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PAIRING A BEACON WITH A MOBILE ROBOT

CLAIM OF PRIORITY
This application claims priority to U.S. Application No. 14/807,485, filed July

23, 2015, entitled PAIRING A BEACON WITH A MOBILE ROBOT, the disclosure of

5 which is incorporated herein by reference.

TECHNICAL FIELD

This specification relates generally to pairing a beacon with a mobile robot.

BACKGROUND
A mobile lawn mowing robot can navigate about an environment to mow a
10 confined area in that environment. The robot can determine its location within the
environment by detecting beacons within the environment. The beacons can be
passive beacons that reflect signals emitted by the robot or active beacons that emit
signals detected by the robot. The robot can use these signals from the beacons to
restrict its movement to the confined area within the environment and/or to enable

15 systematic coverage of the lawn area.

SUMMARY
In some examples, a method performed by a mobile lawn mowing robot
includes pairing a beacon with the mobile lawn mowing robot. Pairing the beacon
with the mobile lawn mowing robot includes determining a distance between the
20 beacon and the mobile lawn mowing robot and confirming that the beacon is within a

pairing distance from the mobile lawn mowing robot based on a comparison of the
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determined distance to a pairing distance. Pairing the beacon with the mobile robot
lawn mowing robot further includes, subsequent to confirming that the beacon is
within the pairing distance from the mobile lawn mowing robot, pairing the beacon
with the mobile lawn mowing robot, and, following pairing, detecting wideband or
ultra-wideband signals from the beacon, and using the wideband or ultra-wideband
signals to enable navigation over an area.

In some examples, the method performed by the mobile lawn mowing robot
can include outputting a request, via a user interface, for confirmation that the
beacon is among a number of beacons to which the mobile lawn mowing robot is to
communicate. The method can include receiving, in response to the request, the
confirmation that the beacon is among the number of beacons to which the mobile
lawn mowing robot is to communicate. Pairing can be performed following receipt of
the confirmation.

In some examples, pairing the beacon with the mobile lawn mowing robot can
include, prior to determining the distance between the beacon and the mobile lawn
mowing robot, identifying a broadcast from the beacon. The broadcast can include a
beacon address for the beacon and a predefined address not specific to any beacon.
Pairing the beacon with the mobile lawn mowing robot can include, in response to
the broadcast, sending, to the beacon at the beacon address, a robot address for the
mobile lawn mowing robot. Pairing the beacon with the mobile lawn mowing robot
can include receiving, from the beacon, a message. A distance between the beacon
and the mobile lawn mowing can be determined from the message. Pairing the
beacon with the mobile lawn mowing robot further can further include storing in

memory on the mobile lawn mowing robot the beacon address in association with
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one or more other addresses for one or more other beacons paired with the mobile
lawn mowing robot. Pairing the beacon with the mobile lawn mowing robot can
further include outputting a request to move the beacon toward the mobile lawn
mowing robot. The message from the beacon can be received following output of
the request to move the beacon.

The method performed by the mobile lawn mowing robot can further include,
following pairing, sending the beacon address to one or more other beacons. The
method can include sending, to the beacon, one or more other addresses for the one
or more other beacons. The method can include transmitting the beacon address
and the robot address to a server for storage in association with a user account. The
method can include identifying an error associated with the beacon and outputting an
indication of the error via a user interface. The user interface can include a feature
for indicating that the error is being addressed by replacing the beacon. The method
can further include, in response to the indication that the error is being addressed by
replacing the beacon, causing the mobile lawn mowing robot to listen for the
predefined address not specific to any beacon.

In some examples, the method performed by the mobile lawn mowing robot
can include receiving a passcode from the beacon and comparing the passcode to a
passcode associated with the mobile lawn mowing lawn mowing robot. Pairing can
be performed following confirmation that the passcode from the beacon matches the
passcode associated with the mobile lawn mowing robot.

In some examples, a method performed by a beacon for pairing the beacon
with a mobile lawn mowing robot includes outputting a broadcast to the mobile lawn

mowing robot. The broadcast includes a beacon address for the beacon and a
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predefined address not specific to any beacon. The method includes, following the
broadcast, receiving, from the mobile lawn mowing robot, a robot address for the
mobile lawn mowing robot. The method includes outputting, from the beacon and to
the mobile lawn mowing robot at the robot address, a message. A distance between
the beacon and the mobile lawn mowing robot is determined from the message. The
method includes receiving, from the mobile lawn mowing robot, a confirmation that
the beacon is paired with the mobile lawn mowing robot. The method includes, in
response to the confirmation, registering the beacon as paired with the mobile lawn
mowing robot.

In some examples, registering can include storing, in memory on the beacon,
the robot address of the mobile lawn mowing robot.

In some examples, the method performed by the beacon can include
receiving one or more addresses of one or more other beacons that are paired with
the mobile lawn mowing robot and storing the one or more other addresses in
memory on the beacon. The one or more addresses can be received from the
mobile lawn mowing robot following registering.

In some examples, a lawn mowing system includes beacons to transmit
wideband or ultra-wideband signals. Each beacon has a different associated beacon
address and a robot address stored in a memory. The lawn mowing system includes
a mobile lawn mowing robot associated with the robot address. The mobile lawn
mowing robot is paired with each of the beacons. The mobile lawn mowing robot
includes memory. The memory stores instructions that are executable and stores
each of the different associated beacon addresses for each of the beacons. The

mobile lawn mowing robot includes one or more processing devices to execute the
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instructions to perform operations. The operations include receiving wideband or
ultra-wideband signals representing a beacon address, determining whether the
received wideband or ultra-wideband signals are associated with one of the beacons
paired with the mobile lawn mowing robot based on the beacon address represented
by the wideband or ultra-wideband signals, localizing the mobile lawn mowing robot
based on the received wideband or ultra-wideband signals.

In some examples, the operations can include adding an additional beacon to
the beacons paired with the mobile lawn mowing robot. The mobile lawn mowing
robot can be configured to detect the wideband or ultra-wideband signals and to use
the wideband or ultra-wideband signals to enable navigation over an area. The
operations for adding the additional beacon to the beacons can include identifying a
broadcast from the additional beacon. The broadcast can include an additional
beacon address for the additional beacon and a predefined address not specific to
any beacon. The operations can include, in response to the broadcast, sending, to
the additional beacon at the additional beacon address, the robot address. The
operations can include receiving, from the additional beacon, a message from which
a distance between the additional beacon and the mobile lawn mowing robot is
determined. The operations can include comparing the distance to a predefined
distance. The operations can include registering the additional beacon as paired
with the mobile lawn mowing robot when the distance is less than the predefined
distance.

The additional beacon can include memory storing instructions that are
executable and one or more processing devices to execute the instructions to

perform operations. The operations can include outputting the broadcast to the
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mobile lawn mowing robot. The operations can include receiving the robot address
from the mobile lawn mowing robot and outputting the message to the mobile lawn
mowing robot at the robot address. The operations can include receiving, from the
mobile lawn mowing robot, a confirmation that the additional beacon is paired with
the mobile lawn mowing robot and, in response to the confirmation, registering the
additional beacon as paired with the mobile lawn mowing robot.

The operations for adding the additional beacon to the beacons can include
outputting a request for confirmation that the additional beacon is among a number
of beacons to which the mobile lawn mowing robot is to communicate. The
operations can include receiving, in response to the request, the confirmation that
the additional beacon is among the number of beacons to which the mobile lawn
mowing robot is to communicate. Registering can be performed following receipt of
the confirmation. Registering can include storing, in memory on the mobile lawn
mowing robot, an additional beacon address in association with the different
associated beacon addresses.

The operations for adding the additional beacon to the beacons can include
outputting a request to move the additional beacon toward the mobile lawn mowing
robot. The message from the additional beacon can be received following output of
the request to move the additional beacon.

The operations for adding the additional beacon to the beacons can include,
following registering, sending the additional beacon address to the beacons. The
operations can include, following registering, sending, to the additional beacon, the

different associated beacon addresses.
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The operations for adding the additional beacon to the beacons paired with
the mobile lawn mowing robot further can include identifying an error associated with
the beacon and outputting an indication of the error via a user interface. The user
interface can include a feature for indicating that the error is being addressed by
replacing the beacon. The operations can further include, in response to an
indication that the error is being addressed by replacing the beacon, causing the
mobile lawn mowing robot to listen for the predefined address not specific to any
beacon.

The operations for adding the additional beacon to the beacons paired with
the mobile lawn mowing robot further can include transmitting the additional beacon
address and the robot address to a server for storage in association with a user
account.

