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Description

Title of Invention: SYSTEMS AND METHODS FOR MAP
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[0004]

[0005]

TRANSFORMATION BETWEEN MOBILE ROBOTS
Technical Field

Some embodiments described herein relate to systems and methods for determining

map transformations between robots, such as mobile robots.

Background Art

Mobile robots can be used to perform a wide variety of tasks within a working en-
vironment. For example, within a manufacturing facility or warehouse, mobile robots
may be used to move materials throughout the working environment. In some
instances, a plurality of mobile robots can be provided within the working en-
vironment, and the movements of the plurality of mobile robots must be coordinate to

avoid collisions and maximize efficiency.

Summary of Invention

Mobile robots, whether autonomous or guided, often use a map of their working en-
vironment to navigate. For some mobile robots, this map is determined or generated
using various sensing capabilities of the mobile robot (e.g., image sensors, LIDAR
sensors, etc.), which can vary depending on the particular manufacturer or model of the
mobile robot. In some instances, there may even be differences between mobile robots
from the same manufacturer and of the same model due to physical differences
between individual units. Due to these differences in the various sensing capabilities of
different mobile robots, as well as to other factors associated with the mobile robots,
the maps of the working environment determined by different mobile robots can vary
or differ.

Different mobile robots operating in the same working environment need to work ef-
fectively with each other, for example, to share working areas and resources, exchange
interoperability demands, avoid collisions, coordinate movements, and maximize effi-
ciencies. The above-noted differences between the maps of the working environment
determined by different mobile robots interfere with or limit the ability of mobile
robots working within a common working environment to work effectively together. It
can be highly advantageous to provide or determine a common reference map, in
which the position and movements of all or many of the mobile robots, as well as other
objects or obstacles within the working environment, can be determined.

This application provides methods and systems for determining map transformations
between different mobile robots. In some instances, the systems and methods can be

automatic or unsupervised. That is, in some instances, the systems and methods can be
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performed by the mobile robots themselves in an automated manner, requiring little or
no human involvement. The methods and systems for determining map trans-
formations between different mobile robots can include calculating or determining
transformation parameters for synchronizing the map data for different mobile robots
and/or for accurately representing the position and trajectory information of the mobile
robots in a shared reference frame.

In some examples, the systems and methods for determining map transformations
between different mobile robots can use a follower robot autonomously following a
target robot through a series of tasks, such as movements. For example, the series of
tasks can include moving the target robot through a plurality of goal locations, with the
follower robot following the target robot through each of the plurality of goal
locations. The position and trajectory information of the follower robot can be
recorded while the follower follows the target robot through the plurality of goal
locations. Once complete, the compiled position and trajectory data can be analyzed
and automatically transformed into a common reference frame, which relates a map of
the target robot with a map of the follower robot. In some embodiments, these
processes can be repeated for additional mobile robots within the working environment
until the position and trajectory information of all mobile robots can be represented
within the common reference from. This can be highly advantageous because, using
this reference frame, a master control system can operate all mobile robots in the
working environment effectively and with high accuracy, regardless of differences
between the platforms.

In some aspects, the techniques described herein relate to a method for determining a
map transformation between mobile robots, the method including: causing a first
mobile robot to move to each of a plurality of goal locations within a working en-
vironment, and, with the first mobile robot positioned at each of the plurality of goal
locations: determining a first position of the first mobile robot within a first map as-
sociated with the first mobile robot, and determining an observed position of the first
mobile robot relative to a position of a second mobile robot based on data from at least
one environmental sensor of the second mobile robot; causing the second mobile robot
to move to each observed position, and with the second mobile robot positioned at
each observed position, determining a second position of the second mobile robot
within the second map associated with the second mobile robot; and determining a
transformation between the first map associated with the first mobile robot and the
second map associated with the second mobile robot based on the determined first
positions and the determined second positions.

In some aspects, the techniques described herein relate to a mobile robot

management system, including: a communication module configured to communicate
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with at least a first mobile robot and a second mobile robot in a working environment;
a processor; and computer-readable memory in communication with the processor, the
memory storing instructions that are executable by the processor to cause the system
to: cause the first mobile robot to move to each of a plurality of goal locations within
the working environment, and, with the first mobile robot positioned at each of the
plurality of goal locations: determine a first position of the first mobile robot within a
first map associated with the first mobile robot, and determine an observed position of
the first mobile robot relative to a second mobile robot based on data from at least one
environmental sensor of the second mobile robot; cause the second mobile robot to
move to each observed position, and with the second mobile robot positioned at each
observed position, determine a second position of the second mobile robot within the
second map associated with the second mobile robot; and determine a transformation
between the first map associated with the first mobile robot and the second map as-
sociated with the second mobile robot based on the determined first positions and the
determined second positions.

In some aspects, the techniques described herein relate to a mobile robot, including: a
drive system configured to move the mobile robot; at least one environmental sensor; a
processor; and computer-readable memory in communication with the processor, the
memory storing instructions that are executable by the processor to cause the mobile
robot to: for each of a plurality of goal locations through which a target mobile robot
moves: receive, from the target mobile robot, a first position of the target mobile robot
within a first map associated with the target mobile robot, and determine an observed
position of the target mobile robot relative to a current position of the mobile robot
based on data from the at least one environmental sensor of the mobile robot; cause the
mobile robot to move to the observed position, and with the mobile robot positioned at
the observed position, determine a second position of the mobile robot within the
second map associated with the mobile robot; and determine a transformation between
the first map associated with the target mobile robot and the second map associated
with the mobile robot based on the determined first positions and the determined
second positions.

In some aspects, the techniques described herein relate to a mobile robot, including: a
drive system configured to move the mobile robot; at least one environmental sensor; a
processor; and computer-readable memory in communication with the processor, the
memory storing instructions that are executable by the processor to cause the mobile
robot to: for each of a plurality of goal locations through which a target mobile robot
moves: receive, from the target mobile robot, a first position of the target mobile robot
within a first map associated with the target mobile robot, and determine an observed

position of the target mobile robot relative to a current position of the mobile robot
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based on data from the at least one environmental sensor of the mobile robot; and
based on the observed position, determine a second position of the target mobile robot
within the second map associated with the mobile robot; and determine a trans-
formation between the first map associated with the target mobile robot and the second
map associated with the mobile robot based on the determined first positions and the

determined second positions.
In some aspects, the techniques described herein relate to a method for determining a

map transformation between mobile robots, the method including: causing a first
mobile robot to move to each of a plurality of goal locations within a working en-
vironment, and, with the first mobile robot positioned at each of the plurality of goal
locations: determining a first position of the first mobile robot within a first map as-
sociated with the first mobile robot, and determining an observed position of the first
mobile robot relative to a position of a second mobile robot based on data from at least
one environmental sensor of the second mobile robot; and based on the observed
position, determining a a second position of the first mobile robot within the second
map associated with the second mobile robot; and determining a transformation
between the first map associated with the first mobile robot and the second map as-
sociated with the second mobile robot based on the determined first positions and the
determined second positions.

For purposes of this summary, certain aspects, advantages, and novel features of the
disclosure have been described. It is to be understood that not necessarily all such ad-
vantages may be achieved in accordance with any particular embodiment of the
invention. Thus, for example, those skilled in the art will recognize that the invention
may be embodied or carried out in a manner that achieves one advantage or group of
advantages as taught herein without necessarily achieving other advantages as may be

taught or suggested herein.

Brief Description of Drawings

Certain embodiments will be discussed in detail with reference to the following
figures, wherein like reference numerals refer to similar features throughout. These
figures are provided for illustrative purposes and the embodiments are not limited to
the specific implementations illustrated in the figures.
[Fig.1]FIG. 1 shows an example embodiment of a mobile robot.
[Fig.2]FIG. 2 is a schematic diagram of an example embodiments of a mobile robot.
[Fig.3]FIG. 3 is a schematic diagram of a mobile robot management system in commu-
nication with mobile robots and a user device.
[Fig.4A]FIG. 4A is an example illustration of a map of a working environment de-

termined by a first mobile robot.
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[Fig.4BJFIG. 4B is an example illustration of a map of the same working environment
of FIG. 4A determined by a second mobile robot.
[Fig. SA]FIG. 5A illustrates an example step in an embodiment of an automated
process for determining a map transformation between two mobile robots.
[Fig.SB]FIG. 5B illustrates another example step in the embodiment of an automated
process for determining a map transformation between two mobile robots.
[Fig. SCJFIG. 5C illustrates another example step in the embodiment of an automated
process for determining a map transformation between two mobile robots.
[Fig.SD]FIG. 5D illustrates another example step in the embodiment of an automated
process for determining a map transformation between two mobile robots.
[Fig.SEJFIG. 5E illustrates another example step in the embodiment of an automated
process for determining a map transformation between two mobile robots.
[Fig.SF]FIG. 5F illustrates another example step in the embodiment of an automated
process for determining a map transformation between two mobile robots.
[Fig.SG]FIG. 5G illustrates another example step in the embodiment of an automated
process for determining a map transformation between two mobile robots.
[Fig. SH]FIG. 5H illustrates another example step in the embodiment of an automated
process for determining a map transformation between two mobile robots.
[Fig SIJFIG. 51 illustrates another example step in the embodiment of an automated
process for determining a map transformation between two mobile robots.
[Fig.6]FIG. 6 is a flow chart illustrating an example method or process for determining
a map transformation between mobile robots.
[Fig.7]FIG. 7 illustrates an example step in another embodiment of an automated
process for determining a map transformation between two mobile robots.
Description of Embodiments

This disclosure describes various systems, devices, and methods for determining map
transformations between mobile robots. The map transformations can be used, for
example, by a master controller and/or individual mobile robots in order to view
position and/or trajectory information of a plurality of mobile robots within a common
reference frame or map. Use of a common reference frame or map can improve inter-
operability of the plurality of mobile robots by, for example, allowing them to better
share positions, trajectories, working areas, resources, and interoperability demands
amongst the plurality of robots.

