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

(19) World Intellectual Property
Organization

International Bureau
(10) International Publication Number

(43) International Publication Date WO 2015/153109 Al
8 October 2015 (08.10.2015) P O P C T

(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
G05D 1/00 (2006.01) G05D 1/02 (2006.01) kind of national protection available): AE, AG, AL, AM,

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

PCT/US20 15/020865 DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,

17 March 2015 (17.03.2015) KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,

(25) Filing Language: English PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,

(26) Publication Language: English SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(30) Priority Data:
61/972,752 31 March 2014 (3 1.03.2014) US (84) Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,
(71) Applicant: IROBOT CORPORATION [US/US]; 8 GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,

Crosby Drive, Bedford, Massachusetts 01730 (US). TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,(72) Inventor: BALUTIS, Paul C ; 116 Boylston Circle,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,Shrewsbury, Massachusetts 01545 (US).
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,

(74) Agent: BABINEAU, James W.; Fish & Richardson, P. O. SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
Box 1022, Minneapolis, Minnesota 55440-1022 (US). GW, KM, ML, MR, NE, SN, TD, TG).

[Continued on nextpage]

(54) Title: AUTONOMOUS MOBILE ROBOT

(57) Abstract: A robot lawnmower (10) includes a robot body (100), a
drive system (400), a localizing system (550), a teach monitor (600), and a
controller (150) in communication with one another. The drive system is
configured to maneuver the robot lawnmower over a lawn. The teach
monitor determines whether the robot lawnmower is in a teachable state.
The controller includes a data processing device (152a) and non-transitory
memory (152b) in communication with the data processing device. The
data processing device executes a teach routine (155) when the controller
is in a teach mode for tracing a confinement perimeter (21) around the
lawn (20) as a human operator pilots the robot lawnmower, when the ro -
bot lawnmower is in the teachable state, the teach routine stores global
positions determined by the localizing system in the non-transitory
memory, and when the robot lawnmower is in the unteachable state, the
teach routine issues an indication of the unteachable state.

FIG. 7C

©

FIG. 7D

o



w o 2015/153109 Al II II II I III I1 1 I III II 11II I I III II I II

Declarations under Rule 4.17: Published:

— as to applicant's entitlement to apply for and be granted — with international search report (Art. 21(3))
a patent (Rule 4.1 7(H))

— as to the applicant's entitlement to claim the priority of
the earlier application (Rule 4.17(Hi))



Autonomous Mobile Robot

TECHNICAL FIELD

[0001] This disclosure relates to an autonomous mobile robot for grass cutting.

BACKGROUND

[0002] Autonomous robots that perform household functions such as floor cleaning

and lawn cutting are now readily available consumer products. Commercially successful

robots are not unnecessarily complex, and generally operate randomly within a confined

area. In the case of floor cleaning, such robots are generally confined within (i) touched

walls and other obstacles within the rooms of a dwelling, (ii) IR-detected staircases

(cliffs) down; and/or (iii) user placed detectable barriers such as directed IR beams,

physical barriers or magnetic tape. Walls provide most of the confinement perimeter.

Other, much less ubiquitous robots may try to localize or to map the dwelling using a

complex system of sensors and/or active or passive beacons (e.g., sonar, RFID or bar

code detection, or various kinds of machine vision).

[0003] Some consumer robotic lawn mowers use a similar "invisible" barrier - a

continuous guide conductor boundary proposed for confining random motion robotic

mowers by the early 1960's. The guide conductor is intended to confine the robot within

the lawn or other appropriate area, so as to avoid damaging non-grassy areas of the yard

or intruding onto a neighboring property. The conductor is one continuous loop around

the property to be mowed. Although the guide conductor can be drawn into the property

in peninsulas to surround gardens or other off limits areas, it remains a continuous loop,

and is energized with an AC current detectable as a magnetic field at a few feet. The

guide conductor must be supplied with power, usually from a wall socket. Within the

bounded area, the known robots may "bounce" randomly as the robot nears the guide

conductor, or may follow along the guide conductor. Some of the mowers also touch and

bounce from physical barriers. More complex commercial mowers may try to localize or

to map the mowing area, again using a complex system of sensors and/or active or

passive beacons (e.g., sonar, encoded optical retro-reflector detection, machine vision).