In some examples, a lawn mowing system includes a set of beacons and a
mobile lawn mowing robot. The set of beacons includes a first beacon having a first
beacon address and a robot address stored in a memory. The first beacon is
configured to transmit wideband or ultra-wideband signals including the first beacon
address. The set of beacons includes a second beacon having a second beacon
address that differs from the first beacon address and the robot address stored in a
memory. The second beacon is configured to transmit wideband or ultra-wideband
signals including the second beacon address. The set of beacons includes a third
beacon having a third beacon address that differs from the first and second beacon
addresses and the robot address stored in a memory. The third beacon is
configured to transmit wideband or ultra-wideband signals including the third beacon

address. The mobile lawn mowing robot is paired with each of the first, second, and
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third beacons. The mobile lawn mowing robot includes memory. The memory
stores instructions that are executable and stores the beacon first, second, and third
beacon addresses. The mobile lawn mowing robot includes one or more processing
devices to execute the instructions to perform operations. The operations include
receiving the wideband or ultra-wideband signals and localizing the mobile lawn
mowing robot based on the wideband or ultra-wideband signals received from at
least one of the first, second, and third beacons.

Advantages of the foregoing may include, but are not limited to, the following.
Each beacon can be exclusively paired to the mobile lawn mowing robot. As a
result, nearby mobile lawn mowing robots that are not paired to the beacon cannot
use signals emitted by the beacon to perform navigation and mowing operations.
Pairing can also make beacons less attractive to would-be thieves. For example, by
requiring a passcode for beacons to be paired with a mobile lawn mowing robot, the
paired beacons are only useful to those who know the passcode. As a result,
instances of beacon theft may be reduced.

Any two or more of the features described in this specification, including in
this summary section, can be combined to form implementations not specifically
described herein.

The mobile lawn mowing robots, or operational aspects thereof, described
herein can include, or be controlled by, one or more computer program products that
includes instructions that are stored on one or more non-transitory machine-readable
storage media, and that are executable on one or more processing devices to control
(e.g., to coordinate) the operations described herein. The mobile lawn mowing

robots, or operational aspects thereof, described herein can be implemented as part
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of a system or method that can include one or more processing devices and memory
to store executable instructions to implement various operations.

The details of one or more implementations are set forth in the accompanying
drawings and the description below. Other features and advantages will be apparent

from the description and drawings, and from the claims.

DESCRIPTION OF THE DRAWINGS

Fig. 1A illustrates a first mobile lawn mowing robot and first beacons located
in a first lawn and a second mobile lawn mowing robot and second beacons located
in a second lawn.

Fig. 1B illustrates a mobile robot and beacons located in a lawn.

Fig. 2 is a side view of the first mobile lawn mowing robot and one of the first
beacons of Fig. 1A.

Fig. 3 is a bottom view of a mobile lawn mowing robot.

Fig. 4 is a front, cut-away, view of a beacon showing components thereof in
block diagram form.

Fig. 5 is a block diagram of a network of devices, including a mobile lawn
mowing robot, a server, a set of beacons, and a user device.

Fig. 6 is a flowchart of a process to pair a mobile lawn mowing robot with a
beacon.

Fig. 7 is a flowchart of a process to exchange addresses between a mobile
lawn mowing robot and a beacon.

Fig. 8 illustrates a mobile lawn mowing robot and a beacon to be paired with

the mobile lawn mowing robot.
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Fig. 9 is a flowchart of a process to register a pairing between a mobile lawn
mowing robot and a beacon and to propagate addresses to other beacons.

Fig. 10 shows a user device displaying a request for confirmation of a pairing.

Fig. 11 is a diagram showing, conceptually, communication among a mobile
robot, paired beacons, and a new beacon.

Fig. 12 is a flowchart of a process to confirm a passcode.

Fig. 13 shows a user device displaying a request for a passcode.

Fig. 14 is a top view of a mobile lawn mowing robot navigating across a lawn
using beacons positioned on the lawn.

Fig. 15 is a flowchart of a process to detect beacon errors and to address the
beacon errors.

Fig. 16 shows a user device displaying battery level status updates for
beacons.

Fig. 17 shows a user device displaying a prompt to address an error
associated with a beacon.

Like reference numerals in different figures indicate like elements.

DETAILED DESCRIPTION
Described herein are example mobile lawn mowing robots (hereinafter also
referred to as robots) configured to traverse mowable surfaces, such as lawns,
fields, and other mowable areas, to perform various mowing operations including,
but not limited to, cutting grass on the lawns. Also described herein are beacons that
can communicate with the robots to enable navigation of the robots about the lawns.

In some examples, a beacon can be exclusively paired to one or more robots such

-10-
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that only a robot paired with the beacon can localize to the beacon. Pairing
operations between the robots and the beacons are described herein. After the
pairing operations are executed to pair the robots with their sets of beacons, the
robots can navigate using wideband or ultra-wideband signals emitted by the
beacons in their sets of beacons.

Fig. 1A shows an environment 104 that includes a first lawn 106 and a second
lawn 108. First mobile lawn mowing robot 100 (referred to as first robot 100) is
configured to execute mowing operations while navigating around lawn 106. Second
mobile lawn mowing robot 102 (referred to as first robot 102) is configured to
execute mowing operations while navigating around lawn 108. Robots 100, 102
each includes a control system, which can include one or more processing devices
or controllers that are programmed to control robot operation. Each robot's control
system is programmed to pair the robot 100, 102 to a corresponding set of beacons.
For example, robot 100 is paired to beacons 110a, 110b, and 110c (beacons 110) on
first lawn 106, and robot 102 is paired to beacons 112a, 112b, 112c, and 112d
(beacons 112) on second lawn 108. Beacons 110, 112 each also includes a control
system, which can include one or more processing devices or controllers
programmed to control operation of the beacon, including operations to
communicate with and pair with robots 100, 102

In this regard, pairing includes establishing a relationship between a robot and
its paired beacons so that the robot recognizes, for navigation and localization,
signals from the paired beacons only, and not signals from other beacons to which
the robot is not paired. During manufacture of the beacons and the robot, the robot

and three or more beacons may be paired to one another. Thus, when a user
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receives the beacons and the robot, the user can readily place the beacons on a
lawn without performing pairing operations to pair the beacons with the robot. After
the user trains the robot to use signals emitted from its paired beacons to recognize
a boundary of its lawn, the robot can use the signals from its paired beacons to
identify the boundary as the robot navigates around the lawn automatically (e.g.,
without user input).

For example, as shown in Fig. 1A, robot 100 uses beacons 110 to identify the
boundary of its lawn 106, and robot 102 uses beacons 112 to identify the boundary
of its lawn 108. Information about a lawn boundary is determined during a perimeter
teaching operation that a user facilitates. The information is stored in memory in the
robot. Together with the beacon signals, the information allows the robot to navigate
around the lawn automatically, while not crossing the lawn boundary.

Because different robots are paired to different sets of beacons, signals from
unpaired beacons will not influence robot operation. In some implementations,
signals transmitted between a robot and its paired beacons include wideband or
ultra-wideband signals. Wideband signals may include radiofrequency signals
having a frequency between 5925 and 7250 MHz. The ultra-wideband signals may
include radiofrequency signals having a frequency greater than 500 MHz, for
example, between 3.1 GHz and 10.6 GHz.

In some situations, the user may need to replace a beacon in the set of
beacons or to add a beacon to the set of beacons already assigned to the system.
During mowing operations, the robot uses signals from beacons to accurately
estimate its location within the lawn. The user may need to replace a beacon if the

beacon becomes damaged or otherwise unusable to ensure that the robot can
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detect a sufficient number of signals from the beacons during its mowing operations.
In some cases, the user may need to add a beacon to the set of beacons placed on
the lawn. For example, as shown in Fig. 1B, during navigation, robot 120 may
navigate about a lawn 122 using beacons 124a, 124b, 124c paired to the robot 120.
When robot 120 enters portion 128 of the lawn 122, robot 120 may be unable to
detect or may receive an insufficiently strong signal from the beacon 124a, which
emits a wireless signal 125 that may be blocked or attenuated by a house 126 as the
wireless signal 125 travels toward the portion 126. A user may wish to add a new
beacon that can emit a wireless signal detectable by robot 120 in the portion 128.
Adding the new beacon in the portion 126 to the set of beacons 124a, 124b, 124c
paired to robot 120 can improve the accuracy of the estimation of the robot’s location
in the portion 126.

In the example of Fig. 1A, second robot 102 can be configured such that the
second robot 102 does not communicate with beacons with which the second robot
102 is not paired. For example, the second robot 102 can be configured such that
the second robot does not communicate with the first beacons 110, which are not
paired with the second robot 102. Likewise, first robot 100, which is not paired with
the second beacons 112, can be configured such that the first robot 100 does not
communicate with the second beacons 112.

The environment 104 also includes a beacon 114 that is not paired with the
first robot 100 or the second robot 102. The beacon 114 is in communication range
of both robots 100 and 102 (e.g., the robots 100, 102 can detect wideband or ultra-
wideband signals emitted by the beacon 114), and can be paired with either of those

robots using the methods described herein. For example, first robot 100 can add the
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beacon 114 to the set of beacons already paired with the robot 100. Beacon 114 can
replace an existing beacon or augment the existing beacons to improve localization
and navigation of the first robot 100. For example, the robot may be unable to detect
signals from three beacons at a location on lawn 1086, or the signals from one of the
beacons may be weak in that area. Beacon 114 may be added to that area of the
lawn and paired to robot 100 to provide the robot 100 with better beacon signals
from that area as described above. Examples of processes for pairing beacons,
such as beacon 114, to a robot are described herein.