As discussed briefly above, mobile robots often use a map of their working en-
vironment to navigate. In some instances, the map can be pre-computed or determined
in substantially real time by the mobile robot. For example, a mobile robot’s map can

be determined or generated by the mobile robot using the mobile robot’s sensing capa-



WO 2024/204752 PCT/JP2024/013140

[0017]

[0018]

[0019]

bilities. However, the sensing capabilities of different mobile robots can vary. Mobile
robots from different manufacturers or of different models may include different types
of sensors. Further, in some instances, the sensing capabilities of mobile robots of even
the same make and model may vary, due to slight variation and physical differences
between individual units.

In general, each mobile robot may determine its own position and trajectory within
its own individual map. Additionally, each mobile robot may determine, based on data
derived from the mobile robot’s sensors, the position of other mobile robots and the
position of various obstacles or objects within the working environment. In some
instances, a mobile robot can determine the position of various obstacles or objects
within its own map. In some instances, a mobile robot can determine the distance and
direction (e.g, the linear distance and rotational position) between the current position
of the mobile robot and an obstacle or object detectable with the sensors of the mobile
robot. With each mobile robot operating with reference to its own individual map,
sharing of data between two or more mobile robots is difficult. For example, a first
mobile robot’s self-reported position and orientation (within its own individual map) is
unlikely to be useful to a second mobile robot because, for example, the coordinate
systems associated with the individual maps of the first and second mobile robots may
not be the same. As an example, an (x, y) position in the first robot’s individual map,
may not match the same (x, y) position on the second robot’s individual map.

Accordingly, to facilitate sharing of map-based information (such as positions, tra-
jectories, movement paths, or the like, of mobile robots, objects, or obstacles within the
working environment) between or amongst two or more mobile robots, it may be
desirable to provide all such information within a common reference frame or map.
That is, it may be desirable to determine transformations that all information de-
termined with respect to the map of an individual mobile robot to be represented either
within the map of another mobile robot or within a common reference frame or map. In
this way, mobile robots can receive and use information determined or provided by
other mobile robots within the working environment. This can facilitate coordinated
movements, avoid collisions, increase overall efficiency, etc.

Some methods and systems for determining map transformations require significant
manual interaction. For example, one can manually identify a set of feature points from
the individual maps generated by two different mobile robots and mathematically
correlate them to determine a transformation therebetween. This process, however,
may be disadvantageous in that it is generally performed manually, can be prone to
error, and does not work well when the two individual maps do not contain clearly
identifiable features relating to the same physical objects. Another example that disad-

vantageously requires manual involvement can include manually moving two mobile
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robots to the same physical locations, recording their positional data at each location,
and mathematically computing a transformation therebetween. This can be disad-
vantageous in that it is generally a manual process and can be prone to error, and
further because it is difficult to move the mobile robots such that they stop at the exact
same physical location and orientation. An additional method for determining map
transformations between mobile robots can include the use of advanced map-merging
algorithms. This can be disadvantageous, though, as it can involve quite advanced and
complex techniques and may not work well for all types of maps.

This disclosure provides additional systems, devices, and methods for determining
map transformations between mobile robots that reduce or eliminate one or more of the
above-noted disadvantages and/or provide other advantages and benefits as described
herein. In some embodiments, the systems, devices, and methods for determining map
transformations between mobile robots described herein can be performed on an
automatic and/or unsupervised basis, for example, without requiring any human in-
teraction or with requiring minimal human interaction. For example, a mobile robot or
a mobile controller can be configured to automatically trigger or implement the
systems, devices, and methods for determining map transformations between mobile
robots upon detecting an additional mobile robot within the working environment or
when attempting or desiring to share information between two mobile robots. In some
embodiments, the systems, devices, and methods for determining map transformations
between mobile robots can be triggered manually, albeit with minimal human in-
teraction. For example, in some instances, a human can provide a command that causes
one or more mobile robots to implement the systems, devices, and methods for de-
termining map transformations between mobile robots.

As introduced above, in some examples, the systems, devices, and methods for de-
termining map transformations between different mobile robots can use a follower
robot autonomously following a target robot through a series of tasks, such as
movements. For example, the series of tasks can include moving the target robot
through a plurality of goal locations, with the follower robot following the target robot
through each of the plurality of goal locations. The position and trajectory information
of the follower robot can be recorded while the follower follows the target robot
through the plurality of goal locations. Once complete, the compiled position and
trajectory data can be analyzed and automatically transformed into a common
reference frame, which relates a map of the target robot with a map of the follower
robot.

For example, a target robot may go to a goal location and report its position within its
own map. The follower robot may observe the target robot at the goal location and

determine a position of the target robot relative to the current position of the follower
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robot. For example, the follower robot may determine the distance and direction to the
target robot (which is at the goal location) relative to its current position. Notably, in
some instances, the follower robot does not need to know the position of the goal
location. Using the determined relative position, the follower robot can then move to
the goal location, for example, using encoder based motion based on the determined
distance and direction, to move to the observed position. At this position, the follower
robot can record its position within its own map. Since the follower robot has moved to
the observed position, it is now positions at the goal location, and thus the goal
location is now known with respect to the individual maps of the target robot and the
follower robot. This process can be repeated for multiple different goal locations and
the resulting data can be used to determine a transformation between the two maps.

In an alternative embodiment, the target robot may move through a plurality of goal
locations, while a second robot observes the position of the target robot at each goal
location using sensors of the second robot. Based on the observed positions, the second
robot can determine the position of the target robot within its own map. These de-
termined positions of the goal locations by the second robot can be used with reported
positions of the goal locations by the target robot to determine a transformation
between the two maps. In some embodiments, this can be accomplished without
moving the second robot at all, as long as the second robot can observe the target at
each position. In some instances, the second robot may move or follow the target robot
so as to observe the target robot at each goal location.

In some embodiments, rather than using a plurality of discrete goal locations, a
continuous movement path can be used. In some embodiments, these processes can be
repeated for additional mobile robots within the working environment until the
position and trajectory information of all mobile robots can be represented within the
common reference from. This can be highly advantageous because, using this
reference frame, a master control system can operate all mobile robots in the working
environment effectively and with high accuracy, regardless of differences between the
platforms.

The various features and advantages of the systems, devices, and methods for de-
termining map transformations between mobile robots described herein will become
more fully apparent from the following description of the examples illustrated in the
figures. These examples are intended to illustrate the principles of this disclosure, and
this disclosure should not be limited to merely the illustrated examples. The features of
the illustrated examples can be modified, combined, removed, and/or substituted as
will be apparent to those of ordinary skill in the art upon consideration of the principles
disclosed herein.

FIG. 1 shows an example embodiment of a mobile robot 100, and FIG. 2 shows a
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schematic diagram of the mobile robot 100. The mobile robot 100 can have a chassis
or housing 102, which can support various other components of the robot 100. Some
components can be disposed inside the housing 102, and some components can be at
least partially exposed so that they can interact with entities outside the housing 102.
The mobile robot 100 can have a drive system 104, which can be configured to move
the mobile robot 100. For example, the mobile robot 100 can have one or more driven
wheels 106, which can be driven by at least one motor (not visible in FIG. 1). In some
embodiments, two or more driven wheels 106 can be independently driven to cause the
mobile robot 100 to move forward, move backward, turn, etc. In some embodiments, a
steering mechanism (e.g., a pivoting wheel) can turn the mobile robot 100. In some
cases, one or more non-driven wheels 108 can provide support to the robot 100.
Various other suitable drive systems can be used, such as tracks or legs.

