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computing device (310) In communication with the cloud computing service. The remote computing device communicates with the
robot through the cloud computing service.



woO 2012/091814 A2 I} J LR A0 R0 AR, W LA

(43) International Publication Date

CA 02822980 2013-06-25

(19) World Intellectual Property
Organization
International Burecau

WIPOIPCT

5 July 2012 (05.07.2012)

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

(10) International Publication Number

WO 2012/091814 A2

(1)

(21)

(22)

(25)

(26)
(30)

(71)

(72)
(73)

International Patent Classification:
G05D 1/02 (2006.01)

International Application Number:
PCT/US2011/060935

International Filing Date:
16 November 2011 (16.11.2011)

Filing Language: English
Publication Language: English
Priority Data:

61/428,734 30 December 2010 (30.12.2010) US
61/428,717 30 December 2010 (30.12.2010) US
61/428,759 30 December 2010 (30.12.2010) US
61/429,863 5 January 2011 (05.01.2011) US

Applicant (for all designated States except US): IROBOT
CORPORATION [—/US]; 8 Crosby Drive, Bedford, MA
01730 (US).

Inventors; and
Inventors/Applicants (for US only): PACK, Robert,
Todd [US/US]; 27 Vieckis Drive, Nashua, NH 03062

(54) Title: MOBILE ROBOT SYSTEM

(74)

(81)

(US). FARLOW, Timothy, S. [US/US]; 206 Maple St.,
Needham, MA 20492 (US). ROSENSTEIN, Michael, T.
[US/US]; 25 April Lane, Westtord, MA 01886 (UNS).
HALLORAN, Michael [US/US]; 11 Cumningham Circle,
Waltham, MA 024353 (US). WON, Chikyung [US/US]; 42
Windham Road, Tewksbury, MA 01876 (US). SHAMLI-
AN, Steven, V. [US/US]; 14 Hemlock Lane, Bedford, MA
01730 (US). CHIAPPETTA, Mark [US/US]; 7 Samuel
Road, Chelmstord, MA 01824 (US).

Agents: KRUEGER, Brett, A. ¢t al.; Honmigman Miller
Schwartz and Cohn LLP, 350 East Michigan Avenue, Suite
300, Kalamazoo, MI 49007-3800 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,

[Continued on next page]

(57) Abstract: A robot system (1600) includes a mobile robot (100)
having a controller (500) executing a control system (510) for con-

v/- 1804, 16003

Oevice

31D

Kobot

trolling operation of the robot, a cloud computing service (1620) in
communication with the controller of the robot, and a remote computing
device (310) in communication with the cloud computing service. The
remote computing device communicates with the robot through the
cloud computing service.



CA 02822980 2013-06-25

WO 2012/091814 A2 IO AT 00A0 ORI A

SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, LT, LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW. SE, SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM,

GA, GN, GQ, GW, ML, MR, NE, SN, TD, TQG).
(84) Designated States (unless otherwise indicated, for every », G, GQ, ’ ’ , NE, SN, TD, TG)

kind of regional protection available). ARIPO (BW, GH, Published:
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZVW), Eurasian (AM, AZ, BY, KG, KZ, MD,
RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
DE, DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT,

—  without international search report and to be republished
upon receipt of that report (Rule 48.2(g))



10

15

20

25

CA 02822980 2013-06-25
WO 2012/091814 PCT/US2011/060935

Mobile Robot System

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This U.S. patent application claims priority under 35 U.S.C. §119(¢) to U.S.
Provisional Application 61/428,717, filed on December 30, 2010; U.S. Provisional
Application 61/428,734, filed on December 30, 2010; U.S. Provisional Application
61/428,759, filed on December 30, 2010; and U.S. Provisional Application 61/429,863,
filed on January 5, 2011. The disclosures of these prior applications are considered part
of the disclosure of this application and are hereby incorporated by reference in their

entireties.

TECHNICAL FIELD
[0002] This disclosure relates to mobile robot systems incorporating cloud

computing.

BACKGROUND
[0003] A robot 15 generally an electro-mechanical machine guided by a computer or
clectronic programming. Mobile robots have the capability to move around 1n their
environment and are not fixed to one physical location. An example of a mobile robot
that 1s in common use today 1s an automated guided vehicle or automatic guided vehicle
(AGV). An AGV 1s generally a mobile robot that follows markers or wires in the floor,
Or uses a vision system or lasers for navigation. Mobile robots can be found 1n industry,
military and security environments. They also appear as consumer products, for

entertainment or to perform certain tasks like vacuum cleaning and home assistance.

SUMMARY
[0004] One aspect of the disclosure provides a robot system that includes a mobile
robot having a controller executing a control system for controlling operation of the
robot, a cloud computing service in communication with the controller of the robot, and a

remote computing device in communication with the cloud computing service. The
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remote computing device communicates with the robot through the cloud computing
Service.

