinate system comprises a sub-
stantially vertical orientation with respect to Earth.

[0140] 43. The mobile device of claim 33 further compris-
ing means for setting an origin of the reference coordinate
system based on the selected application.

[0141] 44. A mobile device comprising:

[0142] a memory storing processor-readable instructions;
and

[0143] a processor communicatively coupled to the

memory and configured to:

[0144] obtain information indicative of an orientation of
a device;
[0145] determine an orientation of a reference coordi-

nate system based on a selected application for the ref-
erence coordinate system; and
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[0146] convert an orientation of a device coordinate sys-
tem of the mobile device to the orientation of the refer-
ence coordinate system to produce the reference coor-
dinate system.

[0147] 45. The mobile device of claim 44 wherein the pro-
cessor is further configured to refine the reference coordinate
system based on subsequently obtained information indica-
tive of an orientation of the device.

[0148] 46. The mobile device of claim 44 wherein the ref-
erence coordinate system comprises a SLAM coordinate sys-
tem.

[0149] 47.Themobile device of claim 44 wherein the appli-
cation comprises an AR application.

[0150] 48. The mobile device of claim 47 wherein the pro-
cessor is configured to receive an orientation from the AR
application.

[0151] 49. The mobile device of claim 47 wherein the pro-
cessor is configured to determine the orientation of the refer-
ence coordinate system based on a type of augmentation
associated with the AR application.

[0152] 50. The mobile device of claim 49 wherein the type
of augmentation comprises text or designs placed on a real-
world surface.

[0153] 51. The mobile device of claim 49 wherein the type
of augmentation comprises a character moving on a real-
world surface.

[0154] 52. The mobile device of claim 44 wherein the ori-
entation of the reference coordinate system comprises a sub-
stantially horizontal orientation with respect to Earth.
[0155] 53. The mobile device of claim 44 wherein the ori-
entation of the reference coordinate system comprises a sub-
stantially vertical orientation with respect to Earth.

[0156] 54. The mobile device of claim 44 wherein the pro-
cessor is configured to set an origin of the reference coordi-
nate system based on the selected application.

[0157] 55. A processor-readable storage medium of a
mobile device, the storage medium comprising processor-
readable instructions configured to cause a processor to:

[0158] obtain information indicative of an orientation of a
device;
[0159] determine an orientation of a reference coordinate

system based on a selected application for the reference coor-
dinate system; and

[0160] convert an orientation of a device coordinate system
of the mobile device to the orientation of the reference coor-
dinate system to produce the reference coordinate system.
[0161] 56. The storage medium of claim 55 further com-
prising instructions configured to cause the processor to
refine the reference coordinate system based on subsequently
obtained information indicative of an orientation of the
device.

[0162] 57. The storage medium of claim 55 wherein the
reference coordinate system comprises a SLAM coordinate
system.

[0163] 58. The storage medium of claim 55 wherein the
application comprises an AR application.

[0164] 59. The storage medium of claim 58 further com-
prising instructions configured to cause the processor to
receive an orientation from the AR application.

[0165] 60. The storage medium of claim 58 wherein the
instructions configured to cause the processor to determine
the orientation of the reference coordinate system include
instructions configured to cause the processor to determine
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the orientation of the reference coordinate system based on a
type of augmentation associated with the AR application.
[0166] 61. The storage medium of claim 60 wherein the
type of augmentation comprises text or designs placed on a
real-world surface.

[0167] 62. The storage medium of claim 60 wherein the
type of augmentation comprises a character moving on a
real-world surface.

[0168] 63. The storage medium of claim 55 wherein the
orientation of the reference coordinate system comprises a
substantially horizontal orientation with respect to Earth.
[0169] 64. The storage medium of claim 55 wherein the
orientation of the reference coordinate system comprises a
substantially vertical orientation with respect to Earth.
[0170] 65. The storage medium of claim 55 wherein the
instructions configured to cause the processor to determine
the orientation of the reference coordinate system include
instructions configured to cause the processor to set an origin
of the reference coordinate system based on the selected
application.

What is claimed is:

1. A method of determining a reference coordinate system,
the method comprising:

obtaining information indicative of a direction of gravity

relative to a device; and

converting an orientation of a device coordinate system

using the direction of gravity relative to the device to
produce the reference coordinate system.

2. The method of claim 1 further comprising obtaining
information indicative of a direction perpendicular to gravity
and wherein the converting comprises converting the orien-
tation of the device coordinate system using the direction
perpendicular to gravity.

3. The method of claim 2 wherein the direction perpen-
dicular to gravity is one of magnetic north or a projection of a
viewing direction of a camera of the device onto a plane
perpendicular to gravity.

4. The method of claim 1 further comprising setting an
origin of the reference coordinate system.

5. The method of claim 4 wherein setting the origin com-
prises:

obtaining a point cloud; and

determining a geometric center of a substantially planar

portion of the point cloud.

6. The method of claim 4 wherein setting the origin com-
prises:

obtaining a point cloud; and

determining an intersection of a view direction of a camera

of the device and a plane corresponding to a substan-
tially planar portion of the point cloud.

7. The method of claim 1 further comprising calculating a
scale value and producing the reference coordinate system
using the scale value.

8. The method of claim 7 wherein calculating the scale
value comprises:

obtaining a point cloud; and

comparing a dimension of the point cloud to a fixed size.

9. The method of claim 7 wherein calculating the scale
value comprises calculating the scale value such that an origin
of' the reference coordinate system will have a predetermined
distance from the device.