The mobile robot 100 can have one or more environmental sensors 112, which can
be used to sense or measure the environment around the robot 100. The environmental
sensor(s) 112 can be a LiDAR (Light Detection and Ranging) system, for example.
The environmental sensor(s) 112 can include at least one laser, which can emit laser
pulses across a range of angles. The environmental sensor(s) 112 can include a light
detector, which can receive light from the laser pulses that was reflected by the en-
vironment (e.g., objects) around the mobile robot 100. The received light can be used
to determine the location over objects around the mobile robot 100. For example, the
direction of the emitted laser pulse and/or the direction of the received light can
indicate the direction of the object, and the timing of the emitted laser pulse and/or the
received light (e.g., time-of-flight) can indicate the distance of the object from the
robot. The housing 102 of the mobile robot 100 can have an opening 114, such as a
generally horizontal slit, to permit light to exit and enter the environmental sensor(s)
112 of the mobile robot 100 (e.g., across a range of angles). Various other types of en-
vironmental sensors 112 could be used, such a camera, a video analysis system that
analyzes video from a camera on the robot 100 to identify objects or other envi-
ronmental features, a sonar system, and/or a heat sensor, etc. Further, the envi-
ronmental sensor(s) 112 can be located in other locations on the housing 102 of the
mobile robot 100.

The mobile robot 100 can include a controller 116, which can operate various aspects
of the mobile robot 100. For example, the controller 116 can interpret information
from the environmental sensor(s) 112, such as to identify objects, determine distances
to or locations of objects, operate the drive system 104, perform navigation and/or
collision avoidance operations, communicate with the robot management system (e.g.,
as shown in FIG. 3), or various other features and functions of the mobile robot 100.

The various functions of the mobile robot 100 disclosed herein can be implemented by
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the controller 116, even where the controller 116 is not specifically discussed. In some
embodiments, the controller 116 can determine or generate a map of the working en-
vironment detected or perceived by the environmental sensor(s) 112. Example maps
are shown in FIGs. 4A and 4B, which are discussed in more detail below. However, in
many instances, the map generated by one mobile robot 100 may differ (to varying
degrees) with a map generated by another mobile robot 100 for the reasons discussed
previously. For example, one mobile robot 100 may include different types or config-
urations of environmental sensors 112.

The mobile robot 100 can include at least one processor 118, which can be a
hardware processor. The processor 118 can include circuitry configured to execute op-
erations to implement the various functions and features discussed herein. In some em-
bodiments, the mobile robot 100 can include multiple processors 118, and different
tasks can be performed by different processors 118. The mobile robot 100 can include
memory 120, which can be computer-readable memory (e.g., non-transitory computer-
readable memory). The memory 120 can include RAM, ROM, non-volatile memory,
flash memory, a hard disc, or any other suitable type of memory. In some em-
bodiments, the mobile robot 100 can include multiple memory components, which can
store different types of information or instructions for different function or features.
The memory 120 can include instructions that can be executed by the at least one
processor 118 to implement the controller 116 and/or to perform the various functions
and features disclosed herein. In some embodiments, the functions and/or features can
be implemented by an integrated circuit or other special purpose processor that is
specifically configured to perform the functions and features disclosed herein. In some
cases, the controller 116 can include a plurality of control modules. Different tasks or
functions can be performed by different control modules (e.g., different processors 118
and/or different sets of software instructions).

The mobile robot 100 can include a communication interface 122, which can be used
to send information from the robot 100 and/or to receive information from the robot
management system or some other external device. The communication interface 122
can be wireless, such as using WiFi, Bluetooth, or any other suitable wireless commu-
nication protocol. In some embodiments, the communication interface 122 can include
a wired connection. For example, the communication interface 122 can include a port
or a plug, which can be configured to connect to a corresponding plug or port that is
coupled to an external device, to enable communication therebetween, in some
situations. For example, a USB port can be used, although various types of ports or
other wired connections could be used. In some cases, a user can couple a laptop,
smartphone, or other computer device to the mobile robot 100 via the communication

interface for adjusting parameters of the mobile robot 100, for diagnosing issues with
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the mobile robot 100, for updating features of the mobile robot 100, etc. In some em-
bodiments, the communication interface 122 can be used to communicate information
regarding the position and/or trajectory of the mobile robot 100 determined with
respect to the mobile robot’s map with other mobile robots and/or with a robot
management system (for example, as shown in FIG. 3). Similarly, the communication
interface 122 can be configured to receive position, trajectory, and/or other map-based
information from other mobile robots in the working environment. As described
herein, map-based information can be transformed into a reference frame associated
with the map of the mobile robot 100 or into a general reference frame to account for
differences between the maps of different mobile robots.

The mobile robot 100 can include a user interface 124, which can be used to receive
input from a user and/or to provide output (e.g., information) to a user. The user
interface 124 can include one or more buttons 126, switches, dials, or other user input
elements, a touchscreen, a display, one or more lights, a speaker, a microphone, etc. In
some cases, a user can provide input to adjust parameters of the mobile robot 100.

The mobile robot 100 can include a power source 128, which can be a battery. The
battery can be rechargeable, and the mobile robot 100 can be configured to dock with a
recharging station for regarding the battery (e.g., through an electrical interface). The
power source 128 can provide electrical power to operate the drive system 104 (e.g.,
one or more electric motors), the various sensors and controllers and other systems
disclosed herein. The power source 128 can provide DC or AC power, and any suitable
type of power source 128 could be used.

The mobile robot 100 can include a navigation system 130. The navigation system
130 can be used to perform path finding for the mobile robot 100. The navigation
system 130 can receive a destination and/or one or more waypoints, such as from the
user interface 124 or the communication interface 122. The navigation system 130 can
receive environmental information (e.g., object locations) from the environmental
sensor 112, and can use that information to determine trajectory information to
navigate the mobile robot 100 (e.g., towards a destination). The trajectory information
can include a path or route, such as from the robot’s current location to the target
location (e.g., task location or other destination or waypoint). In some cases, the
navigation system 130 can determine intermediate waypoints based on the envi-
ronmental information. In some embodiments, the navigation system 130 can modify
the trajectory information while the mobile robot 100 is moving. For example, if an
object moves or a new object is detected (e.g., by the environment sensor 112), the
navigation system 130 can determine to change the path or route of the mobile robot
100.

The information determined, sent, and/or received by the navigation system may,
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according to the systems, methods, and devices of the present disclosure be
transformed into a reference frame associated with the mobile robot 100 or into a
general reference frame to account for differences in maps between different mobile
robots.

FIG. 3 shows a schematic diagram of a mobile robot management system 200, which
can manage a fleet of mobile robots 100. In FIG. 3, three mobile robots 100 are shown,
but any suitable number of robots 100 can be managed by the system 200, such as 2, 4,
8, 12, 20, 30, 40, 50 robots or more, or any values or ranges between these numbers.
The robot management system 200 can manage robots in a factory, office, hospital,
retail store, warechouse, or any other suitable facility, such as that has task to be
performed by robots 100 at various locations. The robot management system 200 can
include or user many of the features and/or functions disclosed in the 586 Patent. The
robot management system 200 can include a controller 216, which can operate various
aspect of the robot management system 200, as described herein. For example, the
controller 216 can facilitate determination of transformations between maps of
different mobile robots as described herein and/or apply determined transforms to
map-based information sent or received to various different mobile robots 100. The
various functions of the robot management system 200 disclosed herein can be im-
plemented by the controller 216, even where the controller 216 is not specifically
discussed.

The robot management system 200 can include at least one processor 218, which can
be a hardware processor. The processor 218 can include circuitry configured to execute
operations to implement the various functions and features discussed herein, such as
the systems and methods for determining map transformations between robots. In some
embodiments, the robot management system 200 can include multiple processors 218,
and different tasks can be performed by different processors 218. The robot
management system 200 can include memory 220, which can be computer-readable
memory (e.g., non-transitory computer-readable memory). The memory 220 can
include RAM, ROM, non-volatile memory, flash memory, a hard disc, or any other
suitable type of memory. In some embodiments, the robot management system 200 can
include multiple memory components, which can store different types of information
or instructions for different function or features. The memory 220 can include in-
structions that can be executed by the at least one processor 218 to implement the
controller 216 and/or to perform the various functions and features of the management
system 200. In some embodiments, the functions and/or features of the robot
management system 200 can be implemented by an integrated circuit or other special
purpose processor that is specifically configured to perform the functions and features

disclosed herein. In some cases, the controller 216 can include a plurality of control
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modules. Different tasks or functions can be performed by different control modules
(e.g., different processors 218 and/or different sets of software instructions).