As described herein, the new beacon 114 can be configured such that the
new beacon 114 can only be paired with robots that are within a pairing distance 118
from the position of the new beacon 114. In this regard, to pair the new beacon 114
with the first robot 100, the user 116 can place the first robot 100 on the first lawn
106 at a distance 200 that is within the pairing distance 118, as shown in Fig. 2.
When the first robot 100 identifies the broadcast from the new beacon 114, the first
robot 100 can receive a message that its control system can use to determine the
distance 200 between the first robot 100 and the new beacon 114. If the distance
200 is less than the pairing distance 118, the control system can allow the new
beacon 114 to pair with the first robot 100.

As noted herein, robots 100, 102 can include systems that allow the robots
100, 102 to navigate through the environment 104, to perform mowing operations on
the lawns 106, 108, and to communicate with beacons (e.g., the first beacons 110,
the second beacons 112, and the beacon 114). Fig. 3 depicts a bottom surface 301
of an example robot 300 including the appropriate systems to perform the operations

described herein. The example robot 300 includes drive wheels 302a, 302b drivable
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by motors (not shown) to maneuver the robot 300 about a surface (e.g., the first lawn
106, the second lawn 108). Caster wheels 304a, 304b and the drive wheels 302a,
302b support a chassis 305 of the robot 300 above the surface. The robot 300
further includes a grass cutter 306 that can be rotated to cut grass on the surface.

The robot 300 includes a controller 308 (e.g., an electronic processor or one
or more other appropriate processing devices) that can execute stored instructions to
control the navigation, mowing, and communication operations of the robot 300.

A communications system 310 operable with the controller 308 can include a
wireless transceiver—such as, for example, a wideband or ultra-wideband wireless
transceiver—that enables the controller 308 to communicate wirelessly with other
devices in the environment, such as the beacons. The communications system 310
allows the controller 308 to communicate with beacons to pair the robot 300 with an
appropriate beacon or set of beacons, among other operations executed by the
communications system 310. The communication system 310 additionally allows the
robot 300 to receive wideband or ultra-wideband signals from the beacons so that
the robot 300 can navigate about the environment and localize within the
environment using those signals. The communications system 310 can include an
additional wireless transceiver that can allow the controller 308 to communicate
using Wi-Fi, Bluetooth, or other wireless protocols. This wireless transceiver also
enables the controller 308 to communicate with remote systems, such as a
smartphones, tablets, desktop and laptop computers, and servers. A memory 312,
which is accessible to controller 308, stores information locally on the robot.

In some implementations, the robot 300 can include a movement sensor that

generates movement signals indicative of at least one of a distance travelled by the
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robot, a speed of the robot, or an acceleration of the robot. The movement sensor
can also detect relative rotations around all axes (e.g., an IMU). In some cases, the
controller 308 can use the movement signals to perform Simultaneous Localization
and Mapping (SLAM) techniques that the robot 300 can use, in addition to using the
localization techniques described herein with respect to the beacons, to estimate its
position within the environment. Based on the movement signals, the controller 308
can generate a map of the environment and determine the pose of the robot. The
movement signals can include data from, for example, encoders associated with a
drive of the robot, an optical mouse sensor, an inertial measurement unit (IMU), an
accelerometer, or a gyroscope disposed on the robot. The data of the movement
signals can be used as dead reckoning data that the controller 308 uses to
determine relative positions of the robot. Thus, as the robot 300 navigates about the
environment, the controller 308, using the movement signals, can determine a
relative position of the robot 300 measured relative to previous positions of the robot.
Accurate over relatively short distances, dead reckoning can be prone to drift errors
that accumulate over time. Accumulated drift can affect both the distance
computations and the heading computations.

The beacons described herein include systems to implement communications
and pairing with a robot. Fig. 4 is a schematic front view of an example beacon 400
including appropriate systems to support the communications and pairing operations.
The beacon 400 can be attached to a stake 402 that can be placed into a lawn so
that the position of the beacon 400 is fixed in the environment. In some
implementations, the beacon 400 can include an adhesive that can be affixed in the

outdoor environment to already existing structures (e.g., the side of a house, a fence
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post, or a tree). A controller 404 (e.g., an electronic processor or one or more other
appropriate processing devices) of the beacon 400 can control a communications
system 406 of the beacon 400. The communications system 406 can include a
wireless transceiver that can emit wireless signals, such as wideband or ultra-
wideband signals, into the environment. The communications system 406 can also
use the wireless transceiver to receive wireless signals emitted into the environment
by, for example, the robot 300.

The controller 404 can control the communications system 406 to emit
wireless signals for different purposes and functions. For example, during a pairing
operation to pair the robot 300 with the beacon 400, the communications system 406
can be controlled to emit a broadcast that the robot 300 can identify to initiate pairing
operations with the beacon 400. The communications system 406 can be controlled
to transmit a message that the controller 308 of the robot 300 can use to determine a
distance (e.g., the distance 200) between the robot 300 and the beacon 400. During
navigation and mowing operations of the robot 300, the beacon 400 can emit
wireless signals that the robot 300 uses to localize itself within the environment. A
memory 408 that is accessible to the controller 404 permits local storage of
information.

The beacon 400 can also include a replaceable power source 410 (e.g., a
battery) that provides power to the various systems of the beacon 400. The
controller 404 can monitor a power level of the power source 410. The
communications system 406 can transmit status updates about the power level of

the power source 410.
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As depicted in a block diagram shown in Fig. 5, the robot 300 and the beacon
400 can be part of a network 500 of devices. The devices in the network 500 can
use one or more wireless protocols or techniques to communicate with other devices
in the network. The communications system 310 of the robot 300 allows the robot
300 to wirelessly communicate with a server 505, a user device 510 (e.g., a mobile
device, a smart phone, a computer), and the beacon 400. The network 500 can also
include other beacons 515 paired with the robot 300. The communications system
310 can communicate with the server 505 using, for example, a Wi-Fi transceiver.
As described herein, the communications system 310 can communicate with the
communications system 406 of the beacon 400 using wideband or ultra-wideband
signals. The memory 312 of the robot 300 and the memory 408 of the beacon 400
can store information pertaining to the pairing operations, such as addresses,
passcodes, and other identifying information. The memories 312, 408 can also store
instructions that are executable by the controllers 308, 404, respectively, to
implement pairing between the robot 300 and the beacon 400. The memory 312 of
the robot can also store information identifying beacons paired with the robot 300
and information generated during training or teaching operations, such as a
perimeter teaching operation described herein.

The memory 312 and the memory 408 of the beacon 400 can store various
information transmitted through the network 500. The memory 312 can store a robot
address 520 unique to the robot 300. The robot address 520 is a unique identifier
(e.g., a serial number) for the robot 300 that can be sent with wireless signals (e.g.,
wideband or ultra-wideband signals) transmitted by the communications system 310.

The memory 408 of the beacon 400, when the robot 300 is paired with the beacon
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400, can also store the robot address 520. By storing the robot address 520, the
memory 408 enables the beacon 400 to be uniquely paired to the robot 300, as
described in more detail herein.

The memory 408 of the beacon 400 stores a beacon address 525 unique to
the beacon 400. Similar to the robot address 520, the beacon address 525 is a
unique identifier for the beacon 400. The beacon 400 can transmit the beacon
address 525 with wireless transmissions of its communications system 406. When
the robot 300 is paired with the beacon 400, the memory 312 can store the beacon
address 525. By storing the robot address 520, the memory 408 can enable the
beacon 400 to be paired to the robot 300 such that other robots cannot pair to the
beacon 400, as described in more detail herein. By storing the beacon address 525,
the memory 312 enables the robot 300 to be paired to the beacon 400 such that,
during navigation and mowing operations, the robot 300 can communicate with the
beacon 400, as described in more detail herein.

The robot 300 and the beacon 400 can also both store a predefined address
that is not specific to any beacon or robot. During a pairing operation, the
communications system 310 and the communications system 406 can communicate
with one another using the predefined address prior to the robot 300 receiving the
beacon address 525 and the beacon 400 receiving the robot address 520.

A passcode 530 can be stored in both the memory 312 of the robot 300 and
the memory 408 of the beacon 400. As described herein, to pair the beacon 400
with another robot, the passcode 530 may be entered into, for example, a user

interface of the other robot to allow the other robot to pair with the beacon 400.
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The other beacons 515 form part of a set of beacons already paired with the
robot 300. For example, these beacons may have been previously paired to the
robot by a user or during manufacture of the robot and beacons. The other beacons
515 each include a beacon address. Each of the other beacons 515 includes a
memory to store its unique beacon address. The memory 408 can store beacon
addresses 535 of the other beacons 515 so that the other beacons are exclusively
paired to the robot 300. During the pairing operations, the controller 308 can cause
the communications system 310 to propagate the beacon addresses 535 to each of
other beacons paired to the robot 300. As a result, the memories of the other
beacons 515 and the memory 408 of the beacon 400 can also store the other
beacon addresses 535. The memories of the other beacons 515 can also store the
passcode 530.