[0005] Implementations of the disclosure may include one or more of the following
features. In some implementations, the remote computing device executes an application
for producing a layout map of a robot operating environment. The remote computing
device may store the layout map in external cloud storage using the cloud computing
service. In some examples, the controller of the robot accesses the layout map through
the cloud computing service for 1ssuing drive commands to a drive system of the robot.
[0006] The remote computing device may execute an application (¢.g., a software
program or routine) providing remote teleoperation of the robot. For example, the
application may provide controls for at Ieast one of driving the robot, altering a pose of
the robot, viewing video from a camera of the robot, and operating a camera of the robot
(¢.g., moving the camera and/or taking snapshots or pictures using the camera).

[0007] In some implementations, the remote computing device executes an
application that provides video conferencing between a user of the computing device and
a third party within view of a camera of the robot. The remote computing device may
execute an application for scheduling usage of the robot. Morecover, the remote
computing device may execute an application for monitoring usage and operation of the
robot. The remote computing device may comprise a tablet computer optionally having a
touch screen.

[0008] Another aspect of the disclosure provides a robot system that includes a
mobile robot having a controller executing a control system for controlling operation of
the robot, a computing device in communication with the controller, a cloud computing
service 1n communication with the computing device, and a portal in communication with
cloud computing service.

[0009] Implementations of the disclosure may include one or more of the following
features. In some implementations, the portal comprises a web-based portal providing
access to content. The portal may receive robot information from the robot through the
cloud computing service. Morcover, the robot may receive user information from the

portal through the cloud computing service.
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[0010] In some examples, the computing device includes a touch screen (such as with
a tablet computer). The computing device may execute an operating system different
from an operating system of the controller. For example, the controller may execute an
operating system for robot control while the computing device may execute a business
enterprise operating system. In some examples, the computing device executes at Ieast
on¢ application that collects robot information from the robot and sends the robot
information to the cloud computing service.

[0011] The robot may include a base defining a vertical center axis and supporting
the controller and a holonomic drive system supported by the base. The drive system has
first, second, and third drive wheels, each trilaterally spaced about the vertical center axis
and cach having a drive direction perpendicular to a radial axis with respect to the
vertical center axis. The may also include an extendable leg extending upward from the
base and a torso supported by the leg. Actuation of the leg causes a change 1n elevation
of the torso. The computing device can be detachably supported above the torso. In
some examples, the robot includes a neck supported by the torso and a head supported by
the neck. The neck may be capable of panning and tilting the head with respect to the
torso. The head may detachably support the computing device.

[0012] Another aspect of the disclosure provides a robot system that includes a
mobile robot having a controller executing a control system for controlling operation of
the robot, a computing device 1n communication with the controller, a mediating security
device controlling communications between the controller and the computing device, a
cloud computing service 1n communication with the computing device, and a portal in
communication with cloud computing service.

[0013] In some examples, the mediating security device converts communications
between a computing device communication protocol of the computing device and a
robot communication protocol of the robot. Morcover, the mediating security device may
include an authorization chip for authorizing communication traffic between the
computing device in the robot.

[0014] The computing device may communicate wirelessly with the robot controller.
In some examples, the computing device 1s releasably attachable to the robot. An

exemplary computing device includes a tablet computer.



10

15

20

25

30

CA 02822980 2013-06-25
WO 2012/091814 PCT/US2011/060935

[0015] The portal may be a web-based portal that provides access to content (e.g.,
news, weather, robot information, user information, etc.). In some examples, the portal
recerves robot information from the robot through the cloud computing service. In
additional examples, the robot receives user information from the portal through the
cloud computing service. The computing device may access cloud storage using the
cloud computing service. The computing device may execute at least one application that
collects robot information from the robot and sends the robot information to the cloud
computing Service.

[0016] One aspect of the disclosure provides a method of operating a mobile robot
that includes receiving a layout map corresponding to an environment of the robot,
moving the robot in the environment to a layout map location on the layout map,
recording a robot map location on a robot map corresponding to the environment and
produced by the robot, determining a distortion between the robot map and the layout
map using the recorded robot map locations and the corresponding layout map locations,
and applying the determined distortion to a target layout map location to determine a
corresponding target robot map location.

[0017] Implementations of the disclosure may include one or more of the following
features. In some implementations, the method includes receiving the layout map from a
cloud computing service. The method may include producing the layout map on an
application executing on a remote computing device and storing the layout map on a
remote cloud storage device using the cloud computing service.

[0018] In some examples, the method includes determining a scaling size, origin
mapping, and rotation between the layout map and the robot map using existing layout
map locations and recorded robot map locations, and resolving a robot map location
corresponding to the target layout map location. The method may further include
applying an affine transformation to the determined scaling size, origin mapping, and
rotation to resolve the target robot map location.

[0019] In some 1implementations, the method includes determining a triangulation
between layout map locations that bound the target layout map location. The method
may further include determining a scale, rotation, translation, and skew between a

triangle mapped 1n the layout map and a corresponding triangle mapped in the robot map
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and applying the determined scale, rotation, translation, and skew to the target layout map
location to determine the corresponding robot map point.

[0020] The method, 1n some examples, includes determining distances between all
layout map locations and the target layout map location, determining a centroid of the
layout map locations, determining a centroid of all recorded robot map locations, and for
cach layout map location, determining a rotation and a length scaling to transform a
vector running from the layout map centroid to the target layout location into a vector
running from the robot map centroid to the target robot map location.