The robot management system 200 can include a communication interface 222,
which can be used to send information from the robot management system 200 to the
robots 100 and/or to other systems or devices. The communication interface 222 can
receive information from the robots 100 and/or other systems or devices. The commu-
nication interface 222 can be a wireless communication interface, such as using WiFi,
Bluetooth, or any other suitable wireless communication protocol. In some em-
bodiments, the communication interface 222 can include a wired connection. For
example, the communication interface 222 can include a port or a plug, which can be
configured to connect to a corresponding plug or port that is coupled to an external
device, to enable communication therebetween, in some situations. For example, a
USB port can be used, although various types of ports or other wired connections
could be used. In some cases, a user can couple a laptop, smartphone, or other
computer device to the robot management system 200 via the communication interface
for adjusting parameter 234 of the robot management system 200, for diagnosing or
troubleshooting issues, for updating features of the robot management system 200, etc.
The robot management system 200 can communicate with the robots 100 and/or other
systems or devices over a network 226, which can be a wireless network, such as a
WiFi network. The network 226 can be a shared network that communicates other
types of information as well as information relating to management of the fleet of
robots 100. In some embodiments, the network 226 can be a dedicated network, which
can be used exclusively for operating the fleet of robots. In some embodiments, the
communication interface 22 can be used to communicate information regarding the
position and/or trajectory of the mobile robots 100 determined with respect to the in-
dividual mobile robot’s map with other mobile robots. Similarly, the communication
interface 222 can be configured to receive position, trajectory, and/or other map-based
information from the mobile robots 100 in the working environment. As described
herein, map-based information can be transformed into a reference frame associated
with the map of the mobile robot 100 or into a general reference frame to account for
differences between the maps of different mobile robots.

The robot management system 200 can communicate with an external system or
device, such as a user device 300, over the network 226, or in any other suitable
manner. The user device 300 can be a user terminal or other computing device at a
work station or other location in the facility that uses the fleet of robots. For example,
the user device 300 can be at a computer at a factory workstation, at an office
workstation, a nurse workstation, a patient room, a point of sale station, a manager

desk or office, etc. The user device 300 can be mobile user device, such as a
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smartphone, a tablet computer, etc. The user device 300 can send tasks to the robot
management system 200 to be assigned to the robots 100. In some cases, multiple user
devices 300 can be used. One or more of the user devices 300 can be located at the en-
vironment with the mobile robots 100 or can be remote to the environment with the
mobile robots 100 (e.g., communicating over the internet or some other wide area
network).

The robot management system 200 can include a user interface 224, which can be
used to receive input from a user and/or to provide output (e.g., information) to a user.
The user interface 224 can include one or more buttons, switches, dials, or other user
input elements, a keyboard, a touchscreen, a display, one or more lights, a speaker, a
microphone, etc. In some cases, a user can provide input to adjust parameter of the
robot management system 200 via the user interface 224, or via the user device 300.

The robot management system 200 can include a power source 228, which can be a
wired power connection (e.g., such as configured to plug into an outlet). In some cases,
a battery (e.g., rechargeable) can be used. The power source 228 can provide electrical
power to operate the robot management system 200 as disclosed herein. The power
source 228 can provide DC or AC power, and any suitable type of power source 228
could be used.

FIGs. 4A and 4B illustrate two example maps 400a, 400b of a working environment
as determined by two different mobile robots. The map 400a can be a map of the
working environment as determined by a first mobile robot operating within the
working environment, and the map 400b can be a map of the working environment as
determined by a second mobile robot operating within the working environment.

Comparing FIGs. 4A and 4B, one can appreciate that there are many similarities
between the map 400a determined by the first mobile robot (FIG. 4A) and the map
400b determined by the second mobile robot (FIG. 4B). For example, the general
shape and size of the working environment as represented in maps 400a, 400b is
similar. However, careful inspection of the maps 400a, 400b reveals that some dif-
ferences between the two maps exist. In FIGs. 4A and 4B, certain areas of the maps
400a, 400b have been highlighted (using dashed-line circles) where differences
between the maps 400a, 400b exist.

The differences between the maps 400a, 400b can arise from various causes. For
example, and as discussed above, the differences between the maps 400a, 400b can be
caused by differences between the first and second mobile robots. For example, the
first mobile robot may be of a first type (e.g., of a first make and model), while the
second mobile robot may be of a second type (e.g., of a second make and model). The
first and second mobile robots may thus be equipped with different numbers and/or

types of environmental sensors (see environmental sensors 112 described with
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reference to FIGs. 1 and 2). The difference in the number and/or types of sensors
included on the first and second mobile robots can cause some or all of the differences
between the maps 400a, 400b. Further, it should be noted that, even if the first and
second mobile robots are of the same type (e.g., the same make and model), small
variations between the first and second mobile robots can cause differences in the
maps 400a, 400b.

Additionally, some or all of the differences between the maps 400a, 400b can be at-
tributed to the current and/or past positions of the first and second mobile robots within
the working environment. For example, the first and second mobile robots may each
generate the corresponding maps 400a, 400b as they move through the working en-
vironment. The maps 400a, 400b are generated based on data determined by the envi-
ronmental sensors of the first and second mobile robots. The environmental sensors
can be associated with a field of view and only objects within the field of view of the
environmental sensors are perceived, and resultingly, mapped. Thus, some objects
present within map 400a (FIG. 4A) but not present within map 400b (FIG. 4B) have
been mapped by the first mobile robot (e.g., when these objects have been detected
within the field of view of the environmental sensors of the first mobile robots), but
have not been mapped by the second mobile robot because they have not fallen within
the field of view of the environmental sensors of the second mobile robot and thus are
not represented in the map 400b. This case illustrates another reason why sharing of
map-based data between the first and second mobile robots can be important: the
positions of obstacles mapped by one mobile robot can be shared with other mobile
robots who have not yet perceived those obstacles with their own environmental
Sensors.

Further, as shown in FIGs. 4A and 4B, the maps 400a, 400b may each have their own
reference frame or coordinate system 402a, 402b. This can be because the first and
second mobile robots each determine map-based information within or with respect to
their own, individual coordinate system. For various reasons, the reference frames or
coordinate systems 402a, 402b associated with the first and second mobile robots may
be located at different positions as shown in FIGs. 400a, 400b. For example, each
mobile robot’s reference frame or coordinate system may be associated with a location
of the mobile robot’s dock, a location at which the mobile robot was activated, a
location set within software associated with the mobile robot, or the positions of the
reference frames or coordinate systems 402a, 402b can differ for other reasons.

Because the positions of the reference frames or coordinate systems 402a, 402b of
the first and second maps 400a, 400b associated with the first and second mobile
robots differ, an (x, y) position determined in map 400a will not represent the same

physical location as the same (x, y) positioned determined in map 400b. That is, a
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physical object located within the working environment will be represented by
different (x, y) coordinates within the maps 400a, 400b associated with the two mobile
robots.

This difference complicates sharing of map-based information between the first and
second mobile robots. For example, positions determined with respect to the reference
frame or coordinate system 402a within map 400a of the first mobile robot need to be
translated or transformed into the coordinate system 402b within map 400b of the
second mobile robot in order to be useable by the second mobile robot.

While discussions of reference frames or coordinate systems within this application
are generally framed with respect to x-y coordinate systems, this is done by way of
example and other types of coordinate systems, including three-dimensional coordinate
systems, can be used.

FIGs. SA-51 illustrate example steps in an embodiment of a process for determining a
map transformation between two mobile robots R1, R2. Advantageously, in some em-
bodiments, this process can be performed in an automated, automatic, and/or unsu-
pervised manner. The process can be used to synchronize map data for different mobile
robots. The process can be used for accurately representing the position and trajectory
information of mobile robots in a shared or common reference frame. As will be
described with more detail with reference to FIGs. 5A-51, the process can include the
use of a second mobile robot R2 (“follower” robot) autonomously following a first
mobile robot R1 (“target” robot) as the target robot performs a known series of tasks.
These tasks can include going to a series of goal locations. The position and trajectory
information of the follower robot is recorded while it mimics the behavior of the target
robot. After this process is finalized, the compiled position and trajectory data can be
analyzed and automatically transformed into a common reference frame. Using this
reference frame, a master control system can operate all mobile robots in the working
environment effectively and with high accuracy, regardless of differences between the
platforms. In some embodiments, the process can be repeated for application to more
than two types of mobile robots.

FIG. 5A illustrates two mobile robots, a first mobile robot R1 and a second mobile
robot R2, in a working environment. In this example, each of the first and second
mobile robots R1, R2 may have their own individual maps of the working en-
vironment, and as discussed previously, the individual maps of the two mobile robots
R1, R2 may differ in one or more aspects. In some instances, the individual maps of
the two mobile robots R1, R2 may have different individual coordinate frames such
that an (x, y) position in one map does not correspond to the same (x, y) position in the
other map. Because of this, mobile robots R1, R2 are not able to effectively share map-

based data without a transform between the two maps.



17

WO 2024/204752 PCT/JP2024/013140

[0051]

[0052]

[0053]

FIG. 5A further illustrates a plurality of goal locations G1-G6 within the working en-
vironment. In this example, the goal locations comprise physical locations in the
working environment through which both mobile robots R1, R2 will be moved as part
of the process in order to determine the transformation. In the illustrated example, six
goal locations are shown, although other numbers of goal locations can be used in
other examples. For example, some embodiments of the process can use 2, 3,4, 5, 6, 7,
8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 50 or more goal locations. In
some instances, increasing the number of goal locations used can improve the accuracy
of the determined transformation. However, it has been determined that use of 5, 10, or
20 goal locations can provide a sufficiently accurate transformation having an accuracy
of less than 100 mm. The goal locations can be arranged in any pattern or con-
figuration, for example, along one or more straight or curved paths. In some instances,
the goal locations can be specific, preset locations within the working environment. In
some embodiments, the goal locations can be determined by the first mobile robot R1
based on various factors, such as a current location of the first mobile robot R1, open
space within the working environment, obstacles and other mobile robots within the
working environment, etc. The goal locations should be spatially separated, but
different distances between the goal locations can be used. For example, goal locations
can be at least 10 cm, 50 cm, 1 m, 2 m, 2.5 m, 5 m or further apart, as well as other
distances. In some instances, the goal locations are not known to the second mobile
robot R2.