In some implementations, the server 505 can store the robot address 520, the
beacon address 525, the passcode 530, and the other beacon addresses 535 in
memory storage associated with a user account 540. The robot 300 can
communicate the information stored in the user account 540 by communicating with
the server 505 using the communications system 310. The information stored in the
user account 540 can serve as a backup to storage elsewhere on the network.

To control the operations of the robot 300 (e.g., the pairing, navigation, and
mowing operations), the user can interact with the user interface 545. The user
device 510 can communicate with the communications system 310 of the robot 300
using, for example, a Bluetooth or a Wi-Fi connection. The user can additionally or
alternatively use the user device 510 to view information and enter information

pertaining to the operations of the robot 300. As described herein, the user can
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invoke the user interface 545 and/or the user device 510 to, for example, confirm
various operations associated with pairing the robot 300 with the beacon 400 and
enter the passcode 530 to allow for pairing to occur. The user can also use the user
interface 545 of the robot 300 or the user device 510 to view and respond to errors
and requests transmitted by the communications system 310 of the robot 300.

Fig. 6 depicts a flowchart of an example pairing process 600 in which a robot
604 (e.q., the robot 300) is paired with a beacon 606 (e.g., the beacon 400). Each
operation described with respect to the process 600 can include one or more
operations. The process 600 includes a beacon activation operation 608 in which
the beacon 606 is activated. The user 602 can activate the beacon by, for example,
providing a power source to beacon 606, turning on the beacon 606, or initiating a
broadcast or pairing mode of the beacon 606. The beacon 606 can include a button
that the user 602 can toggle to turn on the beacon 606. In some cases, the beacon
606 can alternatively or additionally include a button to initiate the broadcast or the
pairing mode.

The beacon 606 can then determine (610) whether an existing robot address
is stored in memory of the beacon 606. In some cases, the existing address is the
address of the robot 604 and the process 600 thus ends as the robot 604 is already
paired to the beacon 606. If the beacon 606 determines (612) that the existing
address is stored in memory and is not the address of the robot 604, a passcode
confirmation operation 614 is initiated in which the beacon 606 and the robot 604
requests confirmation of a passcode. The execution of the passcode confirmation
operation 614 indicates that the beacon 606 was previously paired to a robot that is

not the robot 604. The password confirmation operation 614 can reduce theft from
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occurring while allowing users who know the passcode to re-use previously paired
beacons. The user may wish to re-use beacons previously paired to the old robot for
pairing to the new robot. For example, the user 602 may have received a new robot
(e.g., the robot 604) to replace an old robot previously possessed by the user 602.
When the user 602 paired the old robot with the beacon 606, the user 602 may have
inputted a passcode that was stored on the memory of the beacon 606 or the user
602 may have received a passcode associated with the old robot that was
automatically stored on the memory of the beacon 606 when the old robot and the
beacon 606 were paired (e.g., by the user or during manufacture). Provided that the
passcode entered by the user 602 matches the passcode associated with beacon
606, the pairing process 600 can be continued to pair the beacon 606 with the robot
604. The user 602 can enter the passcode on a user interface (e.g., on a user
device 510 or on the user interface of the robot 604). A more detailed example of the
passcode confirmation operation 614 is described herein with respect to Fig. 12.

If the beacon 606 determines (616) that an existing address is not stored in
the memory of the beacon 606, a beacon and address exchange operation 618 is
executed. In the exchange operation 618, the beacon 606 receives a robot address
uniquely associated with the robot 604, and the robot 604 receives a beacon
address uniquely associated with the beacon 606. Following the exchange
operation 618, a distance confirmation operation 620 is executed in which the robot
604 is placed within a pairing distance (e.qg., the pairing distance 118) from the
beacon 606. The pairing distance 118 can be, for example, 0 to 3 meters. The user
602 may adjust the position of the robot 604 or the beacon 606 to ensure that the

robot 604 is within the pairing distance from the beacon 606. Details of the beacon
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and address exchange operation 618 and the distance confirmation operation 620
are described herein with respect to Fig. 7.

Following the distance confirmation operation 620, a pairing confirmation
operation 622 is executed in which pairing between the robot 604 and the beacon
606 is confirmed or denied. The robot 604 can output a request through the user
interface for confirmation to pair the robot 604 with the beacon 606. If the user does
not confirm (624) the pairing, the robot 604 can output (626) another request to
confirm (622) the pairing. In some implementations when the user 602 does not
intend to pair the beacon 606 with the robot 604, the user 602 can end the pairing
process 600 at the operation 624. The user 602 may be intending to pair another
beacon to the robot 604 and can restart the pairing process 600 for the other
beacon.

If the user confirms (628) the pairing, an address registration operation 630 is
initiated in which the beacon 606 stores the robot address in its memory and the
robot 604 stores the beacon address in its memory. During the address registration
operation 630, a server can receive the beacon address and the robot address to
store the addresses in a user account associated with the user 602 and the robot
604.

After execution of the address registration operation 630, the robot 604
determines (632) whether it has addresses of other paired beacons stored within its
memory. If the robot 604 determines (634) that its memory includes addresses of
other paired beacons, an address propagation operation 636 is executed. In this
case, the beacon 606 is an additional beacon to be added to the existing set of

paired beacons. These operations are thus operations for adding the beacon 606 to
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the set of beacons paired with the robot 604. During the address propagation
operation 636, the beacon address of the beacon 606 is transmitted to each of the
other paired beacons to be stored in their memories. The addresses of the other
paired beacons are also transmitted to the beacon 606 to be stored in its memory.

If the robot 604 determines (638) that its memory does not include addresses
of other paired beacons, the address propagation operation 636 is not executed and
the process 600 proceeds to operation 640 in which the user determines (640)
whether additional beacons will be paired to the robot 604. The pairing confirmation
operation 622, the address registration operation 630, the address propagation
operation 636, and intervening operations are described in more detail with respect
to Fig. 9.

If the user determines (642) that additional beacons will be paired to the robot
604, the process 600 can be initiated again for an additional beacon, beginning with
the beacon activation operation 608 for the additional beacon. If the user determines
(644) that additional beacons will not be paired to the robot 604, the process 600
ends (646).

After the user 602 has established the set of beacons paired with the robot
604, the user 602 can train the robot 604 to recognize a perimeter of the lawn to be
mowed. By way of example, as shown in Fig. 1A, for the user 116 to train the first
robot 100 to recognize the perimeter of the first lawn 106, a perimeter teaching
operation can be executed, e.g., after the process 600 has been implemented to pair
the beacon 114 to the first robot 100. The first beacons 110 and the beacon 114

therefore form the set of beacons paired with the first robot 100.
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The user 116 can manually define the perimeter of the first lawn 106 by
pushing the first robot 100 such that the first robot 100 follows a path along the
perimeter. The user 116 can manually navigate the first robot 100 using, for
example, a handle attached to the first robot 100. As the first robot 100 moves about
the perimeter of the first lawn 106, the communications system 310 receives the
wideband or ultra-wideband signals from the first beacons 110 and the beacon 114.
The controller 308 can store time-of-flight information for each of the wideband or
ultra wideband signals to localize and memorize the perimeter of the first lawn 106,
thus completing the perimeter teaching operation.

Once the perimeter has been taught, the first robot 100 can navigate about
the first lawn 106 and use the wideband and ultra-wideband signals from the first
beacons 110 and the beacon 114 to localize within the environment 104. The first
robot 100 can execute a mowing operation in which it cuts grass on the first lawn
106 automatically, e.g., without further intervention from the user 116.

During the navigation and mowing operations about the first lawn 106, the first
robot 100 can monitor power levels of beacons paired with the first robot 100 and
inform the user 116 when a beacon (e.g., one of the first beacons 110 or the beacon
114) needs to be replaced or needs to have its power source replaced. An example
of monitoring the beacons and addressing errors detected from monitoring the
beacons is described in more detail with respect to the flowchart of Fig. 15.

Figs. 7 to 13 describe specific examples of the pairing and communications
operations described herein, for example, with respect to the process 600 of Fig. 6.

Referring to the flowchart shown in Fig. 7, a process 700 includes several

operations that may be part of the beacon and robot address exchange operation
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618 and the distance confirmation operation 620 of the process 600. The process
700 includes user operations 702 performed by the user 602, robot operations 704
performed by the robot 604, and beacon operations 706 performed by the beacon
606.