[0021] The method may 1nclude producing the robot map using a sensor system of
the robot. In some implementations, the method includes emitting light onto a scene of
the environment, receiving reflections of the emitted light off surfaces of the scene,
determining a distance of cach reflecting surface, and constructing a three-dimensional
depth map of the scene. The method may include emitting a speckle pattern of light onto
the scene and recerving reflections of the speckle pattern from the scene. In some
examples, the method mcludes storing reference 1images of the speckle pattern as
reflected off a reference object 1n the scene, the reference images captured at different
distances from the reference object. The method may further include capturing at least
ong target image of the speckle pattern as reflected off a target object in the scene and
comparing the at least one target image with the reference images for determining a
distance of the reflecting surfaces of the target object. In some examples, method
includes determining a primary speckle pattern on the target object and computing at least
on¢ of a respective cross-correlation and a decorrelation between the primary speckle
pattern and the speckle patterns of the reference images. The method may mclude
mancuvering the robot with respect to the target object based on the determined distances
of the reflecting surfaces of the target object.

[0022] In some 1implementations, the method includes determining a time-of-flight
between emitting the light and receiving the reflected light and determining a distance to
the reflecting surfaces of the scene. The method may include emitting the light onto the
scene 1n intermittent pulses. Morecover, the method may include altering a frequency of

the emitted light pulses.
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[0023] In yet another aspect, the robot system includes a mobile robot having a
controller executing a control system for controlling operation of the robot and a sensor
system 1n communication with the controller. The robot system also includes a cloud
computing service in communication with the controller of the robot. The cloud
computing service receives data from the controller, processes the data, and returns
processed resultant to the controller.

[0024] In some implementations, the cloud computing service at least temporarily
stores the received data in cloud storage and optionally discards the stored data after
processing the data. The robot, 1n some examples, includes a camera in communication
with the controller and capable of obtaining images of a scene about the robot and/or a
volumetric point cloud 1maging device in communication with the controller and capable
of obtaining a point cloud from a volume of space about the robot. The volume of space
may 1nclude a floor plane 1n a direction of movement of the robot. The controller
communicates 1mage data to the cloud computing service.

[0025] The data may comprise raw sensor data and/or data having associated
information from the sensor system. In some examples, the data includes image data
having at lecast on¢ of accelerometer data traces, odometry data, and a timestamp.

[0026] The cloud computing service may receive image data from the controller of a
scene about the robot and processes the image data into a 3-D map and/or a model of the
scene. Moreover, the cloud computing service may provide a 2-D height map and/or the
model to the controller, where the cloud computing service computes the 2-D height map
from the 3-D map. In some examples, the cloud computing service receives the 1mage
data periodically and processes the received 1image data after accumulating a threshold
image data set.

[0027] In some implementations, the controller communicates the data to the cloud
computing service wirelessly through a portable computing device (e.g., tablet computer)
in communication with the controller and optionally removably attachable to the robot.
The controller may buffer the data and sends the data to the cloud computing service

periodically.
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[0028] The sensor system may 1nclude at least one of a camera, a 3-D 1maging
Sensor, a sonar sensor, an ultrasonic sensor, LIDAR, LADAR, an optical sensor, and an
infrared sensor.

[0029] In another aspect of the disclosure, a method of operating a mobile robot
includes maneuvering the robot about a scene, receiving sensor data indicative of the
scene, and communicating the sensor data to a cloud computing service that processes the
received sensor data and communicates a process resultant to the robot. The method
further includes maneuvering the robot in the scene based on the received process
resultant.

[0030] In some 1mplementations, the method includes emitting light onto the scene
about the robot and capturing images of the scene along a drive direction of the robot.
The 1images include at least one of (a) a three-dimensional depth image, (b) an active
illumination 1image, and (¢) an ambient 1llumination 1mage. The sensor data includes the
images and the process resultant includes a map or a model of the scene.

[0031] The method may include emitting a speckle pattern of light onto the scene,
recerving reflections of the speckle pattern from an object 1n the scene, and storing
reterence 1mages 1n cloud storage of the cloud computing service of the speckle pattern as
reflected off a reference object in the scene. The reference images are captured at
different distances from the reference object. The method also includes capturing at least
ong target image of the speckle pattern as reflected off a target object in the scene and
communicating the at Ieast one target image to the cloud computing service. The cloud
computing service compares the at least one target image with the reference 1images for
determining a distance of the reflecting surfaces of the target object. In some examples,
the method includes determining a primary speckle pattern on the target object and
computing at least one of a respective cross-correlation and a decorrelation between the
primary speckle pattern and the speckle patterns of the reference 1mages.

[0032] The cloud computing service may at least temporarily store the received
sensor data in cloud storage and optionally discard the stored sensor data after processing
the data. The sensor data may include 1mage data having associated sensor system data,
which may include at Icast one of accelerometer data traces, odometry data, and a

timestamp.
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[0033] In some implementations, the cloud computing service receives image data
from the robot and processes the image data into a 3-D map and/or model of the scene.
The cloud computing service may provide a 2-D height map and/or the model to the
robot. The cloud computing service computes the 2-D height map from the 3-D map.
[0034] The method may include periodically communicating the sensor data to the
cloud computing service, which processes the received 1image data after accumulating a
threshold sensor data set. In some examples, the method includes communicating the
sensor data to the cloud computing service wirelessly through a portable computing
device (e.g., tablet computer) in communication with the robot, and optionally removably
attachable to the robot.