As shown in FIG. 5B, as a first step, the first mobile robot R1 (which may also be
referred to as the target robot) moves to the first goal location G1. The first mobile
robot R1 determines the location of the first goal location G1 within a first coordinate
frame associated with the map of the first mobile robot R1. The determined location,
represented in this example as (xg;1, yg;1), can be recorded by the first mobile robot
R1 and/or communicated to the second mobile robot R2 or a robot management system
200 (e.g., as shown in FIG. 3). In FIG. 5B, the position of the first goal G1 as de-
termined by the first mobile robot R1 is recorded in a table as (xg;1, yg;1).

With continued reference to FIG. 5B, with the first mobile robot R1 at the first goal
location G1, the second mobile robot R2 can determine the position of the first mobile
robot R1 relative to a current position of the second mobile robot R2. For example, the
second mobile robot R2 can determine the distance and direction (e.g., linear distance
and rotational orientation) to the first mobile robot R1. The second mobile robot R2
can observe (as illustrated using dashed lines in FIG. 5A) the first mobile robot R1
using one or more environmental sensors on the second mobile robot R2 (e.g., LIDAR,
other optical sensors, or the like). As will be discussed with reference to FIG. 5C and

subsequent figures, the second mobile robot R2 can use the observed position of the
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first mobile robot R1 as a mechanism for locating the first goal location G1.

As shown in FIG. 5C, as a next step, the first mobile robot R1 (e.g., the target) moves
to the second goal location G2. The first mobile robot R1 determines the location of
the second goal location G2 within the first coordinate frame associated with the map
of the first mobile robot R1. The determined location, represented in this example as (x
r12, Yr12), can be recorded by the first mobile robot R1 and/or communicated to the
second mobile robot R2 or the robot management system 200. In FIG. 5C, the position
of the second goal G2 as determined by the first mobile robot R1 is recorded in a table
as (Xgi2, Yri12).

With the first goal location G1 vacated by the first mobile robot R1, the second
mobile robot R2 (e.g., the follower) can move to the position at which it observed the
first mobile robot R1 when the first mobile robot R1 was at the first goal location G1.
For example, the second mobile robot R2 can use encoder motion to move to the de-
termined distance and direction at which it previously observed the first mobile robot
R1. By moving to the position at which the second mobile robot R2 observed the first
mobile robot R1 at the first goal location G1, the second mobile robot R2 can position
itself at the first goal location G1. This can occur, even when the second mobile robot
R2 does not know the position of the first goal location G1. Notably, the first mobile
robot R1 cannot simply go to (Xgi1, yri1) (the position of the first goal location G1
recorded by the first mobile robot R1), because that data has not been provided within
the coordinate system of the second mobile robot R2. However, by moving to the
observed position, the second mobile robot R2 can move itself to the first goal location
G1. With the second mobile robot R2 now at the first goal location G1, the position of
the first goal location G1 can be determined by the second mobile robot R2 within the
second coordinate frame associated with the map of the second mobile robot R2. The
determined location, represented in this example as (xg»1, yr»1), can be recorded by the
second mobile robot R2 and/or communicated to the first mobile robot R1 or the robot
management system 200. In FIG. 5C, the position of the first goal G1 as determined by
the second mobile robot R2 is recorded in a table as (xg.1, yro1). As illustrated by the
first line in the table in FIG. 5C, the position of the first goal location G1 is now known
relative to the coordinate system of each mobile robot R1, R2.

With continued reference to FIG. 5C, with the first mobile robot R1 at the second
goal location G2, the second mobile robot R2 can now determine the position of the
first mobile robot R1 (while the first mobile robot R1 is at the second goal location G2)
relative to the current position of second mobile robot R2 (e.g., the distance and
direction to the first mobile robot R1). For example, the second mobile robot R2 can
observe (as illustrated using dashed lines) the first mobile robot R1 using one or more

environmental sensors on the second mobile robot R2. As before, the second mobile
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robot R2 can use this observed position to move itself to the second goal location G2 in
a later step.

As shown in FIG. 5D, as a next step, the first mobile robot R1 (e.g., the target)
moves to the third goal location G3. The first mobile robot R1 determines the location
of the third goal location G3 within the first coordinate frame associated with the map
of the first mobile robot R1. The determined location, represented in this example as (x
r135 Yr13), can be recorded by the first mobile robot R1 and/or communicated to the
second mobile robot R2 or the robot management system 200. In FIG. 5D, the position
of the third goal G3 as determined by the first mobile robot R1 is recorded in a table as
(Xr13, Yr13)-

With the second goal location G2 vacated by the first mobile robot R1, the second
mobile robot R2 (e.g., the follower) can move to the position at which it observed the
first mobile robot R1 when the first mobile robot R1 was at the second goal location
G2 (e.g., using encoder motion). By moving to the position at which the second mobile
robot R2 observed the first mobile robot R1 at the second goal location G1, the second
mobile robot R2 can position itself at the second goal location G2. With the second
mobile robot R2 now at the second goal location G2, the position of the second goal
location G2 can be determined by the second mobile robot R2 within the second co-
ordinate frame associated with the map of the second mobile robot R2. The determined
location, represented in this example as (xz,2, yr22), can be recorded by the second
mobile robot R2 and/or communicated to the first mobile robot R1 or the robot
management system 200. In FIG. 5D, the position of the second goal G2 as determined
by the second mobile robot R2 is recorded in a table as (xg»2, yr,2). As illustrated by
the second line in the table in FIG. 5D, the position of the second goal location G2 is
now known relative to the coordinate system of each mobile robot R1, R2.

With continued reference to FIG. 5D, with the first mobile robot R1 at the third goal
location G3, the second mobile robot R2 can determine the position of the first mobile
robot R1 (while the first mobile robot R1 is at the third goal location G3) relative to a
current position of the second mobile robot R2. For example, the second mobile robot
R2 can observe (as illustrated using dashed lines) the first mobile robot R1 using one
or more environmental sensors on the second mobile robot R2. As before, the second
mobile robot R2 can use this observed position to move itself to the third goal location
G3 in a later step.

As shown in FIG. 5E, as a next step, the first mobile robot R1 (e.g., the target) moves
to the fourth goal location G4. The first mobile robot R1 determines the location of the
fourth goal location G4 within the first coordinate frame associated with the map of the
first mobile robot R1. The determined location, represented in this example as (xgi4, y

r14), can be recorded by the first mobile robot R1 and/or communicated to the second
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mobile robot R2 or the robot management system 200. In FIG. 5E, the position of the
fourth goal G4 as determined by the first mobile robot R1 is recorded in a table as (xg;
4, yri4).

With the third goal location G3 vacated by the first mobile robot R1, the second
mobile robot R2 (e.g., the follower) can move to the position at which it observed the
first mobile robot R1 when the first mobile robot R1 was at the third goal location G3
(e.g, using encoder-based motion). By moving to the position at which the second
mobile robot R2 observed the first mobile robot R1 at the third goal location G3, the
second mobile robot R2 can position itself at the third goal location G3. With the
second mobile robot R2 now at the third goal location G3, the position of the third goal
location G3 can be determined by the second mobile robot R2 within the second co-
ordinate frame associated with the map of the second mobile robot R2. The determined
location, represented in this example as (xg,3, yr.3), can be recorded by the second
mobile robot R2 and/or communicated to the first mobile robot R1 or the robot
management system 200. In FIG. 5E, the position of the third goal G3 as determined
by the second mobile robot R2 is recorded in a table as (Xg,3, yr23). As illustrated by
the third line in the table in FIG. 5E, the position of the third goal location G3 is now
known relative to the coordinate system of each mobile robot R1, R2.

With continued reference to FIG. 5E, with the first mobile robot R1 at the fourth goal
location G4, the second mobile robot R2 can determine the position of the first mobile
robot R1 (while the first mobile robot R1 is at the fourth location G4) relative to the
current position of the second mobile robot R2. For example, the second mobile robot
R2 can observe (as illustrated using dashed lines) the first mobile robot R1 using one
or more environmental sensors on the second mobile robot R2. As before, the second
mobile robot R2 can use this observed position to move itself to the fourth goal
location G4 in a later step.