SUMMARY

[0004] Various aspects of the invention feature a robot lawnmower configured to be

taught a perimeter or boundaries of an area to be mowed, while being maneuvered by an

operator, and then to autonomously mow the area based on the taught perimeter or

boundaries.

[0005] According to one aspect of the invention, a robot lawnmower includes a robot

body, a drive system supporting the robot body and configured to maneuver the robot

lawnmower over a lawn, a localizing system configured to determine perimeter positions

of the robot lawnmower with respect to an origin, a teach monitor in communication with

the localizing system and configured to determine whether the robot lawnmower is in a

teachable state (with the robot lawnmower localized and on traversable terrain) or in an

unteachable state, and a controller in communication with the drive system, the localizing

system, and the teach monitor. The controller includes a data processing device and non-

transitory memory in communication with the data processing device, and is configured

to execute a teach routine when the controller is in a teach mode for tracing a

confinement perimeter around the lawn as a human operator pilots the robot lawnmower

with the robot lawnmower in the teachable state, while the teach routine stores perimeter

positions determined by the localizing system in the non-transitory memory.

[0006] In some embodiments the robot lawnmower also includes an operator

feedback unit in communication with the teach monitor or the controller. The operator

feedback unit is configured to emit, in response to determining that the robot lawnmower

is in the unteachable state, a human-perceptible unteachable state alert signal. In some

cases, the unteachable state alert signal indicates a piloting correction in a pose or a

motion of the robot lawnmower calculated to return the robot lawnmower to the

teachable state. The operator feedback unit may be in wireless communication with one

or more boundary markers positioned along the perimeter of the lawn, and/or may be in

wireless communication with the controller and comprises a user interface configured for

remotely piloting the robot lawnmower, for example.

[0007] In some examples the robot lawnmower also has a sensor system in

communication with the teach monitor and includes at least one of: an inertial

measurement unit responsive to a moment of inertia of the robot lawnmower, an obstacle



sensor responsive to proximity of an obstacle or water along a drive path of the robot

lawnmower, a tilt sensor responsive to tilt of the robot body, a cliff sensor responsive to a

discrete ground elevation change proximate the robot body or a drive element of the drive

system, a drop sensor responsive to a drop of a drive element of the drive system, an

accelerometer responsive to speed of the robot lawnmower across the lawn, and a

confinement sensor responsive to proximity of the robot lawnmower to a boundary

marker. In some cases the teach monitor is configured to determine that the robot

lawnmower is in the unteachable state in response to a signal from the sensor system.

[0008] In some cases the controller, executing the teach routine, is configured to

determine a traveled path of the robot lawnmower based on the stored perimeter positions

and whether the traveled path begins and ends proximate the origin.

[0009] The origin may comprise coordinates marked by one or more boundary

markers positioned in the lawn, for example. In some applications the robot lawnmower

includes a boundary detection scanner disposed on the robot body and configured to

perform a scan match on three or more adjacent boundary markers, with each of the three

or more boundary markers being individually identifiable by adjacent scan match data.

The teach routine may determine a travel path of the robot lawnmower by scan matching

a current travel path scan with a stored travel path scan.

[0010] Another aspect of the invention features a method of configuring a robotic

lawnmowing system for autonomous operation. The method includes receiving, at a data

processing device, perimeter positions of a robot lawnmower with respect to an origin,

receiving, at the data processing device, a state of the robot lawnmower indicating

whether the robot lawnmower is in a teachable state, with the robot lawnmower localized

and on traversable terrain, or in an unteachable state, and executing, on the data

processing device, a teach routine that traces a confinement perimeter around a lawn as a

human operator pilots the robot lawnmower, while the teach routine stores received

perimeter positions in non-transitory memory when the robot lawnmower is in the

teachable state, and issues an unteachable state indication when the robot lawnmower is

in the unteachable state.