[0035] In another aspect, a method of navigating a mobile robot includes capturing a
streaming sequence of dense 1images of a scene about the robot along a locus of motion of
the robot at a real-time capture rate and associating annotations with at least some of the
dense 1mages. The method also includes sending the dense 1mages and annotations to a
remote server at a send rate, which 1s slower than the real-time capture rate and receiving
a data set from the remote server after a processing time interval. The data set 1s derived
from and represents at least a portion of the dense image sequence and corresponding
annotations, but excludes raw 1mage data of the sequence of dense images. The method
includes moving the robot with respect to the scene based on the received data set.

[0036] The method may include sending the dense 1mages and annotations to a local
server and buffer, and then sending the dense 1images and annotations to the remote server
at a send rate slower than the real-time capture rate. The local server and buffer may be
within a relatively short-range of the robot (e.g., within between 20-100 feet or a wireless
communication range).

[0037] In some implementations, the annotations include a time stamp, such as an
absolute time reference corresponding to at Ieast some of the dense 1images, and pose-
related sensor data, which may include at least one of odometry data, accelerometer data,
tilt data, and angular rate data. Annotations can be associated to the dense images that
reflect hazard events captured 1n a time interval relative to a hazard response of the robot
(¢.g., avoiding a cliff, escaping from a confining situation, ¢tc.). In additional examples,

assoclating annotations may include associating key-frame identifiers with a subset of the
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dense images. The key-frame identifiers may allow 1dentification of a dense 1images
based on properties of the key-frame 1dentifiers (e.g., flag, type, group, etc.).

[0038] The annotations may include a sparse set of 3-D points derived from structure
and motion recovery of features tracked between dense images of the streaming sequence
of dense 1images. The sparse set of 3-D points may be from a volumetric point imaging
device on the robot. Morcover, the annotations may include camera parameters, such as
a camera pose relative to mmdividual 3-D points of the sparse set of 3-D points. Labels of
traversable and non-traversable regions of the scene may be annotations for the dense
1mages.

[0039] The data set may include one or more texture maps, such as the 2-D height
map, extracted from the dense 1mages and/or a terrain map representing features within
the dense 1mages of the scene. The data set may include a trained classifier for
classifying features within new dense 1mages captured of the scene.

[0040] In yet another aspect, a method of abstracting mobile robot environmental
data includes receiving a sequence of dense 1mages of a robot environment from a mobile
robot at a receiving rate. The dense 1images are captured along a locus of motion of the
mobile robot at a real-time capture rate. The recerving rate 1s slower than the real-time
capture rate. The method further includes receiving annotations associated with at least
some of the dense 1mages in the sequence of dense images, and dispatching a batch
processing task for reducing dense data within Ieast some of the dense 1images to a data
set representing at least a portion of the sequence of dense 1mages. The method also
includes transmitting the data set to the mobile robot. The data set excludes raw 1image
data of the sequence of dense images.

[0041] In some 1mplementations, the batch processing task includes processing the
sequence of dense 1images 1nto a dense 3-D model of the robot environment and
processing the dense 3-D model into a terrain model for a coordinate system of 2-D
location and at Ieast one height from a floor plane. In some examples, the terrain model
1s for a coordinate system of 2-D location and a plurality of occupied and unoccupied
height boundaries from a floor plane. For example, a terrain model 1f room having a
table would provide data indicating upper and lower heights of an associated table top, so

that the robot can determine 1f 1t can pass underneath the table.
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[0042] The batch processing task may include accumulating dense 1mage sequences
corresponding to a plurality of robot environments (¢.g., so that the cloud can build
classifiers for identifying features of interest in any environment). As such, the batch
processing task may include a plurality of classifiers and/or training one or more
classifiers on the sequence of dense 1mages. For example, the batch processing task may
include associating annotations that reflect hazard events with dense images captured 1n a
time interval relative to a hazard response of the mobile robot and training a classifier of
hazard-related dense images using the associated hazard event annotations and
corresponding dense 1mages as training data, ¢.g., to provide a data set of model
parameters for the classifier. The classifier may include at least one Support Vector
Machine that constructs at least one hyperplane for classification, and the model
parameters define a trained hyperplane capable of classifying a data set into hazard-
related classifications. The model parameters may include sufficient parameters to define
a kernel of the Support Vector Machine and a soft margin parameter

[0043] In some examples, the batch processing task includes instantiating a scalable
plurality of virtual processes proportionate to a scale of the dense 1mage sequence to be
processed. At least some of the virtual processes are released after transmission of the
data set to the robot. Similarly, the batch processing task may include instantiating a
scalable plurality of virtual storage proportionate to a scale of the dense 1mage sequence
to be stored. At least some of virtual storage 1s released after transmission of the data set
to the robot. Morcover, the batch processing task may include distributing a scalable
plurality of virtual servers according to one of geographic proximity to the mobile robot
and/or network traffic from a plurality of mobile robots.