As shown in FIG. 5F, as a next step, the first mobile robot R1 (e.g., the target) moves
to the fifth goal location GS5. The first mobile robot R1 determines the location of the
fifth goal location G5 within the first coordinate frame associated with the map of the
first mobile robot R1. The determined location, represented in this example as (xg;5, y
r1Y), can be recorded by the first mobile robot R1 and/or communicated to the second
mobile robot R2 or the robot management system 200. In FIG. 5F, the position of the
fifth goal G35 as determined by the first mobile robot R1 is recorded in a table as (xg;5,
}’R15)-

With the fourth goal location G4 vacated by the first mobile robot R1, the second
mobile robot R2 (e.g., the follower) can move to the position at which it observed the
first mobile robot R1 when the first mobile robot R1 was at the fourth goal location G4

(e.g., using encoder-based motion). By moving to the position at which the second
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mobile robot R2 observed the first mobile robot R1 at the fourth goal location G4, the
second mobile robot R2 can position itself at the fourth goal location G4. With the
second mobile robot R2 now at the fourth goal location G4, the position of the fourth
goal location G4 can be determined by the second mobile robot R2 within the second
coordinate frame associated with the map of the second mobile robot R2. The de-
termined location, represented in this example as (xg.4, yro4), can be recorded by the
second mobile robot R2 and/or communicated to the first mobile robot R1 or the robot
management system 200. In FIG. 5F, the position of the fourth goal G4 as determined
by the second mobile robot R2 is recorded in a table as (x4, yro4). As illustrated by
the fourth line in the table in FIG. SE, the position of the fourth goal location G4 is
now known relative to the coordinate system of each mobile robot R1, R2.

With continued reference to FIG. 5F, with the first mobile robot R1 at the fifth goal
location G35, the second mobile robot R2 can determine the position of the first mobile
robot R1 (while the first mobile robot R1 is at the fifth location G5) relative to a
current position of the second mobile robot R2. For example, the second mobile robot
R2 can observe (as illustrated using dashed lines) the first mobile robot R1 using one
or more environmental sensors on the second mobile robot R2. As before, the second
mobile robot R2 can use this observed position to move itself to the fifth goal location
G5 in a later step.

As shown in FIG. 5@, as a next step, the first mobile robot R1 (e.g., the target)
moves to the sixth goal location G6. The first mobile robot R1 determines the location
of the sixth goal location G6 within the first coordinate frame associated with the map
of the first mobile robot R1. The determined location, represented in this example as (x
r10, Yr10), can be recorded by the first mobile robot R1 and/or communicated to the
second mobile robot R2 or the robot management system 200. In FIG. 5G, the position
of the sixth goal G6 as determined by the first mobile robot R1 is recorded in a table as
(Xr16, Yr10).

With the fifth goal location G5 vacated by the first mobile robot R1, the second
mobile robot R2 (e.g., the follower) can move to the position at which it observed the
first mobile robot R1 when the first mobile robot R1 was at the fifth goal location G5
(e.g., using encoder-based motion). By moving to the position at which the second
mobile robot R2 observed the first mobile robot R1 at the fifth goal location G5, the
second mobile robot R2 can position itself at the fifth goal location G5. With the
second mobile robot R2 now at the fifth goal location G5, the position of the fifth goal
location G5 can be determined by the second mobile robot R2 within the second co-
ordinate frame associated with the map of the second mobile robot R2. The determined
location, represented in this example as (xg,5, yr25), can be recorded by the second

mobile robot R2 and/or communicated to the first mobile robot R1 or the robot
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management system 200. In FIG. 5G, the position of the fifth goal G5 as determined
by the second mobile robot R2 is recorded in a table as (Xz,5, yg.5). As illustrated by
the fifth line in the table in FIG. 5G, the position of the fifth goal location GS5 is now
known relative to the coordinate system of each mobile robot R1, R2.

With continued reference to FIG. 5G, with the first mobile robot R1 at the sixth goal
location G6, the second mobile robot R2 can determine the position of the first mobile
robot R1 (while the first mobile robot R1 is at the sixth location G6) relative to a
current position of the second mobile robot R2. For example, the second mobile robot
R2 can observe (as illustrated using dashed lines) the first mobile robot R1 using one
or more environmental sensors on the second mobile robot R2. As before, the second
mobile robot R2 can use this observed position to move itself to the sixth goal location
G6 in a later step.

As shown in FIG. 5H, as a next step, the first mobile robot R1 (e.g., the target)
moves off the sixth goal location G6. With the sixth goal location G6 vacated by the
first mobile robot R1, the second mobile robot R2 (e.g., the follower) can move to the
position at which it observed the first mobile robot R1 when the first mobile robot R1
was at the sixth goal location G6 (e.g., using encoder-based motion). By moving to the
position at which the second mobile robot R2 observed the first mobile robot R1 at the
sixth goal location G6, the second mobile robot R2 can position itself at the sixth goal
location G6. With the second mobile robot R2 now at the sixth goal location G6, the
position of the sixth goal location G6 can be determined by the second mobile robot
R2 within the second coordinate frame associated with the map of the second mobile
robot R2. The determined location, represented in this example as (xg,6, yr.6), can be
recorded by the second mobile robot R2 and/or communicated to the first mobile robot
R1 or the robot management system 200. In FIG. 5H, the position of the sixth goal G6
as determined by the second mobile robot R2 is recorded in a table as (Xg:6, yr:6). As
illustrated by the sixth line in the table in FIG. 5SH, the position of the sixth goal
location G6 is now known relative to the coordinate system of each mobile robot R1,
R2.

As shown in FIG. 51, after the first and second mobile robots R1, R2 have moved
through all goal locations G1-G6, the positions of the goal locations G1-G6 have been
determined with respect to the coordinate frames of the maps associated with each
mobile robot R1, R2. Thus, for each goal location G1-G6, a data pair (R1 data, R2
data) is provided. This data can be correlated to determine a transformation between
the coordinate frames of the two mobile robots R1, R2. FIG. 51 represents an example
of this step visually. As shown, that data pairs associated with each of the goal
locations G1-G6 can be plotted. A function can be determined that best fits the plotted

data pairs. In the illustrated examples, a least squares regression has been performed to
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fit a linear function to the plotted data. In other examples, other methods for fitting the
data and other function, including non-linear functions can be used. For example, the
transform can be determine using a least squares estimator (for example, that calculates
an affine transformation). Other methods that can be used include total least squares,
Machine learning methods (such as linear regressions). Nonlinear transformations can
be determined using, for example, polynomial regression or support vector regression,
among others. With the function determined, data in one coordinate frame (e.g., the co-
ordinate frame of the first mobile robot R1) can be translated into the coordinate frame
of the other mobile robot (e.g., the second mobile robot).

Although the example process of FIGs. SA-5I uses discrete goal locations where the
two mobile robots R1, R2 stop during the process, in other embodiments, the process
can be performed using continuous linear and/or curved paths. For example, the target
robot can move along a path while being observed by the follower robot. The follower
robot can then follow along the same path generated paired data which can be used to
determine a transform.

FIG. 6 is a flow chart illustrating an example process or method 600 for determining
a map transformation between mobile robots. In the illustrated example, the method
600 begins at block 602. At a block 602, a first mobile robot is moved to a goal
location. The first mobile robot may be associated with a first map. The first map may
be determined or generated by the first mobile robot.

At block 604, the method includes determining a first position of the first mobile
robot at the goal location. The first position can be determined with respect to the first
map of the first mobile robot.

At block 606, the method includes determining an observed position of the first
mobile robot at the goal location using a second mobile robot. For example, the second
mobile robot can use one or more environmental sensors to observe or otherwise
determine the position of the first mobile robot at the goal position. The second mobile
robot may be associated with a second map. The second map may be determined or
generated by the second mobile robot. The observed position can be determined with
respect to a current position of the second mobile robot. For example, the second
mobile robot can determine the distance and direction to the first mobile robot relative
to the current position of the second mobile robot.

At block 610, the first mobile robot moves off the goal location. At block 612, the
second mobile robot moves to the goal location and the method includes determining a
second position of the second mobile robot at the goal location. The second position
can be determined by the second mobile robot with respect to the second map.

Through decision state 612, blocks 602-610 are repeated for a plurality of goal

locations until sufficient goal locations have been used. In some embodiments, 2, 3, 4,
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5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 50 or more goal locations
can be used. In some instances, increasing the number of goal locations used can
improve the accuracy of the determined transformation. However, it has been de-
termined that use of 5, 10, or 20 goal locations can provide a sufficiently accurate
transformation having an accuracy of less than 100 mm.

At block 616, once sufficient goal locations have been used, a transformation is de-
termined that relates map information from the first mobile robot and the second
mobile robot based on the determined first positions and the determined second
positions. The transformation can be used to relate map information in the first map to
map information in the second map. This can facilitate sharing of map information
between the first and second mobile robots.