The operations of the process 700 occur, if, during the determining operation
610, the beacon 606 determines (616) that an existing robot address is not stored in
its memory. The beacon 606 outputs (708) a broadcast of the beacon address on a
predefined address. The beacon address is a unique identifier associated with the
beacon 606 and stored in the memory of the beacon 606. The predefined address
can also be stored on the memory of the beacon 606. The predefined address is not
associated with any beacon or robot. The broadcast can therefore include the
beacon address for the beacon 606 and the predefined address not specific to any
beacon or robot. The broadcast output by the beacon 606 can be transmitted using
a wideband or ultra wideband signal. The beacon 606 can continue to output the
broadcast until another device receives the broadcast and responds.

The user 602 can communicate with the robot 604 by interacting with the user
interface of the robot 604 or by interacting with the user interface of the user device
510 (shown in Fig. 5), which can transmit wireless signals to the robot 604 and
receive wireless signals from the robot 604. The user 602 can interact with the user
interface of the robot 604 or the user interface of the user device 510 to request
(710) the robot 604 to enter a pairing mode. While in the pairing mode, the robot
604 can identify the broadcast from the beacon 606. The robot 604 in the pairing
mode can receive (712) the broadcast on the predefined address, which can be

stored in the memory of the robot 604 during production of the robot 604. In some
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cases, the robot 604 can enter the pairing mode prior to the beacon 606 outputting
(708) the broadcast. Thus, while in the pairing mode, the robot 604 can be listening
for the broadcast on the predefined address.

After the robot 604 has entered the pairing mode and the beacon 606 outputs
(708) the broadcast, the robot 604 can receive (712) the broadcast and also receive
(714) the beacon address. Upon receiving (714) the beacon address, the robot 604
can send (716) the robot address. In response to receiving (712, 714) the broadcast
and the beacon address, the robot 604 can send (716) the robot address for the
robot 604 to the beacon 606. In some cases, the robot 604 can send (716) the robot
address on the predefined address. In some implementations, the robot 604 can
send (716) the robot address on the beacon address.

After outputting (708) the broadcast of the beacon address, the beacon 606
can listen over the predefined address for a transmission of an address. In some
cases, the beacon 606 can listen over the beacon address for the transmission of an
address. When the robot 604 sends (716) the robot address, the beacon 606 can
thus receive (718) the robot address.

The process 700 can continue with operations that are part of a distance
confirmation operation (e.g., the distance confirmation operation 620) that ensures
the robot 604 is located within a pairing distance from the beacon 606. The robot
604 determines (720) whether a distance between the robot 604 and the beacon 606
is less than the pairing distance. The robot 604 compares the distance with the
pairing distance to determine (720) whether the distance is less than the pairing
distance. To determine the distance between the robot 604 and the beacon 606, the

robot 604 can receive a message from the beacon 606. The beacon 606 can output
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the message using a wireless signal, such as a wideband or ultra-wideband signal.
From the message, robot 604 can determine the distance between the robot 604 and
the beacon 606 and then can determine (720) whether the distance is less than the
pairing distance. The robot 604 can determine the distance using, for example, time-
of-flight of the wireless signal.

If the distance is greater (722) than the pairing distance, then the robot 604
outputs (724) a request to move the beacon 606 toward the robot 604 or the robot
604 toward the beacon 606. The robot 604 can output (724) the request via the user
interface. The user interface can receive the request and indicate that the user
should re-position (726) the beacon 606 or the robot 604 such that distance between
the robot 604 and the beacon 606 is within the pairing distance.

As shown by way of example in Fig. 8, the robot 604 can output (724) the
request to move the robot 604 toward the beacon 606. At a first position 800, the
robot 604 is situated on a lawn 805 at a distance greater than a pairing distance 810
of the beacon 606. The user interface of the robot 604 or the user interface of the
user device 510 (not shown in Fig. 8) can indicate that the user 602 should move the
robot 604 toward the beacon 606. The user 602 can move the robot 604 to a
second position 820 that is within the pairing distance 810 of the beacon 606.

Referring back to Fig. 7, after the user 602 re-positions (726) the beacon 606,
the user 602 can confirm that the beacon 606 has been re-positioned. The beacon
606 can receive indication of the user’s confirmation. For example, the robot 604
can receive the confirmation and then send the indication of the user’s confirmation
to the beacon 606. In some cases, the beacon 606 can automatically detect that the

beacon 606 has been placed within the pairing distance to the robot 604 by
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computing a distance from the robot 604 and received by the beacon 606 using a
time-of-flight of the wireless signals transmitted between the robot 604 and the
beacon 606. In any case, after the user re-positions (726) the beacon 606, the
beacon 606 can output (728) the message indicative of the distance to the robot 604.
The robot 604 can receive (730) the message, determine the distance between the
robot 604 and the beacon 606, and then determine (720) whether the distance is
within the pairing distance.

At the determining operation 720, if the robot 604 determines (732) that the
distance is less than the pairing distance, the process 700 does not proceed to
outputting (724) the request to move the beacon 606, as described above. Rather,
the process 700 proceeds directly to the pairing confirmation operation 622.

Referring to the flowchart shown in Fig. 9, a process 900 includes operations
that may be part of the pairing confirmation operation 622, the address registration
operation 630, and the address propagation operation 635 as well as other
operations there between. The process 900 includes user operations 902 performed
by the user 602, robot operations 904 performed by the robot 604, and beacon
operations 906 performed by the beacon 606. The process 900 can begin after the
passcode confirmation operation 614 is complete, the distance confirmation
operation 620 is complete, and/or the process 700 is complete.

The robot 604 outputs (908) a request for confirmation from the user 602.
The user 602 then inputs (910) the confirmation using the user interface. As shown
in Fig. 10, the user device 510 can display a confirmation message 1000
corresponding to the request for confirmation. The confirmation message 1000

requests that the user 602 inputs (910) the confirmation of the addition of the beacon
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606 (i.e., the beacon having an address “N”) to an existing set 1005 of beacons
(having addresses “a,” “b,” and “c”) already paired to the robot 604. The confirmation
indicates that the beacon 606 is among the number of beacons (e.g., the beacons
included in the set 1005) to which the robot 604 is to communicate. The user 602
can invoke a confirm button 1010 to input the confirmation for the robot 604 to
receive. The user 602 can invoke a deny button 1015 to deny pairing the beacon
606 with the robot 604.

The robot 604 determines (912) whether the user 602 input the confirmation.
If robot 604 determines (914) that the user 602 denied the pairing, the process 900
ends. At this point, to pair a beacon with the robot 604, the process 600 can be
implemented from the beginning at, for example, the beacon activation operation
608.

If the robot 604 determines (916) that the user 602 confirmed the pairing, the
process 900 can proceed to operations to register the addresses in the robot 604
and the beacon 606 (e.g., the address registration operation 630). The robot 604
transmits (918) a confirmation to the beacon 606. The confirmation can indicate that
the beacon 606 is paired with the robot 604. The robot 604 then registers (920) the
beacon 606 as paired with the robot 604. In response to the transmitted (918)
confirmation from the robot 604, the beacon 606 registers (922) the robot 604 as
paired with the beacon 606. During the registration operations (918, 920), the robot
604 stores the beacon address associated with the beacon 606, and the beacon 606
stores the robot address associated with the robot 604.

The example shown in Fig. 11 schematically shows stored addresses after the

beacon 606 and the robot 604 have registered (920, 922) the pairing between the
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beacon 606 and the robot 604. The robot 604 and other beacons 1100a, 1100b,
1100c (collectively referred to as other beacons 1100) were previously paired using,
for example, the pairing operations described herein. The other beacons 1100 form
an existing beacon set to which the beacon 606 is added. Thus, the robot 604 has
stored in its memory other beacons addresses 1105a, 1105b, 1105c, and the other
beacons 1100 have stored in their memories a robot address 1110. While registering
(920) the beacon 606 as paired with the robot 604, the robot 604 can store in its
memory a beacon address 1115 (e.g., beacon address “N” in Fig. 11) associated with
the beacon 606. While registering (922) the robot 604 as paired with the beacon
606, the beacon 606 can store in its memory the robot address 1110.

Following registration (920, 922) of the pairing between the beacon 606 and
the robot 604, the robot 604 can transmit (924) the beacon address 1115 and the
robot address 1110 to the server for storage in association with a user account. In
some cases, the user account can be identified using the robot address 1110. The
stored addresses in the server can provide a backup for the pairings between the
robot 604 and its paired beacons.

As described herein with respect to Fig. 6 and shown in Fig. 9, after
registering the beacon address 1115 and the robot address 604, the robot 604 can
proceed to determining (632) whether other beacons have been paired with the robot
604 prior to the pairing between the robot 604 and the beacon 606. In some
examples, the robot 604 determines (638) that it does not have previously paired
beacons (e.g., the robot 604 does not have other beacon addresses stored in
memory. The process 900 then proceeds to determining (632) whether additional

beacons will be added to the set of paired beacons formed by the beacon 606, an
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operation described with respect to Fig. 6. Thus, while the example shown in Fig. 11
shows the other beacons 1100a, 1100b, 1100c forming the existing set of beacons
paired with the robot 604, in some implementations, the robot 604 may not be paired
to any beacons.