[0011] In some examples of the method, the unteachable state indication comprises a

human-perceptible signal emitted by the robot lawnmower. For example, the unteachable



state indication may indicate a piloting correction in a pose or a motion of the robot

lawnmower selected to return the robot lawnmower to the teachable state.

[0012] The origin may comprises coordinates marked by one or more boundary

markers positioned in the lawn.

[0013] In some embodiments the teach routine, executing on the data processing

device, compares a current perimeter position stored in the non-transitory memory to

previously stored perimeter positions and determines whether a variance is greater than a

threshold variance from a stored travel path.

[0014] Another aspect of the invention features a robotic lawnmower system with a

localizing system that records each global position of a robot lawnmower with respect to

a global origin as a human operator pilots the robot lawnmower to trace a confinement

perimeter around a lawn in a manual confinement perimeter teaching mode, contour

memory in which a geometric contour of the confinement perimeter is recorded while the

human operator pilots the robot lawnmower for a duration of operation in manual

confinement perimeter teaching mode, the geometric contour defining a perimeter that

the robot lawnmower is to avoid crossing in an autonomous mode, and a teaching

property monitor configured to detect whether or not the robot lawnmower is piloted in a

recordable state and on traversable terrain. The robotic lawnmower system also includes

an operator feedback unit in communication with the teaching property monitor and

comprising a progress indicator capable of emitting a human-perceptible signal

configured to alert the human operator to an unrecordable state or untraversable terrain,

and to indicate a piloting correction to return the robot lawnmower to a recordable state

or traversable terrain.

[0015] In some examples the operator feedback unit is mounted on a push bar of the

robot lawnmower.

[0016] In some embodiments the operator feedback unit is in wireless communication

with one or more boundary markers positioned along the confinement perimeter, and is

configured to indicate a piloting correction in response to the robot lawnmower travelling

proximate to or beyond the perimeter.

[0017] In some cases the travel path of the robot lawnmower is localized by

determining angle and range of the robot lawnmower to three or more boundary markers.



[0018] Further features and advantages will be apparent from the following

description of embodiments.

DESCRIPTION OF DRAWINGS

[0019] FIG. 1A is a perspective view of an exemplary autonomous lawn care mobile

robot and its base station.

[0020] FIG. IB is a schematic view of an exemplary autonomous lawn care mobile

robot.

[0021] FIG. 1C is a schematic view of an exemplary autonomous lawn care mobile

robot.

[0022] FIG. 2 is a schematic view of a method of lawn cutting with an autonomous

lawn care mobile robot.

[0023] FIG. 3 is a schematic view of an exemplary autonomous lawn care mobile

robot.

[0024] FIG. 4 is a schematic view of an exemplary controller for an autonomous lawn

care mobile robot.

[0025] FIG. 5 is a perspective view of an exemplary teaching routine.

[0026] FIGS. 6A-6B are schematic views of navigating an autonomous lawn care

mobile robot.

[0027] FIG. 7A is a schematic view of an exemplary autonomous lawn care mobile

robot docked in its base station.

[0028] FIG. 7B is a perspective view of an exemplary operator feedback unit of the

autonomous lawn care mobile robot of FIG. 7A.

[0029] FIG. 7C is a schematic view of the exemplary autonomous lawn care mobile

robot of FIG. 5A as it being pulled back from its base station.

[0030] FIG. 7D is a schematic view of the exemplary autonomous lawn care mobile

robot of FIG. 7A as it is being pushed by a user to measure the lawn perimeter.

[0031] FIG. 7E is a schematic view of the exemplary autonomous lawn care mobile

robot of FIG. 7A as it is being pushed at a speed greater than a threshold speed, by a user

to measure the lawn perimeter.



[0032] FIG. 7F is a schematic view of an exemplary autonomous lawn care mobile

robot being docked in its base station.