FIG. 7 illustrate example steps in another embodiment of a process for determining a
map transformation between two mobile robots R1, R2. Advantageously, in some em-
bodiments, this process can be performed in an automated, automatic, and/or unsu-
pervised manner. The process can be used to synchronize map data for different mobile
robots. The process can be used for accurately representing the position and trajectory
information of mobile robots in a shared or common reference frame. In this example,
a first mobile robot R1 (e.g., a target robot) moves through a plurality of goal locations
G1-G6 and records and/or reports its position relative to its own map at each goal
location. A second mobile robot R2 observes (using its environmental sensors) the first
mobile robot R1 at each goal location. The second mobile robot R2 or a robot
management system 200 can determine the position of each of the plurality of goal
locations based on the observed positions of the first mobile robot R1. For example,
while the first mobile robot R1 is at each goal location, the second mobile robot R2 can
determine, using its environmental sensors, the position of the first mobile robot R1
relative to the current position of the second mobile robot R2. For example, the
distance and direction to the first mobile robot R1 can be determined. With this in-
formation as well as the current position of the second mobile robot R2 within its own
map, the second mobile robot R2 or a robot management system can determine the
position of the goal locations G1-G6 in the map of the second mobile robot R2.

In some embodiments, the second mobile robot R2 need not move at all as long as it
can accurately observe the distance and direction to the first mobile robot R1 while the
first mobile robot R1 is at each goal location. In some embodiments, the second mobile
robot R2 may follow (either exactly or to some lesser extent) the first mobile robot R1
as it moves through the goal locations G1-G6.

In the illustrated embodiment of FIG. 7, the first mobile robot R1 has moved through
each of the goal locations G1-G6 and is currently positioned at G6. At each goal

location, the first mobile robot R1 has recorded and/or reported its position within its
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own map (column R1 in the table). The second mobile robot R2 has observed the first
mobile robot R1 at each goal location, for example, by determining the position of the
first mobile robot R1 relative to its own position. Using this information, the positions
of the goal locations within the map of the second mobile robot R2 can be determined
(column R2 of the table). Thus, for each goal location G1-G6, a data pair (R1 data, R2
data) is provided. This data can be correlated to determine a transformation between
the coordinate frames of the two mobile robots R1, R2 as described above.

In some embodiments, the methods, techniques, microprocessors, and/or controllers
described herein are implemented by one or more special-purpose computing devices.
The special-purpose computing devices may be hard-wired to perform the techniques,
or may include digital electronic devices such as one or more application-specific in-
tegrated circuits (ASICs) or field programmable gate arrays (FPGAs) that are per-
sistently programmed to perform the techniques, or may include one or more general
purpose hardware processors programmed to perform the techniques pursuant to
program instructions in firmware, memory, other storage, or a combination thereof.
The instructions can reside in RAM memory, flash memory, ROM memory, EPROM
memory, EEPROM memory, registers, hard disk, a removable disk, a CD-ROM, or
any other form of a non-transitory computer-readable storage medium. Such special-
purpose computing devices may also combine custom hard-wired logic, ASICs, or
FPGAs with custom programming to accomplish the techniques. The special-purpose
computing devices may be desktop computer systems, server computer systems,
portable computer systems, handheld devices, networking devices or any other device
or combination of devices that incorporate hard-wired and/or program logic to
implement the techniques.

The microprocessors or controllers described herein can be coordinated by operating
system software. In other embodiments, the computing device may be controlled by a
proprietary operating system. Conventional operating systems control and schedule
computer processes for execution, perform memory management, provide file system,
networking, I/0 services, and provide a user interface functionality, such as a graphical
user interface (“GUI”), among other things.

The microprocessors and/or controllers described herein may implement the
techniques described herein using customized hard-wired logic, one or more ASICs or
FPGAs, firmware and/or program logic which causes microprocessors and/or con-
trollers to be a special-purpose machine. According to one embodiment, parts of the
techniques disclosed herein are performed a controller in response to executing one or
more sequences instructions contained in a memory. Such instructions may be read
into the memory from another storage medium, such as storage device. Execution of

the sequences of instructions contained in the memory causes the processor or
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controller to perform the process steps described herein. In alternative embodiments,
hard-wired circuitry may be used in place of or in combination with software in-
structions.

Moreover, the various illustrative logical blocks and modules described in
connection with the embodiments disclosed herein can be implemented or performed
by a machine, such as a processor device, a digital signal processor (DSP), an ap-
plication specific integrated circuit (ASIC), a field programmable gate array (FPGA) or
other programmable logic device, discrete gate or transistor logic, discrete hardware
components, or any combination thereof designed to perform the functions described
herein. A processor device can be a microprocessor, but in the alternative, the
processor device can be a controller, microcontroller, or state machine, combinations
of the same, or the like. A processor device can include electrical circuitry configured
to process computer-executable instructions. In another embodiment, a processor
device includes an FPGA or other programmable device that performs logic operations
without processing computer-executable instructions. A processor device can also be
implemented as a combination of computing devices, €.g., a combination of a DSP and
a microprocessor, a plurality of microprocessors, one or more microprocessors in con-
junction with a DSP core, or any other such configuration. Although described herein
primarily with respect to digital technology, a processor device may also include
primarily analog components. For example, some or all of the techniques described
herein may be implemented in analog circuitry or mixed analog and digital circuitry.

Unless the context clearly requires otherwise, throughout the description and the
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claims, the words “comprise,” “comprising,” “include,” “including,” and the like are to
be construed in an inclusive sense, as opposed to an exclusive or exhaustive sense; that
is to say, in the sense of “including, but not limited to.” The words “coupled” or
connected,” as generally used herein, refer to two or more elements that can be either
directly connected, or connected by way of one or more intermediate elements. Addi-
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tionally, the words “herein,” “above,” “below,” and words of similar import, when
used in this application, shall refer to this application as a whole and not to any
particular portions of this application. Where the context permits, words in the Detailed
Description using the singular or plural number can also include the plural or singular
number, respectively. The words “or” in reference to a list of two or more items, is
intended to cover all of the following interpretations of the word: any of the items in
the list, all of the items in the list, and any combination of the items in the list. All
numerical values provided herein are intended to include similar values within a range
of measurement error.

Although this disclosure contains certain embodiments and examples, it will be un-

derstood by those skilled in the art that the scope extends beyond the specifically
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disclosed embodiments to other alternative embodiments and/or uses and obvious
modifications and equivalents thereof. In addition, while several variations of the em-
bodiments have been shown and described in detail, other modifications will be readily
apparent to those of skill in the art based upon this disclosure. It is also contemplated
that various combinations or sub-combinations of the specific features and aspects of
the embodiments may be made and still fall within the scope of this disclosure. It
should be understood that various features and aspects of the disclosed embodiments
can be combined with, or substituted for, one another in order to form varying modes
of the embodiments. Any methods disclosed herein need not be performed in the order
recited. Thus, it is intended that the scope should not be limited by the particular em-
bodiments described above.

Conditional language, such as, among others, “can,” “could,” “might,” or “may,”
unless specifically stated otherwise, or otherwise understood within the context as
used, is generally intended to convey that certain embodiments include, while other
embodiments do not include, certain features, elements and/or steps. Thus, such con-
ditional language is not generally intended to imply that features, elements and/or steps
are in any way required for one or more embodiments or that one or more em-
bodiments necessarily include logic for deciding, with or without user input or
prompting, whether these features, elements and/or steps are included or are to be
performed in any particular embodiment. Any headings used herein are for the con-
venience of the reader only and are not meant to limit the scope.

Further, while the devices, systems, and methods described herein may be sus-
ceptible to various modifications and alternative forms, specific examples thereof have
been shown in the drawings and are herein described in detail. It should be understood,
however, that the disclosure is not to be limited to the particular forms or methods
disclosed, but, to the contrary, this disclosure covers all modifications, equivalents, and
alternatives falling within the spirit and scope of the various implementations
described. Further, the disclosure herein of any particular feature, aspect, method,
property, characteristic, quality, attribute, element, or the like in connection with an
implementation or embodiment can be used in all other implementations or em-
bodiments set forth herein. Any methods disclosed herein need not be performed in the
order recited. The methods disclosed herein may include certain actions taken by a
practitioner; however, the methods can also include any third-party instruction of those
actions, either expressly or by implication.

Any ranges disclosed herein also encompass any and all overlap, sub-ranges, and
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combinations thereof. Language such as “up to,” “at least,” “greater than,” “less than,”
“between,” and the like includes the number recited. Numbers preceded by a term such

as “about” or “approximately” include the recited numbers and should be interpreted
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based on the circumstances (e.g., as accurate as reasonably possible under the cir-
cumstances, for example +5%, +10%, +15%, etc.). For example, “about 3.5 mm”
includes “3.5 mm.” Phrases preceded by a term such as “substantially” include the
recited phrase and should be interpreted based on the circumstances (e.g., as much as
reasonably possible under the circumstances). For example, “substantially constant”

includes “constant.”
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Claims

A method for determining a map transformation between mobile
robots, the method comprising:

causing a first mobile robot to move to each of a plurality of goal
locations within a working environment, and, with the first mobile
robot positioned at each of the plurality of goal locations:

determining a first position of the first mobile robot within a first map
associated with the first mobile robot, and

determining an observed position of the first mobile robot relative to a
position of a second mobile robot based on data from at least one envi-
ronmental sensor of the second mobile robot;

causing the second mobile robot to move to each observed position,
and with the second mobile robot positioned at each observed position,
determining a second position of the second mobile robot within the
second map associated with the second mobile robot; and

determining a transformation between the first map associated with the
first mobile robot and the second map associated with the second
mobile robot based on the determined first positions and the determined
second positions.