[0044] The details of one or more implementations of the disclosure are set forth in
the accompanying drawings and the description below. Other aspects, features, and

advantages will be apparent from the description and drawings, and from the claims.

DESCRIPTION OF DRAWINGS
[0045] FIG. 1 1s a perspective view of an exemplary mobile human interface robot.
[0046] FIG. 2 1s a schematic view of an exemplary mobile human interface robot.

10
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[0047] FIG. 3 1s an ¢levated perspective view of an exemplary mobile human
interface robot.

[0048] FIG. 4A 1s a front perspective view of an exemplary base for a mobile human
interface robot.

[0049] FIG. 4B 1s a rear perspective view of the base shown 1n FIG. 4A.

[0050] FIG. 4C 1s a top view of the base shown 1n FIG. 4A.

[0051] FIG. 5A 1s a front schematic view of an exemplary base for a mobile human
interface robot.

[0052] FIG. 5B 1s a top schematic view of an exemplary base for a mobile human
interface robot.

[0053] FIG. 5C 1s a front view of an exemplary holonomic wheel for a mobile human
interface robot.

[0054] FIG. 5D 1s a side view of the wheel shown 1n FIG. 5C.

[0055] FIG. 6A 1s a front perspective view of an exemplary torso for a mobile human
interface robot.

[0056] FIG. 6B 1s a front perspective view of an exemplary torso having touch
sensing capabilities for a mobile human interface robot.

[0057] FIG. 6C 1s a bottom perspective view of the torso shown 1n FIG. 6B.

[0058] FIG. 7 1s a front perspective view of an exemplary neck for a mobile human
interface robot.

[0059] FIGS. 8A-8G are schematic views of exemplary circuitry for a mobile human
interface robot.

[0060] FIG. 9 1s a perspective view of an exemplary mobile human interface robot
having detachable web pads.

[0061] FIGS. 10A-10E perspective views of people interacting with an exemplary
mobile human interface robot.

[0062] FIG. 11A1s a schematic view of an exemplary mobile human interface robot.
[0063] FIG. 11B 1s a perspective view of an exemplary mobile human mterface robot
having multiple sensors pointed toward the ground.

[0064] FIG. 12A 1s a schematic view of an exemplary imaging sensor sensing an

object 1n a scene.

11
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[0065] FIG. 12B 1s a schematic view of an exemplary arrangement of operations for
opcrating an 1maging Sensor.

[0066] FIG. 12C 1s a schematic view of an exemplary three-dimensional (3D) speckle
camera sensing an object in a scene.

[0067] FIG. 12D 1s a schematic view of an exemplary arrangement of operations for
operating a 3D speckle camera.

[0068] FIG. 12E 18 a schematic view of an exemplary 3D time-of-flight (TOF)
camera sensing an object in a scene.

[0069] FIG. 12F 1s a schematic view of an exemplary arrangement of operations for
operating a 3D TOF camera.

[0070] FIG. 13 1s a schematic view of an exemplary control system executed by a
controller of a mobile human 1nterface robot.

[0071] FIG. 14 1s a perspective view of an exemplary mobile human interface robot
receiving a human touch command.

[0072] FIG. 15 provides an exemplary telephony schematic for initiating and
conducting communication with a mobile human interface robot.

[0073] FIGS. 16A-16E provide schematic views of exemplary robot system
architectures.

[0074] FIG. 16F provides an exemplary arrangement of operations for a method of
navigating a mobile robot.

[0075] FIG. 16G provides an exemplary arrangement of operations for a method of
abstracting mobile robot environmental data.

[0076] FIG. 16H provides a schematic view of an exemplary robot system
architecture.

[0077] FIG. 17A 18 a schematic view of an exemplary occupancy map.

[0078] FIG. 17B 1s a schematic view of a mobile robot having a field of view of a
scene 1n a working area.

[0079] FIG. 18A 1s a schematic view of an exemplary layout map.

[0080] FIG. 18B 1s a schematic view of an exemplary robot map corresponding to the

layout map shown 1n FIG. 18A.
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[0081] FIG. 18C provide an exemplary arrangement of operations for operating a
mobile robot to navigate about an environment using a layout map and a robot map.
[0082] FIG. 19A 1s a schematic view of an exemplary layout map with triangulation
of type layout points.

[0083] FIG. 19B 1s a schematic view of an exemplary robot map corresponding to the
layout map shown 1n FIG. 19A.

[0084] FIG. 19C provide an exemplary arrangement of operations for determining a
target robot map location using a layout map and a robot map.

[0085] FIG. 20A 1s a schematic view of an exemplary layout map with a centroid of
tight layout points.

[0086] FIG. 20B 1s a schematic view of an exemplary robot map corresponding to the
layout map shown 1n FIG. 20A.

[0087] FIG. 20C provide an exemplary arrangement of operations for determining a
target robot map location using a layout map and a robot map.

[0088] FIG. 21A provides an exemplary schematic view of the local perceptual space
of a mobile human interface robot while stationary.

[0089] FIG. 21B provides an exemplary schematic view of the local perceptual space
of a mobile human mterface robot while moving.