10. The method of claim 7 wherein calculating the scale
value comprises using absolute measurements from one or
more input sensors of the device.
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11. The method of claim 10 wherein the one or more input
sensors comprise an accelerometer or a plurality of cameras.

12. The method of claim 1 further comprising refining the
reference coordinate system using information from the ref-
erence coordinate system and at least one previously-deter-
mined coordinate system to generate a combination of the
reference coordinate system and the at least one previously-
determined coordinate system.

13. The method of claim 1 further comprising determining
at least one of a first technique for converting the orientation
or a second technique for setting an origin of the reference
coordinate system based on an application for which the
reference coordinate system is used.

14. The method of claim 1 wherein the reference coordi-
nate system is an augmented reality coordinate system, the
method further comprising displaying an augmented reality
image disposed and directed in accordance with the reference
coordinate system.

15. A device for determining a reference coordinate sys-
tem, the device comprising:

means for obtaining information indicative of a direction of

gravity relative to the device; and

means for converting an orientation of a device coordinate

system using the direction of gravity relative to the
device to produce the reference coordinate system.

16. The device of claim 15 further comprising means for
obtaining information indicative of a direction perpendicular
to gravity and wherein the means for converting are for con-
verting the orientation of the device coordinate system using
the direction perpendicular to gravity.

17. The device of claim 16 wherein the direction perpen-
dicular to gravity is one of magnetic north or a projection of a
viewing direction of a camera of the device onto a plane
perpendicular to gravity.

18. The device of claim 15 further comprising means for
setting an origin of the reference coordinate system.

19. The device of claim 18 wherein the means for setting
the origin comprise:

means for obtaining a point cloud; and

means for determining a geometric center of a substantially

planar portion of the point cloud.

20. The device of claim 18 wherein the means for setting
the origin comprise:

means for obtaining a point cloud; and

means for determining an intersection of a view direction

of'a camera of the device and a plane corresponding to a
substantially planar portion of the point cloud.

21. The device of claim 15 further comprising means for
calculating a scale value such that an origin of the reference
coordinate system will have a predetermined distance from
the device.

22. The device of claim 21 wherein the means for calcu-
lating the scale value comprise:

means for obtaining a point cloud; and

means for comparing a dimension of the point cloud to a

fixed size.

23. The device of claim 21 wherein the means for calcu-
lating the scale value comprise means for calculating the scale
value such that an origin of the reference coordinate system
will have a predetermined distance from the device.

24. The device of claim 21 wherein the means for calcu-
lating the scale value comprise means for using absolute
measurements from one or more input sensors of the device.
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25. The device of claim 24 wherein the one or more input
sensors comprise an accelerometer or a plurality of cameras.

26. The device of claim 15 further comprising means for
refining the reference coordinate system using information
from the reference coordinate system and at least one previ-
ously-determined coordinate system to generate a combina-
tion of the reference coordinate system and the at least one
previously-determined coordinate system.

27. The device of claim 15 further comprising means for
determining at least one of a first technique for converting the
orientation or a second technique for setting an origin of the
reference coordinate system based on an application for
which the reference coordinate system is used.

28. The device of claim 15 wherein the reference coordi-
nate system is an augmented reality coordinate system, the
device further comprising means for displaying an aug-
mented reality image disposed and directed in accordance
with the reference coordinate system.

29. A mobile device comprising:

a sensor configured to determine a direction of gravity and
to provide an indication of the direction of gravity rela-
tive to the mobile device; and

an orientation module communicatively coupled to the
sensor and configured to convert an orientation of a
device coordinate system, of the mobile device, using
the indication of the direction of gravity relative to the
mobile device to produce a reference coordinate system.

30. The mobile device of claim 29 wherein the orientation
module is further configured to convert the orientation of the
device coordinate system using a direction perpendicular to
gravity.

31. The mobile device of claim 29 further comprising an
origin module communicatively coupled to the orientation
module and configured to set an origin of the reference coor-
dinate system by obtaining a point cloud and at least one of:

determining a geometric center of a substantially planar
portion of the point cloud; or

determining an intersection of a view direction of a camera
of the mobile device and a plane corresponding to a
substantially planar portion of the point cloud.

32. The mobile device of claim 29 further comprising a
scale module communicatively coupled to the orientation
module and configured to set a scale value for the reference
coordinate system relative to the device coordinate system
by:

(1) obtaining a point cloud and comparing a dimension of

the point cloud to a fixed size; or

(2) calculating the scale value such that an origin of the
reference coordinate system will have a predetermined
distance from the mobile device; or

(3) using absolute measurements from one or more input
sensors of the mobile device.

33. The mobile device of claim 29 wherein the orientation
module is configured to produce a refined reference coordi-
nate system using information from the reference coordinate
system and at least one previously determined coordinate
system.

34. The mobile device of claim 29 wherein the reference
coordinate system is an augmented reality coordinate system,
the mobile device further comprising a display and a proces-
sor configured to cause the display to display an augmented
reality image disposed and directed in accordance with the
reference coordinate system.



US 2014/0123507 Al May 8, 2014
13

35. A processor-readable storage medium of a mobile
device, the storage medium comprising processor-readable
instructions configured to cause a processor to:

obtain an indication of a direction of gravity relative to the

mobile device; and

convert an orientation of a device coordinate system, of the

mobile device, using the indication of the direction of
gravity relative to the mobile device to produce a refer-
ence coordinate system.
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