The method of Claim 1, wherein determining the observed position of
the first mobile robot relative to the position of the second mobile robot
comprises determining a distance and a direction from the second
mobile robot to the first mobile robot.

The method of Claim 2, wherein causing the second mobile robot to
move to each observed position comprises moving the second mobile
robot in the determined distance and direction.

The method of Claim 3, wherein moving the second robot in the de-
termined distance and direction comprises encoder-based motion.

The method of Claim 1, wherein the second mobile robot sequentially
follows the first mobile robot through each of the plurality of goal
locations.

The method of Claim 1, wherein a first coordinate frame of the first
map is different than a second coordinate frame of the second map.
The method of Claim 1, further comprising:

receiving position data from the first mobile robot;

applying the transformation to the position data to produce transformed

position data; and
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communicating the transformed position data to the second mobile
robot.

The method of Claim 1, further comprising:

recelving position data from the second mobile robot;

applying the transformation to the position data to produce transformed
position data; and

communicating the transformed position data to the first mobile robot.
The method of Claim 1, wherein the plurality of goal locations
comprises a plurality of predetermined locations.

The method of Claim 1, wherein the plurality of goal locations is de-
termined by the first mobile robot based on a current position of the
first mobile robot.

The method of Claim 1, wherein the transformation is configured to
represent map-based data from the first and second mobile robots in a
common reference frame.

A mobile robot management system, comprising:

a communication module configured to communicate with at least a
first mobile robot and a second mobile robot in a working environment;
a processor; and

computer-readable memory in communication with the processor, the
memory storing instructions that are executable by the processor to
cause the system to:

cause the first mobile robot to move to each of a plurality of goal
locations within the working environment, and, with the first mobile
robot positioned at each of the plurality of goal locations:

determine a first position of the first mobile robot within a first map as-
sociated with the first mobile robot, and

determine an observed position of the first mobile robot relative to a
second mobile robot based on data from at least one environmental
sensor of the second mobile robot;

cause the second mobile robot to move to each observed position, and
with the second mobile robot positioned at each observed position,
determine a second position of the second mobile robot within the
second map associated with the second mobile robot; and

determine a transformation between the first map associated with the
first mobile robot and the second map associated with the second
mobile robot based on the determined first positions and the determined

second positions.
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The system of Claim 12, wherein determining the observed position of
the first mobile robot relative to the position of the second mobile robot
comprises determining a distance and a direction from the second
mobile robot to the first mobile robot.

The system of Claim 13, wherein causing the second mobile robot to
move to each observed position comprises moving the second mobile
robot in the determined distance and direction.

The system of Claim 14, wherein moving the second robot in the de-
termined distance and direction comprises encoder-based motion.

The system of Claim 12, wherein the second mobile robot sequentially
follows the first mobile robot through each of the plurality of goal
locations.

The system of Claim 12, wherein a first coordinate frame of the first
map is different than a second coordinate frame of the second map.
The system of Claim 12, wherein the processor is further configured to:
receive position data from the first mobile robot;

apply the transformation to the position data to produce transformed
position data; and

communicate the transformed position data to the second mobile robot.
The system of Claim 12, further comprising:

receive position data from the second mobile robot;

apply the transformation to the position data to produce transformed
position data; and

communicate the transformed position data to the first mobile robot.
The system of Claim 12, wherein the plurality of goal locations
comprises a plurality of predetermined locations.

The system of Claim 12, wherein the plurality of goal locations is de-
termined by the first mobile robot based on a current position of the
first mobile robot.

The system of Claim 12, wherein the transformation is configured to
represent map-based data from the first and second mobile robots in a
common reference frame.

A mobile robot, comprising:

a drive system configured to move the mobile robot;

at least one environmental sensor;

a processor; and

computer-readable memory in communication with the processor, the

memory storing instructions that are executable by the processor to
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cause the mobile robot to:

for each of a plurality of goal locations through which a target mobile
robot moves:

receive, from the target mobile robot, a first position of the target
mobile robot within a first map associated with the target mobile robot,
and

determine an observed position of the target mobile robot relative to a
current position of the mobile robot based on data from the at least one
environmental sensor of the mobile robot;

cause the mobile robot to move to the observed position, and with the
mobile robot positioned at the observed position, determine a second
position of the mobile robot within the second map associated with the
mobile robot; and

determine a transformation between the first map associated with the
target mobile robot and the second map associated with the mobile
robot based on the determined first positions and the determined second
positions.

The mobile robot of Claim 23, wherein the mobile robot is configured
to sequentially follow the target mobile robot through each of the
plurality of goal locations.

The mobile robot of Claim 23, wherein the mobile robot is configured
to determine the observed position of the target mobile robot relative to
the current position of the mobile robot by determining a distance and a
direction from the mobile robot to the target mobile robot.

The mobile robot of Claim 25, wherein the mobile robot is configured
to move to each observed position by moving in the determined
distance and direction.

The mobile robot of Claim 26, wherein the mobile robot is configured
to move in the determined distance and direction comprises encoder-
based motion.

The mobile robot of Claim 23, wherein a first coordinate frame of the
first map is different than a second coordinate frame of the second map.
The mobile robot of Claim 23, further configured to:

receiving position data from the target mobile robot;

applying the transformation to the position data to produce transformed
position data.

A mobile robot, comprising:

a drive system configured to move the mobile robot;
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at least one environmental sensor;

a processor; and

computer-readable memory in communication with the processor, the
memory storing instructions that are executable by the processor to
cause the mobile robot to:

for each of a plurality of goal locations through which a target mobile
robot moves:

receive, from the target mobile robot, a first position of the target
mobile robot within a first map associated with the target mobile robot,
and

determine an observed position of the target mobile robot relative to a
current position of the mobile robot based on data from the at least one
environmental sensor of the mobile robot; and

based on the observed position, determine a second position of the
target mobile robot within the second map associated with the mobile
robot; and

determine a transformation between the first map associated with the
target mobile robot and the second map associated with the mobile
robot based on the determined first positions and the determined second
positions.

The mobile robot of Claim 30, wherein the mobile robot is configured
to sequentially follow the target mobile robot through each of the
plurality of goal locations.

The mobile robot of Claim 30, wherein the mobile robot is configured
to determine the observed position of the target mobile robot relative to
the current position of the mobile robot by determining a distance and a
direction from the mobile robot to the target mobile robot.

The mobile robot of Claim 32, wherein the mobile robot is configured
to determine the second position of the target mobile robot relative to
the current position of the mobile robot based on a current position of
the mobile robot and the determined distance and direction.

The mobile robot of Claim 30, wherein a first coordinate frame of the
first map is different than a second coordinate frame of the second map.
The mobile robot of Claim 30, further configured to:

receiving position data from the target mobile robot;

applying the transformation to the position data to produce transformed
position data.

A method for determining a map transformation between mobile
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robots, the method comprising:

causing a first mobile robot to move to each of a plurality of goal
locations within a working environment, and, with the first mobile
robot positioned at each of the plurality of goal locations:

determining a first position of the first mobile robot within a first map
associated with the first mobile robot, and

determining an observed position of the first mobile robot relative to a
position of a second mobile robot based on data from at least one envi-
ronmental sensor of the second mobile robot; and

based on the observed position, determining a a second position of the
first mobile robot within the second map associated with the second
mobile robot; and

determining a transformation between the first map associated with the
first mobile robot and the second map associated with the second
mobile robot based on the determined first positions and the determined
second positions.

The method of Claim 36, wherein determining the observed position of
the first mobile robot relative to the position of the second mobile robot
comprises determining a distance and a direction from the second
mobile robot to the first mobile robot.

The method of Claim 36, wherein the second mobile robot sequentially
follows the first mobile robot through each of the plurality of goal
locations.

The method of Claim 36, wherein a first coordinate frame of the first
map is different than a second coordinate frame of the second map.
The method of Claim 36, further comprising:

receiving position data from the first mobile robot;

applying the transformation to the position data to produce transformed
position data; and

communicating the transformed position data to the second mobile
robot.

The method of Claim 36, further comprising:

recelving position data from the second mobile robot;

applying the transformation to the position data to produce transformed
position data; and

communicating the transformed position data to the first mobile robot.
The method of Claim 36, wherein the plurality of goal locations

comprises a plurality of predetermined locations.
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The method of Claim 36, wherein the plurality of goal locations is de-
termined by the first mobile robot based on a current position of the
first mobile robot.

The method of Claim 36, wherein the transformation is configured to
represent map-based data from the first and second mobile robots in a

common reference frame.
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