[0090] FIG. 21C provides an exemplary schematic view of the local perceptual space
of a mobile human interface robot while stationary.

[0091] FIG. 21D provides an exemplary schematic view of the local perceptual space
of a mobile human mterface robot while moving.

[0092] FIG. 21E provides an exemplary schematic view of a mobile human interface
robot with the corresponding sensory ficld of view moving closely around a corner.
[0093] FIG. 21F provides an exemplary schematic view of a mobile human interface

robot with the corresponding sensory ficld of view moving widely around a corner.

[0094] Like reference symbols 1n the various drawings indicate like elements.
DETAILED DESCRIPTION
[0095] Mobile robots can interact or interface with humans to provide a number of

services that range from home assistance to commercial assistance and more. In the
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example of home assistance, a mobile robot can assist elderly people with everyday tasks,
including, but not limited to, maintaining a medication regime, mobility assistance,
communication assistance (¢.g., video conferencing, telecommunications, Internet access,
ctc.), home or site monitoring (inside and/or outside), person monitoring, and/or
providing a personal emergency response system (PERS). For commercial assistance,
the mobile robot can provide videoconferencing (¢.g., 1n a hospital setting), a point of
sale terminal, interactive information/marketing terminal, etc.

[0096] Referring to FIGS. 1-2, in some implementations, a mobile robot 100 includes
a robot body 110 (or chassis) that defines a forward drive direction F. The robot 100 also
includes a drive system 200, an interfacing module 300, and a sensor system 400, cach
supported by the robot body 110 and in communication with a controller 500 that
coordinates operation and movement of the robot 100. A power source 105 (e.g., battery
or batteries) can be carried by the robot body 110 and 1n electrical communication with,
and deliver power to, each of these components, as necessary. For example, the
controller 500 may include a computer capable of > 1000 MIPS (million 1nstructions per
second) and the power source 1058 provides a battery sufficient to power the computer
for more than three hours.

[0097] The robot body 110, 1n the examples shown, includes a base 120, at least one
leg 130 extending upwardly from the base 120, and a torso 140 supported by the at least
one leg 130. The base 120 may support at least portions of the drive system 200. The
robot body 110 also includes a neck 150 supported by the torso 140. The neck 150
supports a head 160, which supports at least a portion of the interfacing module 300. The
base 120 includes enough weight (e.g., by supporting the power source 105 (batteries) to
maintain a low center of gravity CGg of the base 120 and a low overall center of gravity
CGr of the robot 100 for maintaining mechanical stability.

[0098] Referring to FIGS. 3 and 4A-4C, in some implementations, the base 120
defines a trilaterally symmetric shape (e.g., a triangular shape from the top view). For
example, the base 120 may include a base chassis 122 that supports a base body 124
having first, second, and third base body portions 124a, 124b, 124c¢ corresponding to each
leg of the trilaterally shaped base 120 (see e.g., FIG. 4A). Each base body portion 124a,
124b, 124¢ can be movably supported by the base chassis 122 so as to move
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independently with respect to the base chassis 122 1n response to contact with an object.
The trilaterally symmetric shape of the base 120 allows bump detection 360° around the
robot 100. Each base body portion 124a, 124b, 124¢ can have an associated contact
sensor €.g., capacitive sensor, read switch, etc.) that detects movement of the
corresponding base body portion 124a, 124b, 124¢ with respect to the base chassis 122.
[0099] In some implementations, the drive system 200 provides omni-directional
and/or holonomic motion control of the robot 100. As used herein the term “omni-
directional” refers to the ability to move 1n substantially any planar direction, 1.¢., side-to-
side (lateral), forward/back, and rotational. These directions are generally referred to
herein as x, y, and 0z, respectively. Furthermore, the term “holonomic™ 1s used 1n a
manner substantially consistent with the literature use of the term and refers to the ability
to move 1n a planar direction with three planar degrees of freedom, 1.¢., two translations
and one¢ rotation. Hence, a holonomic robot has the ability to move 1n a planar direction
at a velocity made up of substantially any proportion of the three planar velocities
(forward/back, lateral, and rotational), as well as the ability to change these proportions 1n
a substantially continuous manner.

[00100] The robot 100 can operate in human environments (€.g., environments
typically designed for bipedal, walking occupants) using wheeled mobility. In some
implementations, the drive system 200 includes first, second, and third drive wheels
210a, 210b, 210c equally spaced (1.¢., trilaterally symmetric) about the vertical axis Z
(c.g., 120 degrees apart); however, other arrangements are possible as well. Referring to
FIGS. 5A and 5B, the drive wheels 210a, 210b, 210¢ may define a transverse arcuate
rolling surface (1.¢., a curved profile 1n a direction transverse or perpendicular to the
rolling direction Dgr), which may aid maneuverability of the holonomic drive system 200.
Each drive wheel 210a, 210b, 210c¢ 1s coupled to a respective drive motor 220a, 220b,
220c that can drive the drive wheel 210a, 210b, 210c¢ 1n forward and/or reverse directions
independently of the other drive motors 220a, 220b, 220¢. Each drive motor 220a-c can
have a respective encoder 212 (FIG. 8C), which provides wheel rotation feedback to the
controller 500. In some examples, each drive wheels 210a, 210b, 210¢ 1s mounted on or
near one of the three points of an equilateral triangle and having a drive direction