[0033] FIG. 7G is a schematic view of the exemplary autonomous lawn care mobile

robot of FIG. 7A as it is being pushed by a user for the second time to measure the lawn

perimeter.

[0034] FIG. 7H is a perspective top view of an exemplary perimeter traversed by the

autonomous lawn care mobile robot of FIG. 7A.

[0035] FIG. 8A is a perspective view of exemplary beacons placed along the

perimeter of the lawn.

[0036] FIG. 8B is a top view of an exemplary lawn showing a fist beacon positioned

in a corner of the lawn.

[0037] FIG. 8C is a perspective view of an exemplary stake for supporting a beacon.

[0038] FIG. 8D is a perspective view of an exemplary beacon positioned on top of

the stake of FIG. 8C.

[0039] FIG. 8E is a top view of the exemplary lawn of FIG. 8B showing a second

beacon placed at a second corner of the lawn.

[0040] FIG. 8F is a top few of the exemplary lawn of FIG. 8B having first through

seven beacons positioned about the perimeter of the lawn.

[0041] FIG.8G is a perspective top view of an exemplary perimeter having beacons

traversed by an autonomous lawn care mobile robot.

[0042] FIG. 9 is a schematic view of an exemplary arrangement of operations for

operating the autonomous lawn care mobile robot.

[0043] Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

[0044] An autonomous robot may be designed to mow a lawn. For example, the

autonomous robot may move about the lawn and cut the grass as it is traversing the lawn.

Referring to FIGS. 1A-1C, a robot lawnmower 10 includes a body 100, a surface treater

200 secured to the body 100, a drive system 400, and a sensor system 300 having at least

one surface sensor 310, 320, 330 carried by the body 100 and responsive to at least one

surface characteristic. The drive system 400 is carried by the body 100 and configured to



maneuver the robot 10 across a surface 20 (e.g., lawn) while following at least one

surface characteristic. Examples of the surface treater 200 include a reciprocating

symmetrical cutter floating on a following wheel 410, a rotary cutter, a spreader, and a

gatherer. The robot body 100 supports a power source 106 (e.g., a battery) for powering

any electrical components of the robot 10. The robot lawnmower 10 may be docked at a

base station 12. In some examples, the base station 12 includes a charging system for

changing a battery 160 housed by the robot body 100.

[0045] The body 100, as shown in FIG. IB, has a substantially circular perimeter, and

the body 100 shown in FIG.1C, had a substantially rectangular perimeter; however, other

shapes may be suitable as well, such as a substantially pentagonal, or tombstone shape.

In some implementations, the body 100 includes a two part articulated body, each part

having a different shape than the other part. For example, the two parts articulated body

has a front portion and a rearward portion. The front portion has a circular shape and the

rearward portion has a rectangular or square portion. In some implementations, the robot

10 includes a frame-and-body structure or a substantially monocoque structure.

[0046] In some examples, one or more edge following sensors 310 (also referred to as

cut edge detectors) and edge calibrators 320 (e.g. a grass character sensor) are mounted

on the body 100. FIGS. IB and 1C depicts an exemplary placement of boundary sensors

340, a bumper 110 (which may be coupled to two or more displacement sensors to

provide impact directionality) and at least one grass sensor 330 (e.g. determines a

presence of grass) on the body 100. An active or passive fore grass comber 510 precedes

the surface treater 200 and an aft grass comber 520 follows each wheel 410, 420, 430.

Referring to FIG. 1C, the bumper 110 includes a first portion 110a and a second portion

110b. A configuration and height of the bumper 110, in some instances, are arranged

according to a ground clearance or a cut height of the cutter 200. The bumper height may

be lower than the cut height of the cutter 200. Also, the bumper 110 may rise and lower

with the cutter 200.

[0047] Referring to FIG. 2, a method of lawn cutting with a robotic lawnmower 10

having a drive system 400, a sensor system 300, and a cutter system 200 carried by a

body 100 includes step S10 of activating the drive system 400 to maneuver the robotic

lawnmower 10 across a lawn 20, step S30 of detecting a swath edge 26 with the swath



edge detector 310, and step S40 of following a detected swath edge. The method may

include step S20 of orienting blades of grass of the lawn 20 with a grass arranger 440

carried by the body 100 forward of a swath edge detector 310 carried by the body 100.