In some cases though, the robot 604 may already be paired to an existing set
of beacons formed by the other beacons 1100a, 1100b, 1100c. If the robot 604
determines (634) that the robot 604 does have other beacon addresses (e.g., the
beacon addresses 1105a, 1105b, 1105¢ of Fig. 11) stored in memory, the process
900 can continue with address propagation operations (e.g., the address
propagation operation 636). The robot 604 sends (932) the beacon address 1115 to
the other beacons 1100. The other beacons 1100 can store the beacon address
1115 to reqister the beacon 606 as paired with the robot 604 and the other beacons
1100. The robot 604 also sends (934) the other beacon addresses 1105a, 11050D,
1105c to the beacon 606. The beacon 606 can receive the other beacon addresses
1105a, 1105b, 1105c and store (936) the other beacon addresses 1105a, 1105b,
1105c¢ in memory to register the other beacons 1100 as paired with the robot 604 and
the beacon 606. By storing these addresses, the robot 604, the other beacons 1100,
and the beacon 606 associate the beacon address 1115 with the other beacon
addresses 1105a, 1105b, 1105c¢, thus registering the pairing between the robot 604
and each of the beacons 1100a, 1100b, 1100c, and 606.

As shown in Fig. 11, each of the other beacons 1100 already has the other
beacon addresses 1105a, 1105b, 1105¢ and the robot address 1110 stored in
memory. In some cases, the beacon addresses 1105a, 1105b, 1105¢ may have

been propagated to each of the other beacons 1100 when the other beacons 1100
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were paired with the robot 604. In some implementations, the other beacons 1100
were produced as a set to be paired with the robot 604. During production of the
other beacons 1100 and the robot 604, the beacons 1100 and the robot 604 were
pre-programmed to include the other beacon addresses 1105a, 1105b, 1105c and
the robot address 1110.

Following propagation of the addresses to each of the beacons 1100a, 1100b,
1100c¢, and 606 in the set of beacons paired to the robot 604, the process 900 is
complete, and the determination operation 640 described with respect to Fig. 6 can
be executed to determine if additional beacons are to be added to the set of
beacons.

As described with respect to Figs. 6 and 7, the beacon and robot address
exchange operation 618 and the operations of the process 700 can occur after the
passcode confirmation operation 614. Referring to the flowchart shown in Fig. 12, a
process 1200 includes operations that may be part of the passcode confirmation
operation 614. The process 1200 includes user operations 1202 performed by the
user 602, robot operations 1204 performed by the robot 604, and beacon operations
1206 performed by the beacon 606. The process 1200 can begin after, for example,
the beacon 606 determines (612) that the beacon 606 already has a robot address
stored in memory, indicating that the beacon 606 has already been previously paired
to a previous robot. The beacon 606 can indicate to the robot 604 that a beacon
passcode is required to pair the beacon 606 with the robot 604. The beacon
passcode may have been selected during the initial pairing operation between the

beacon 606 and the previous robot.
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In some implementations, the beacon 606 can determine that it has previously
paired with a robot by comparing the robot address stored in its memory to the robot
address stored in other nearby beacons. The beacon 606 can use beacon
addresses stored in the memory of the beacon 606 to determine the robot with which
to communicate. The beacon 606 can then compare its stored robot address with
their stored robot address, and if the stored robot addresses differ, the beacon 606
can indicate to the robot that the beacon passcode is required.

After the robot 604 has received indication that the beacon 606 has been
previously paired, the robot 604 can output (1208) a request for a passcode to be
entered by the user 602 using the user interface. In response to the request, the
user 602 can input (1210) a passcode. After receiving the indication the beacon 606
has been paired, the robot 604 also outputs (1212) a request for a beacon passcode
stored in the memory of the beacon 606. The beacon 606 then transmits (1214) the
beacon passcode.

As shown in Fig. 13, upon receiving the request outputted (1208) by the robot
604, the user device 510 can display a prompt 1300 that indicates to the user 602
that the beacon 606 has been previously paired and that the user 602 should enter a
passcode 1302.

To proceed with pairing the beacon 606 with the robot 604, the user 602
should enter the passcode 1302 that matches with a beacon passcode stored on the
beacon 606. The beacon passcode can be selected during a previous pairing
operation or when the system is initially setup. For example, during the pairing
confirmation operation 622 of the previous pairing, the user device 510 can prompt

the user 602 to enter a beacon passcode to be stored in the memory of the beacon

-34-



10

15

20

WO 2017/015554 PCT/US2016/043541

606. While the beacon 606 has been described to the store the passcode in
memory, the robot 604 can also store the passcode in memory.

In some implementations, the passcode may be a predetermined passcode
associated with the previous robot paired with the beacon 606. The predetermined
passcode may be included in a user manual for the previous robot to allow the user
602 to enter the passcode when the user seeks pair beacons associated with the
previous robot with other robots. The passcode is propagated to the beacons paired
with the previous robot and stored in their memories. To pair these beacons paired
with the previous robot to other robots, such as the robot 604, the user 602 needs to
enter the passcode associated with the previous robot.

After receiving both the passcode input (1210) by the user and the beacon
passcode, the robot 604 can compare the passcodes and determine (1216) if the
passcodes match. If the robot 604 determines (1218) that the passcodes match, the
pairing operations can continue with beacon and robot address exchange operations
(e.g., the beacon and robot address exchange operation 618).

If the robot 604 determines (1220) that the passcodes do not match, the robot
604 can output (1208, 1212) the requests for passcodes again so that the user 602
can attempt to enter the correct passcode again. In some cases, the robot 604 will
only output (1208, 1212) the requests for passcodes a predefined number of times
so that the user 602 only has a finite number of times to attempt to enter the
passcode. Once the robot 604 has output (1208, 1212) the requests the predefined
number of times, the beacon 606 can receive an indication from the robot 604 that
the user 602 has failed to enter the passcode. The beacon 606 can then be locked

from being paired again until the beacon 606 undergoes a factory reset or for a
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certain time period, which prevents a would-be thief from trying an excessive amount
of codes in a row. The factory reset can be triggered by, for example, remote
communication of the server with the beacon 606 (with the robot 604 or the user
device 510 serving as an intermediary between the server and the beacon 606) or
through manually resetting the beacon via a control on the beacon itself. Following
the pairing and communications operations described herein with respect to Figs. 6
to 13, referring to the example of Fig. 14, the user 602 can perform the perimeter
teaching operation described herein to teach the robot 604 the perimeter of the lawn
805. Alawn mowing system 1400 includes the robot 604, the other beacons 11003,
1100b, 1100c¢, and the beacon 606. After completion of the perimeter teaching
operation, the lawn mowing system 1400 is ready to execute the navigation and
mowing operations. A controller of the robot 604 can execute instructions stored in
memory of the robot 604 to receive wideband or ultra-wideband signals including the
beacon addresses of the beacons 1100a, 1100b, 1100c, and 606. Provided that the
robot 604 was paired with the beacons 1100a, 1100b, 1100c, and 606 using the
pairing operations described herein, the controller can then execute instructions to
determine that each of the wideband or ultra-wideband signals is associated with
each of the beacons 1100a, 1100b, 1100c, and 606. The controller can then execute
instructions to localize the robot 604 based on the received wideband or ultra-
wideband signals. As the robot 604 navigates about the lawn 805 to mow the lawn
805, the controller can thus determine the location of the robot 604 within the lawn
805.

During the mowing operation of the robot 604, the user 602 can, through

device 510, monitor a status of the beacons paired with the robot 604 and determine
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when errors have occurred. Referring to the flowchart shown in Fig. 15, a process
1500 that occurs during the mowing operation of the robot 604 includes user
operations 1502 performed by the user 602, robot operations 1504 performed by the
robot 604, and beacon operations 1506 performed by the beacon 606. The other
beacons 1100 also perform operations similar to those performed by the beacon
606.

To traverse the lawn 805, the robot 604 receives (1508) wideband or ultra-
wideband signals from the beacon 606 and the other beacons 1100. The robot 604
can detect these signals from the beacons 1100a, 1100b, 1100c, and 606 use the
wideband or ultra-wideband signals to enable navigation over the lawn 805. For
example, the robot 604 can determine its location during navigation by localizing
using these signals, as described herein. When the beacon 606 and the other
beacons 1100 transmit these signals, each beacon can transmit (1510) a battery
status signal that can indicate the beacon’s level of power available.

After the robot 604 receives (1508) the signals, the robot 604 can transmit
user interface data to the user interface so that the user 602 can receive (1512)
status updates regarding the battery statuses of the beacons 1100a, 1100b, 1100c,
and 606. As shown in Fig. 16, the user device 510 can display battery levels 1600a,
1600b, 1600c, and 1600d (collectively referred to as battery levels 1600) of the
beacons 1100a, 1100b, 1100c, and 606, respectively.