(forward and reverse directions) that 1s perpendicular to an angle bisector of the
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respective triangle end. Driving the trilaterally symmetric holonomic base 120 with a
forward driving direction F, allows the robot 100 to transition into non forward drive
directions for autonomous escape from confinement or clutter and then rotating and/or
translating to drive along the forward drive direction F after the escape has been resolved.
[00101] Referring to FIGS. 5C and 5D, 1n some implementations, each drive wheel
210 includes inboard and outboard rows 232, 234 of rollers 230, cach have a rolling
direction D, perpendicular to the rolling direction Dy of the drive wheel 210. The rows
232, 234 of rollers 230 can be staggered (¢.g., such that one roller 230 of the inboard row
232 1s positioned equally between two adjacent rollers 230 of the outboard row 234. The
rollers 230 provide infmite slip perpendicular to the drive direction the drive wheel 210.
The rollers 230 define an arcuate (e.g., convex) outer surface 235 perpendicular to their
rolling directions Dy, such that together the rollers 230 define the circular or substantially
circular perimeter of the drive wheel 210. The profile of the rollers 230 affects the
overall profile of the drive wheel 210. For example, the rollers 230 may define arcuate
outer roller surfaces 235 that together define a scalloped rolling surface of the drive
wheel 210 (e.g., as treads for traction). However, configuring the rollers 230 to have
contours that define a circular overall rolling surface of the drive wheel 210 allows the
robot 100 to travel smoothly on a flat surface instead of vibrating vertically with a wheel
tread. When approaching an object at an angle, the staggered rows 232, 234 of rollers
230 (with radius r) can be used as treads to climb objects as tall or almost as tall as a
wheel radius R of the drive wheel 210.

[00102] In the examples shown 1in FIGS. 3-5B, the first drive wheel 210a 1s arranged
as a leading drive wheel along the forward drive direction F with the remaining two drive
wheels 210b, 210c¢ trailing behind. In this arrangement, to drive forward, the controller
500 may 1ssue a drive command that causes the second and third drive wheels 210b, 210c
to drive 1n a forward rolling direction at an equal rate while the first drive wheel 210a
slips along the forward drive direction F. Moreover, this drive wheel arrangement allows
the robot 100 to stop short (¢.g., incur a rapid negative acceleration against the forward
drive direction F). This is due to the natural dynamic instability of the three wheeled
design. If the forward drive direction F were along an angle bisector between two

forward drive wheels, stopping short would create a torque that would force the robot 100
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to fall, pivoting over 1ts two “front” wheels. Instead, travelling with one drive wheel
210a forward naturally supports or prevents the robot 100 from toppling over forward, 1f
there 18 need to come to a quick stop. When accelerating from a stop, however, the
controller 500 may take into account a moment of inertia I of the robot 100 from 1ts
overall center of gravity CGg.

[00103] In some implementations of the drive system 200, each drive wheel 210a,
210b, 210 has a rolling direction Dy radially aligned with a vertical axis Z, which 1s
orthogonal to X and Y axes of the robot 100. The first drive wheel 210a can be arranged
as a leading drive wheel along the forward drive direction F with the remaining two drive
wheels 210b, 210c¢ trailing behind. In this arrangement, to drive forward, the controller
500 may 1ssue a drive command that causes the first drive wheel 210a to drive in a
forward rolling direction and the second and third drive wheels 210b, 210c¢ to drive at an
cqual rate as the first drive wheel 210a, but 1n a reverse direction.

[00104] In other implementations, the drive system 200 can be arranged to have the
first and second drive wheels 210a, 210b positioned such that an angle bisector of an
angle between the two drive wheels 210a, 210b 1s aligned with the forward drive
direction F of the robot 100. In this arrangement, to drive forward, the controller 500
may 1ssue¢ a drive command that causes the first and second drive wheels 210a, 210b to
drive 1n a forward rolling direction and an equal rate, while the third drive wheel 210¢
drives 1n a reverse direction or remains 1dle and 1s dragged behind the first and second
drive wheels 210a, 210b. To turn left or right while driving forward, the controller 500
may 1ssu¢ a command that causes the corresponding first or second drive wheel 210a,
210b to drive at relatively quicker/slower rate. Other drive system 200 arrangements can
be used as well. The drive wheels 210a, 210b, 210¢ may define a cylindrical, circular,
clliptical, or polygonal profile.