The method includes step S50 of erecting blades of grass of the lawn 20 with a fore grass

comber 510 carried by the body 100 forward of the cutter 200, step S60 of cutting the

lawn 20 with the cutter 200, and step S70 of arranging blades of grass of the lawn 20 with

an aft grass comber 520 carried by the body 100 rearward of the cutter 200 and/or the

drive system 400. In some examples, the method includes one or more of the following

steps: step S80 of continuously scanning for an absence of lawn 20 with a lawn detector

330 carried by the body 100, where the drive system 400 redirects the robot 10 in

response to detecting an absence of lawn 20; step S90 of continuously scanning for a

body of liquid proximate the robot 10 with a liquid detector carried by the body 100,

where the drive system 400 redirects the robot 10 in response to detecting a body of

liquid; step SI00 of continuously scanning for a potential obstacle proximate the robot 10

with a proximity sensor (e.g. infrared sensor) carried by the body 100, where the drive

system 400 redirects the robot 10 in response to detecting a potential obstacle; and step

SI 10 of continuously scanning for a boundary markers 810 with a boundary detector

1500 carried by the body 100, where the drive system 400 redirects the robot 10 in

response to detecting a boundary markers 810 (discussed below).

[0048] Referring to FIGS. 3 and 4, the robot 10 includes a robot controller 150

disposed within the robot by 100. The robot controller 150 (executing a control system

152) may execute routines 155 and behaviors 157 that cause the robot 10 to take an

action, such as maneuvering in a (virtual) wall following manner, or changing its

direction of travel when an obstacle is detected. The robot controller 150 can maneuver

the robot 10 in any direction across the lawn by independently controlling the rotational

speed and direction of each wheel module 4 11, 421, 431 (FIG. IB) rotating the wheel

410, 420, 430 respectively. For example, the robot controller 150 can maneuver the robot

10 in the forward F, reverse (aft) A, right R, and left L directions. The robot controller

150 may direct the robot 10 over a substantially random (e.g., pseudo-random) path while

traversing the lawn 20. The robot controller 150 can be responsive to one or more

sensors (e.g., bump, proximity, wall, stasis, and cliff sensors) disposed about the robot



body 100. The robot controller 150 can redirect the wheel modules 4 11, 421, 431 in

response to signals received from the sensors (e.g., sensor system 300), causing the robot

10 to avoid obstacles and clutter while traversing the lawn.

[0049] In some implementations, to achieve reliable and robust autonomous

movement, the robot 10 may include a sensor system 300 having several different types

of sensors, which can be used in conjunction with one another to create a perception of

the robust environment sufficient to allow the robot 10 to make intelligent decisions

about actions taken that environment. The sensor system 300 may include one or more

types of sensors 310, 320, 340 (shown in FIGS. IB and 1C) supported by the robot body

100, which may include obstacle detection obstacle avoidance (ODOA) sensors,

communication sensors, navigation sensors, etc. The ODOA sensors may include, but

are not limited to: a cliff sensor detecting a cliff proximate the robot body 100 or

proximate a drive element of the drive system 400; a drop sensor detecting a drop of a

drive element (e.g., wheels 410, 420, 430) of the drive system 400; an accelerometer

detecting a speed of the robot lawnmower 10; and/or a confinement sensor determining a

proximity of the robot lawnmower to a boundary marker 810. Additional sensors 310,

320, 330 may include, but are not limited to, following sensors 310, 320, 330, edge

calibrators 320, grass sensors 330, proximity sensors, contact sensors, a camera (e.g.,

volumetric point cloud imaging, three-dimensional (3D) imaging or depth map sensors,

visible light camera and/or infrared camera), sonar, radar, LIDAR (Light Detection and

Ranging, which can entail optical remote sensing that measures properties of scattered

light to find range and/or other information of a distant target), LIDAR (Laser Detection

and Ranging), etc. In some implementations, the sensor system 300 includes ranging

sonar sensors, proximity cliff detectors, contact sensors, a laser scanner, and/or an

imaging sonar.