The robot 604 can further use the received (1508) signals to determine (1514)
whether signals have been received from each of the beacons 1100a, 1100b, 1100c,
and 606. For example, the robot 604 can check that the number of signals received

matches the number of beacons paired with the robot 604.
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If the robot 604 determines (1516) that signals have been received from each
of the beacons 1100a, 1100b, 1100c, and 606, the robot 604 then determines (1518)
whether any of the battery levels 1600 are below a battery level threshold. The
battery level threshold can correspond to a certain percent (e.g., 5% to 15%) of full
battery level that can indicate when a battery of one of the beacons is close to
empty.

The robot 604 can determine (1520) that one of the battery levels 1600 is
below the battery level threshold, thus indicating that the battery of one of the
beacons should be replaced. In some cases, during the determining operation 1514
for the signals, the robot 604 can determine (1522) that it has not received signals
from each of the beacons 1100a, 1100b, 1100c, and 606, thus indicating that the
user 602 should check that all of the beacons 1100a, 1100b, 1100c, and 606 can
communicate with the robot 604. The robot 604 can indicate to the user 602 which
of the beacons 1100a, 1100b, 1100c, and 606 requires attention.

These determinations (1520, 1522) identify an error associated with the
beacons that can be addressed by the user 602. The robot 604 can output (1524)
an indication of the error by, for example, transmitting user interface data that
displays a prompt describing the error. In some example, as shown in Fig. 16, the
user device 510 can receive the user interface data to display information pertaining
to the error. The user device 510 can show an attention icon 1605 that the battery
level 1600d of the beacon 606 is below the battery level threshold. As shown in Fig.
17, the user device 510 can also display a prompt 1700 indicating that one of the

battery levels 1600 is below the battery level threshold. The user device 510 can
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display a map 1705 with an attention icon 1710 marking the location of the beacon
606 that has the low battery level 1600d.

The user 602 can address (1526) the source of error by following instructions
of the prompt 1700. The user 602 can, for example, replace the battery of the
beacon 606 or replace the beacon 606 with a new beacon. The beacon 606 can be
the same beacon as before when the errors were identified by the robot 604 if the
battery of the beacon 606 was replaced. The beacon 606 can also be a new beacon
that the user 602 used to replace the old beacon 606. After the user 602 addresses
the source of the error, the beacon 606 outputs (1528) a broadcast of its beacon
address on the predefined address.

After addressing (1526) the source of the error, the user 602 can invoke a
confirm button 1715 indicating that the source of the error has been addressed or is
being addressed. The robot 604 then receives (1530) indication that the error has
been addressed or is being addressed. In response to this indication, the robot 604
can listen for the predefined address not specific to any beacon.

Upon detecting the predefined address, the robot 604 can receive (1532) the
broadcast on the predefined address from the beacon 606 and then receive (1534)
the new beacon address of the beacon 606. The robot 604 can determine (1536)
whether the new beacon address is the same as the beacon address stored in the
memory of the robot 604 prior to the error being addressed (1526) by the user 602.

The robot 604 can determine (1538) that the new beacon address is not the
same as the stored beacon address due to, for example, the beacon 606 being
replaced by the new beacon. The robot 604 can then send (1540) the robot

address, and the beacon 606—which is a new beacon 606 different from the beacon
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606 that experienced the error—can receive (1541) the robot address. In response
to receiving the robot address, the beacon 606 can output (1542) a message to the
robot 604.

In some cases, the robot 604 determines (1543) that the new beacon address
is the same as the stored beacon address. The robot 604 accordingly does not need
to send (1540) the robot address, as the beacon 606 and the robot 604 are already
paired, and the beacon 606 can simply output (1542) the message to the robot 604.
Upon receiving (1544) the message, the robot 604 can determine (1545) a distance
between the robot 604 and the beacon 606.

Based on the distance between the robot 604 and the beacon 606, the robot
604 can determine (1546) whether the beacon 606 is located at the same location as
the beacon 606 was previously located before the user 602 addressed (1526) the
error. If more information is needed to decide if the new beacon 606 is placed in the
location of the old beacon, other beacons 1110a, 1110b, 1110c¢ in the beacon set can
determine their distances to the new beacon 606 and to compare the newly
determined distances against the prior distances to the old beacon. The robot 604
can determine (1548) that the beacon 606 is located at the same location as the
beacon 606 was previously located. In this case, the robot 604 can simply update
the stored beacon address with the new beacon address if the new beacon address
was determined (1538) to be different than the stored beacon address. The robot
604 can also indicate to the beacon 606 to store the robot address, thus completing
the pairing between the robot 604 and the beacon 606. If the new beacon address
was determined (1543) to be the same as the stored beacon address, the robot 604

does not need to update the stored beacon address and instruct the beacon to store
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the robot address. The robot 604 can notify (1551) the user 602 that the error has
been successfully addressed and that the beacon 606 is successfully paired to the
robot 604.

In some cases, the robot 604 determines (1552) that the beacon 606 is not
located at the same location as the beacon 606 was previously located. In some
cases, if the other beacons 1110a, 1110b, 1110¢c have not been moved and beacon
606 can communicate with at least three other beacons, the robot 604 can
automatically determine the new position of beacon 606 by measuring the ranges
from beacon 606 to the other beacons 1110a, 1110b, 1110c. The robot 604 can
determine whether multiple beacons have been moved based on, for example, a
goodness of fit (e.g. least squares residual) of its localization estimate or other
appropriate statistical metric.

In some cases, the robot 604 can notify the user 602 that additional training is
required for the robot 604 to localize using the beacon 606. Upon receiving (1554)
the notification that additional training is required, the user 602 can perform (1556)
the additional training so that the robot 604 can localize and navigate using the
beacon 606. The additional training can be the perimeter teaching operation
described herein. The user 602 can train the robot 604 to use the beacon 606 by
navigating the robot 604 along the perimeter of the lawn 805. After the user 602 has
successfully performed (1556) the additional training, the robot 604 can notify (1551)
the user 602 of the success. After notifying (1551) the user 602 of the success, the
robot 604 can await further instructions from the user 602. For example, the user
602 can instruct the robot 604 to continue the mowing operations of the lawn 805

and therefore restart the process 1500.
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The examples described herein can be implemented in a variety of ways
without departing from the scope of the specification. In the examples described
herein, a single robot (e.g., the robot 604) pairs with a beacon (e.q., the beacon
606). In some implementations, each beacon can be configured to be paired with
one more mobile lawn mowing robots. Thus, multiple robots can easily perform
mowing operations on the same lawn.

While a single robot has been described to pair with a set of beacons, the
robot can also be configured to pair with multiple sets of beacons. In such cases,
the robot can maintain multiple different lawns. Each lawn may contain a different
set of beacons which will also have a different map associated with it. The user may
select one of the stored maps to use during a mowing operation such that the user
can select between the various sets of beacons paired with the robot.

While not shown in Fig. 3, the robot 300 can include a user interface that can
receive user interface data from the controller 308 to display information pertaining to
the operations of the robot 300. Therefore, the user 602, in addition or as an
alternative to using the user device 510, can view the information on a user interface
of the robot 604 and can interact with the user interface to control operations of the
robot 604. For example, the user 602 can use the user interface during the pairing
operations described herein to confirm the pairing between the robot 604 and the
beacon 606.

A set of beacons can include three or more beacons, as described in some
implementations herein. In some cases, the set of beacons can include fewer than
three beacons. The robot can navigate using the signals emitted from the set of

beacons including fewer than three beacons and can use on-board movement
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sensors to also execute dead reckoning processes to improve accuracy of its
estimate of its location.

The robots described herein can be controlled, at least in part, using one or
more computer program products, e.g., one or more computer programs tangibly
embodied in one or more information carriers, such as one or more non-transitory
machine-readable media, for execution by, or to control the operation of, one or more
data processing apparatus, e.9., a programmable processor, a computer, multiple
computers, and/or programmable logic components.

A computer program can be written in any form of programming language,
including compiled or interpreted languages, and it can be deployed in any form,
including as a stand-alone program or as a module, component, subroutine, or other
unit suitable for use in a computing environment.

Operations associated with controlling the robots described herein can be
performed by one or more programmable processors executing one or more
computer programs to perform the functions described herein. Control over all or
part of the robots described herein can be implemented using special purpose logic
circuitry, e.g., an FPGA (field programmable gate array) and/or an ASIC (application-
specific integrated circuit).

Processors suitable for the execution of a computer program include, by way
of example, both general and special purpose microprocessors, and any one or
more processors of any kind of digital computer. Generally, a processor will receive
instructions and data from a read-only storage area or a random access storage
area or both. Elements of a computer include one or more processors for executing

instructions and one or more storage area devices for storing instructions and data.
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Generally, a computer will also include, or be operatively coupled to receive data
from, or transfer data to, or both, one or more machine-readable storage media,
such as mass PCBs for storing data, e.g., magnetic, magneto-optical disks, or optical
disks. Machine-readable storage media suitable for embodying computer program
instructions and data include all forms of non-volatile storage area, including by way
of example, semiconductor storage area devices, e.g., EPROM, EEPROM, and flash
storage area devices; magnetic disks, e.g., internal hard disks or removable disks;
magneto-optical disks; and CD-ROM and DVD-ROM disks.