[00105] Referring again to FIGS. 1-3, the base 120 supports at least one leg 130
extending upward 1n the Z direction from the base 120. The leg(s) 130 may be
configured to have a variable height for raising and lowering the torso 140 with respect to
the base 120. In some implementations, cach leg 130 includes first and second leg
portions 132, 134 that move with respect to each other (e.g., telescopic, linear, and/or

angular movement). Rather than having extrusions of successively smaller diameter
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telescopically moving 1n and out of each other and out of a relatively larger base
extrusion, the second leg portion 134, 1n the examples shown, moves telescopically over
the first leg portion 132, thus allowing other components to be placed along the second
leg portion 134 and potentially move with the second leg portion 134 to a relatively close
proximity of the base 120. The leg 130 may include an actuator assembly 136 (FIG. 8C)
for moving the second leg portion 134 with respect to the first leg portion 132. The
actuator assembly 136 may include a motor driver 138a in communication with a lift
motor 138b and an encoder 138c, which provides position feedback to the controller 500.
[00106] Generally, telescopic arrangements include successively smaller diameter
extrusions telescopically moving up and out of relatively larger extrusions at the base 120
in order to keep a center of gravity CGr, of the entire leg 130 as low as possible.
Morecover, stronger and/or larger components can be placed at the bottom to deal with the
greater torques that will be experienced at the base 120 when the leg 130 1s fully
extended. This approach, however, offers two problems. First, when the relatively
smaller components are placed at the top of the leg 130, any rain, dust, or other
particulate will tend to run or fall down the extrusions, infiltrating a space between the
extrusions, thus obstructing nesting of the extrusions. This creates a very difficult sealing
problem while still trying to maintain full mobility/articulation of the leg 130. Second, 1t
may be desirable to mount payloads or accessories on the robot 100. One common place
to mount accessories 18 at the top of the torso 140. If the second leg portion 134 moves
telescopically 1 and out of the first leg portion, accessories and components could only
be mounted above the entire second leg portion 134, 1f they need to move with the torso
140. Otherwise, any components mounted on the second leg portion 134 would limit the
telescopic movement of the leg 130.

[00107] By having the second leg portion 134 move telescopically over the first leg
portion 132, the second leg portion 134 provides additional payload attachment points
that can move vertically with respect to the base 120. This type of arrangement causes
water or airborne particulate to run down the torso 140 on the outside of every leg portion
132, 134 (e.g., extrusion) without entering a space between the leg portions 132, 134.
This greatly simplifies secaling any joints of the leg 130. Morecover, payload/accessory
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mounting features of the torso 140 and/or second leg portion 134 are always exposed and
available no matter how the leg 130 1s extended.

[00108] Referring to FIGS. 3 and 6A, the leg(s) 130 support the torso 140, which may
have a shoulder 142 extending over and above the base 120. In the example shown, the
torso 140 has a downward facing or bottom surface 144 (¢.g., toward the base) forming at
least part of the shoulder 142 and an opposite upward facing or top surface 146, with a
side surface 148 extending therebetween. The torso 140 may define various shapes or
gcometries, such as a circular or an elliptical shape having a central portion 141
supported by the leg(s) 130 and a peripheral free portion 143 that extends laterally
beyond a lateral extent of the leg(s) 130, thus providing an overhanging portion that
defines the downward facing surface 144. In some examples, the torso 140 defines a
polygonal or other complex shape that defines a shoulder, which provides an overhanging
portion that extends beyond the leg(s) 130 over the base 120.

[00109] The robot 100 may include one or more accessory ports 170 (e.g., mechanical
and/or electrical interconnect points) for receiving payloads. The accessory ports 170 can
be located so that received payloads do not occlude or obstruct sensors of the sensor
system 400 (¢.g., on the bottom surface 144 and/or the top surface 146 of the torso 140,
ctc.). In some implementations, as shown in FIG. 6A, the torso 140 includes one or more
accessory ports 170 on a rearward portion 149 of the torso 140 for recerving a payload 1n
the basket 360, for example, and so as not to obstruct sensors on a forward portion 147 of
the torso 140 or other portions of the robot body 110.

[00110] An external surface of the torso 140 may be sensitive to contact or touching
by a user, so as to receive touch commands from the user. For example, when the user
touches the top surface 146 of the torso 140, the robot 100 responds by lowering a height
Hrt of the torso with respect to the floor (¢.g., by decreasing the height Hy of the leg(s)
130 supporting the torso 140). Similarly, when the user touches the bottom surface 144
of the torso 140, the robot 100 responds by raising the torso 140 with respect to the floor
(c.g., by increasing the height Hy of the leg(s) 130 supporting the torso 140). Morecover,
upon recerving a user touch on forward, rearward, right or left portions of side surface
148 of the torso 140, the robot 100 responds by moving in a corresponding direction of

the received touch command (e.g., rearward, forward, left, and right, respectively). The
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external surface(s) of the torso 140 may include a capacitive sensor in communication
with the controller 500 that detects user contact.

[00111] Referring to FIGS. 6B and 6C, in some implementations, the torso 140
includes a torso body 145 having a top panel 145t, a bottom panel 145b, a front panel
1451, a back panel 145b, a right panel 145r and a left panel 1451. Each panel 145t, 145D,
1451, 145r, 145r, 1451 may move independently with respect to the other panels.
Moreover, each panel 145t, 145b, 1451, 1451, 1451, 1451 may have an associated motion
and/or contact sensor 147t, 147b, 1471, 147r, 147r, 1471 in communication with the
controller 500 that detects motion and/or contact with respective panel.

[00112] Referring again to FIGS. 1-3 and 7, the torso 140 supports the neck 150,
which provides pan<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>