[0050] In some examples, the sensor system 300 includes an inertial measurement

unit (IMU) 360 in communication with the controller 150 to measure and monitor a

moment of inertia of the robot lawnmower 10 with respect to the overall center of gravity

CGR of the robot lawnmower 10. The IMU 360 may monitor a tilt of the robot 10 to

allow the robot 10 to avoid mowing or maneuvering above a maximum robot tilt angle.

For example, when IMU 360 detects a robot tilt, the robot lawnmower 10 may compare a



measured robot inclination with known values to determine whether it is maneuvering

over a threshold, tree roots, humps, hillocks, small hills, or other surface phenomena that

may be treated as obstacles, but not easily detectable by bumpers or proximity sensors.

The controller 150 may monitor any deviation in feedback from the IMU 360 from a

threshold signal corresponding to normal unencumbered operation. For example, if the

robot 10 begins to pitch away from an upright position, it may be impeded, or someone

may have suddenly added a heavy payload. In these instances, it may be necessary to

take urgent action (including, but not limited to, evasive maneuvers, recalibration, and/or

issuing an audio/visual warning) in order to assure safe operation of the robot 10.

[0051] When accelerating from a stop, the controller 150 may take into account a

moment of inertia of the robot 10 from its overall center of gravity CGR to prevent the

robot 10 from tipping. The controller 150 may use a model of its pose, including its

current moment of inertia. When payloads are supported, the controller 150 may

measure a load impact on the overall center of gravity CGR and monitor movement of the

robot 10 moment of inertia. If this is not possible, the controller 150 may apply a test

torque command to the drive system 400 and measure actual linear and angular

acceleration of the robot using the IMU 360, in order to experimentally determine safe

limits.

[0052] In some examples, the drive system 400 includes left and right driven wheels

410, 420 and a trailing wheel 430 (e.g. a caster) (see FIG. IB). In some implementations,

the drive system 400 includes at least one drive wheel 410, 420 rotated by a respective

wheel module 421, 422, such as a motor or other drive mechanism (e.g., an electric motor

supplied power from a consumer-level battery, fuel cell, large capacitors, microwave

receiver, an internal/external combustion engine powered by an onboard fuel source,

hydraulic/pneumatic motor powered by an above aforementioned power source, large

potential energy sources such as wound or compressed springs such as in hydraulic or

pneumatic, vacuum accumulators, flywheels, or compressed air).

[0053] Referring again to FIG. 3, in some implementations, the robot 10 includes a

navigation system 500 configured to allow the robot 10 to navigate the lawn 20 without

colliding into obstacles or going outside a configured perimeter 2 1 of the lawn 20.

Moreover, the navigation system 500 can maneuver the robot 10 in deterministic and



pseudo-random patterns across the lawn 20. The navigation system 500 may be a

behavior based system stored and/or executed on the robot controller 150. The

navigation system 500 may communicate with the sensor system 300 to determine and

issue drive commands to the drive system 400. The navigation system 500 influences

and configures the robot behaviors 157, thus allowing the robot 10 to behave in a

systematic preplanned movement. In some examples, the navigation system 500 receives

data from the sensor system 300 and plans a desired path for the robot 10 to traverse.

[0054] In some implementations, the navigation system 500 includes a localization

system 550. The localization system 550 determines a global position of the robot

lawnmower 10 with respect to a global origin. In some implementations, the global

origin coordinates coincide with a base station 12 from which the robot lawnmower 10

launches a run. In some examples, the localization system 550 stores the global position

of the robot lawnmower 10 in the non-transitory memory 152b, e.g., every threshold

period of time, such as, every 10, 20, or 30 seconds, or any other values. In some

examples, the localizing system 550 includes the IMU 360 or a global positioning sensor

(GPS) for determining the position of the robot 10 with respect to a global origin (e.g.,

the base station 12).