Elements of different implementations described herein may be combined to
form other embodiments not specifically set forth above. Elements may be left out of
the structures described herein without adversely affecting their operation.
Furthermore, various separate elements may be combined into one or more

individual elements to perform the functions described herein.
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What is claimed is
1. Amethod performed by a mobile lawn mowing robot, the method
comprising:
pairing a beacon with the mobile lawn mowing robot, wherein pairing the
5 beacon with the mobile lawn mowing robot comprises:
determining a distance between the beacon and the mobile lawn
mowing robot;
confirming that the beacon is within a pairing distance from the mobile
lawn mowing robot based on a comparison of the determined distance to a
10 pairing distance; and
subsequent to confirming that the beacon is within the pairing distance
from the mobile lawn mowing robot, pairing the beacon with the mobile lawn
mowing robot; and
following pairing:
15 detecting wideband or ultra-wideband signals from the beacon; and
using the wideband or ultra-wideband signals to enable navigation over

an area.

2. The method of claim 1, further comprising:
20 outputting a request, via a user interface, for confirmation that the beacon is
among a number of beacons to which the mobile lawn mowing robot is to

communicate; and
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receiving, in response to the request, the confirmation that the beacon is
among the number of beacons to which the mobile lawn mowing robot is to
communicate;

wherein pairing is performed following receipt of the confirmation.

3. The method of claim 1, wherein pairing the beacon with the mobile lawn
mowing robot further comprises:

prior to determining the distance between the beacon and the mobile lawn
mowing robot, identifying a broadcast from the beacon, the broadcast comprising a
beacon address for the beacon and a predefined address not specific to any beacon;

in response to the broadcast, sending, to the beacon at the beacon address, a
robot address for the mobile lawn mowing robot; and

receiving, from the beacon, a message from which the distance between the

beacon and the mobile lawn mowing robot is determined.

4. The method of claim 3, wherein pairing the beacon with the mobile lawn
mowing robot further comprises:

storing, in memory on the mobile lawn mowing robot, the beacon address in
association with one or more other addresses for one or more other beacons paired

with the mobile lawn mowing robot.

5. The method of claim 3, wherein pairing the beacon with the mobile lawn

mowing robot further comprises:
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outputting a request to move the beacon toward the mobile lawn mowing
robot, wherein the message from the beacon is received following output of the

request to move the beacon.

5 6. The method of claim 3, further comprising, following pairing:
sending the beacon address to one or more other beacons; and
sending, to the beacon, one or more other addresses for the one or more

other beacons.

10 7. The method of claim 3, further comprising:
transmitting the beacon address and the robot address to a server for storage

in association with a user account.

8. The method of claim 3, further comprising:
15 identifying an error associated with the beacon; and

outputting an indication of the error via a user interface.

9. The method of claim 8, wherein the user interface comprises a feature for
indicating that the error is being addressed by replacing the beacon; and
20 wherein the method further comprises:
in response to the indication that the error is being addressed by
replacing the beacon, causing the mobile lawn mowing robot to listen for the

predefined address not specific to any beacon.
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10. The method of claim 1, further comprising:

receiving a passcode from the beacon; and

comparing the passcode to a passcode associated with the mobile lawn
mowing lawn mowing robot;

wherein pairing is performed following confirmation that the passcode from

the beacon matches the passcode associated with the mobile lawn mowing robot.

11. A method, performed by a beacon, for pairing the beacon with a mobile
lawn mowing robot, the method comprising:

outputting a broadcast to the mobile lawn mowing robot, the broadcast
comprising a beacon address for the beacon and a predefined address not specific
to any beacon;

following the broadcast, receiving, from the mobile lawn mowing robot, a robot
address for the mobile lawn mowing robot;

outputting, from the beacon and to the mobile lawn mowing robot at the robot
address, a message from which a distance between the beacon and the mobile lawn
mowing robot is determined;

receiving, from the mobile lawn mowing robot, a confirmation that the beacon
is paired with the mobile lawn mowing robot; and

in response to the confirmation, registering the beacon as paired with the

mobile lawn mowing robot.

12. The method of claim 11, wherein registering comprises storing, in

memory on the beacon, the robot address of the mobile lawn mowing robot.
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13. The method of claim 11, further comprising:
receiving one or more addresses of one or more other beacons that are
paired with the mobile lawn mowing robot; and

5 storing the one or more other addresses in memory on the beacon.

14. The method of claim 13, wherein the one or more addresses are received

from the mobile lawn mowing robot following registering.

10 15. Alawn mowing system comprising:
a plurality of beacons to transmit wideband or ultra-wideband signals, each
beacon having a different associated beacon address and a robot address stored in
a memory; and
a mobile lawn mowing robot associated with the robot address, the mobile
15 lawn mowing robot being paired with each of the plurality of beacons, the mobile
lawn mowing robot comprising:
memory storing instructions that are executable and storing each of the
different associated beacon addresses for each of the plurality of beacons;
one or more processing devices to execute the instructions to perform
20 operations comprising:
receiving wideband or ultra-wideband signals representing a
beacon address;
determining whether the received wideband or ultra-wideband

signals are associated with one of the plurality of beacons paired with
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the mobile lawn mowing robot based on the beacon address
represented by the wideband or ultra-wideband signals; and
localizing the mobile lawn mowing robot based on the received

wideband or ultra-wideband signals.

16. The lawn mowing system of claim 15, wherein the operations comprise:
adding an additional beacon to the plurality of beacons paired with the mobile

lawn mowing robot.

10 17. The lawn mowing system of claim 16, wherein:
the mobile lawn mowing robot is configured to detect the wideband or ultra-
wideband signals and to use the wideband or ultra-wideband signals to enable
navigation over an area, and
the operations for adding the additional beacon to the plurality of beacons
15 comprise:
identifying a broadcast from the additional beacon, the broadcast
comprising an additional beacon address for the additional beacon and a
predefined address not specific to any beacon;
in response to the broadcast, sending, to the additional beacon at the
20 additional beacon address, the robot address;
receiving, from the additional beacon, a message from which a
distance between the additional beacon and the mobile lawn mowing robot is
determined;

comparing the distance to a predefined distance; and
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registering the additional beacon as paired with the mobile lawn

mowing robot when the distance is less than the predefined distance.

18. The lawn mowing system of claim 17, wherein the additional beacon
5 comprises:
memory storing instructions that are executable; and
one or more processing devices to execute the instructions to perform
operations comprising:
outputting the broadcast to the mobile lawn mowing robot;
10 receiving the robot address from the mobile lawn mowing robot;
outputting the message to the mobile lawn mowing robot at the robot
address;
receiving, from the mobile lawn mowing robot, a confirmation that the
additional beacon is paired with the mobile lawn mowing robot; and
15 in response to the confirmation, registering the additional beacon as

paired with the mobile lawn mowing robot.

19. The lawn mowing system of claim 17, wherein the operations for adding
the additional beacon to the plurality of beacons comprise:
20 outputting a request for confirmation that the additional beacon is among a
number of beacons to which the mobile lawn mowing robot is to communicate; and
receiving, in response to the request, the confirmation that the additional
beacon is among the number of beacons to which the mobile lawn mowing robot is

to communicate;
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wherein registering is performed following receipt of the confirmation; and
wherein registering comprises storing, in memory on the mobile lawn mowing
robot, an additional beacon address in association with the different associated

beacon addresses.

20. The lawn mowing system of claim 17, wherein the operations for adding
the additional beacon to the plurality of beacons comprise:

outputting a request to move the additional beacon toward the mobile lawn
mowing robot, wherein the message from the additional beacon is received following

output of the request to move the additional beacon.

21. The lawn mowing system of claim 17, wherein the operations for adding
the additional beacon to the plurality of beacons comprise:

following registering, sending the additional beacon address to the plurality of
beacons; and

following registering, sending, to the additional beacon, the different

associated beacon addresses.

22. The lawn mowing system of claim 17, wherein the operations for adding
the additional beacon to the plurality of beacons paired with the mobile lawn mowing
robot further comprise:

identifying an error associated with the beacon; and

outputting an indication of the error via a user interface;
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wherein the user interface comprises a feature for indicating that the error is
being addressed by replacing the beacon; and

wherein the operations further comprise, in response to an indication that the
error is being addressed by replacing the beacon, causing the mobile lawn mowing

robot to listen for the predefined address not specific to any beacon.

23. The lawn mowing system of claim 17, wherein the operations for adding
the additional beacon to the plurality of beacons paired with the mobile lawn mowing

robot further comprise:
transmitting the additional beacon address and the robot address to a server

for storage in association with a user account.
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