[0055] In some implementations, the robot 10 includes a teach system or teach

monitor 600 in communication with the one or more of the controller 150, the sensor

system 300, the drive system 400, and the navigation system 500. The teach monitor 600

is also in communication with an operator feedback unit 700 (FIG. 7B) having an

operator display 750. The operator feedback unit 700 may receive an input from an

operator indicating that the operator wants to teach a perimeter 2 1 (FIG. 7D) of the lawn

20 to the robot lawnmower 10 (e.g., by pressing a START/PAUSE button 720, discussed

below). The teach monitor 600 determines whether the robot lawnmower 10 is in a

teachable state or an unteachable state. The teach monitor 600 may make this

determination based on sensor signals received from the sensor system 300 and/or the

navigation system 500. During the teachable state, the robot lawnmower 10 is localized

(i.e., it can determine its position or relative position relative to a reference point) and on

traversable terrain. While during the unteachable state, the robot lawnmower 10 is not

localized and/or not on traversable terrain.



[0056] Referring to FIGS. IB and 4, in some implementations, the controller 150

(e.g., a device having one or more computing processors 152a in communication with

non-transitory memory 152b capable of storing instructions executable on the computing

processor(s) 152a) executes a control system 152, which includes a routine system 154, a

behavior system 156, and a control arbitration system 158 in communication with each

other. The control arbitration system 158 allows robot applications 158b to be

dynamically added and removed from the control system 152, and facilitates allowing

applications 158b to each control the robot 10 without needing to know about any other

applications 158b. In other words, the control arbitration system 158 provides a simple

prioritized control mechanism between applications 158b and resources 159 of the robot

10.

[0057] The applications 158b can be stored in non-transitory memory 152b or

communicated to the robot 10, to run concurrently on (e.g., on a processor) and

simultaneously control the robot 10. The applications 158b may access behaviors 157 of

the behavior system 156 and routines 155 of the routine system 154. The independently

deployed applications 158b are combined dynamically at runtime and to share robot

resources 159 (e.g., drive system 400 and/or cutting system 200). A low-level policy is

implemented for dynamically sharing the robot resources 159 among the applications

158b at run-time. The policy determines which application 158b has control of the robot

resources 159 as required by that application 158b (e.g. a priority hierarchy among the

applications 158b). Applications 158b can start and stop dynamically and run completely

independently of each other. The control system 152 also allows for complex behaviors

157 which can be combined together to assist each other.

[0058] The control arbitration system 158 includes one or more application(s) 158b

in communication with a control arbiter 158c. The control arbitration system 158 may

include components that provide an interface to the control arbitration system 158 for the

applications 158b. Such components may abstract and encapsulate away the

complexities of authentication, distributed resource control arbiters, command buffering,

coordinate the prioritization of the applications 158b and the like. The control arbiter

158c receives commands from every application 158b and generates a single command

based on the applications' 158b priorities and publishes it for its associated resources 159.



The control arbiter 158c receives state feedback from its associated resources 159 and

may send it back up to the applications 158b. The robot resources 159 may be a network

of functional modules (e.g., actuators, drive systems, and groups thereof) with one or

more hardware controllers. The commands of the control arbiter 158c are specific to the

resource 159 to carry out specific actions. A dynamics model 158a executable on the

controller 150 is configured to compute the center for gravity (CG), moments of inertia,

and cross products of inertial of various portions of the robot 10 for the assessing a

current robot state.

[0059] In some implementations, a routine 155 or a behavior 157 is a plug-in

component that provides a hierarchical, state-full evaluation function that couples sensory

feedback from multiple sources, such as the sensor system 300, with a-priori limits and

information into evaluation feedback on the allowable actions of the robot 10. Since the

routines and behaviors 157 are pluggable into the application 158b (e.g. residing inside or

outside of the application 158b), they can be removed and added without having to

modify the application 158b or any other part of the control system 152. Each routine

and/or behavior 157 is a standalone policy. To make routines and/or behaviors 157 more

powerful, it is possible to attach the output of multiple routines and/or behaviors 157

together into the input of another so that you can have complex combination functions.

The routines 155 and behaviors 157 are intended to implement manageable portions of

the total cognizance of the robot 10.

[0060] In the example shown, the behavior system 156 includes an obstacle

detection/obstacle avoidance (ODOA) behavior 157a for determining responsive robot

actions based on obstacles perceived by the sensor (e.g., turn away; turn around; stop

before the obstacle, etc.). Another behavior 157 may include a virtual wall following

behavior 157b for driving adjacent a detected virtual wall or boundary markers 810. The

behavior system 156 may include a cutting behavior 157c for cutting the grass in a

cornrow pattern, and a cliff avoidance behavior 157d (e.g., the robot 10 detects an incline

and avoids falling from the incline).

[0061] Referring to FIGS. 4 and 5, in some implementations, the routine system

includes a teach routine 155. The data processing device 152a of the controller 150

executes the teach routine 155 when the controller 150 is in a teach mode for tracing a



confinement perimeter 1 (FIG. 7D) around the lawn 20 as a human operator pilots the

robot lawnmower 10. When the robot lawnmower 10 is in the teachable state, the teach

routine 155 stores global positions 21a determined by the localization system 550 in the

non-transitory memory 152b, and when the robot lawnmower 10 is in the unteachable

state, the teach routine 155 issues an alert or indication to the operator of the unteachable

state, which may be outputted via the operator feedback unit 700 (FIG. 7B). The teach

routine 155 has a goal of storing enough perimeter positions 21i (i=l-n) (e.g., global

positions determined by the localizing system 550) to map a geometric contour of the

confinement perimeter 2 1 while the human operator pilots the robot lawnmower 10 for a

duration of the teach mode. The duration of the teach mode depends on the size of the

lawn 20 and on the speed that the operator is piloting the robot lawnmower 10. The

geometric contour defines a confinement perimeter 2 1 that the robot lawnmower 10

avoids crossing while it is autonomously cutting the lawn 20 in the autonomous mode.

The teach routine 155 determines a traveled path of the robot lawnmower based on the

stored perimeter positions / global positions 21a and indicates whether the traveled path

begins at the global origin and ends at the global origin. In some examples, during the

teachable state, the robot lawnmower 10 is on a terrain of the lawn 20 traversable by the

robot lawnmower 10 during an autonomous mode and piloted at a speed of between

about 0.5 meters/second and about 1.5 meters/second.

[0062] In some implementations, the teach monitor 600 determines that the robot

lawnmower 10 is in the unteachable state when the sensor system 300 detects at least one

of an obstacle or water 25 along the drive path of the robot lawnmower 10 (e.g., via the

sensor system 300), a tilt of the robot body 100 greater than a threshold tilt (e.g., via the

IMU 360), a cliff, an activation of the drop sensor, a speed of the robot lawnmower 10

outside a threshold speed range, or a threshold proximity to a boundary marker. In such

instance, the operator feedback unit 700 provides the operator with feedback indicating

that the operator should change the direction of the robot 10 or the method of piloting the

robot 10 (discussed below).

[0063] In some examples, the teach routine 155 requests that the human operator

pilots the robot lawnmower 10 to trace the perimeter 2 1 about the lawn 20 a second time,

and in some examples, a third or more times. The teach routine 155 compares a current



global position 21a stored in the non-transitory memory to previously stored perimeter

positions / global positions 21a and determines whether a variance between the two is

greater than a threshold variance from a stored travel path. In some examples, the

threshold variance comprises +/- 30 cm. In some examples, if a current perimeter 2 1 is

different than a previous perimeter 21, the robot lawnmower 10 requests that the operator

re-pilots the robot 10 about the perimeter 2 1 since the robot 10 was not able to accurately

determine the perimeter. For example, an operator might have hit the stop command

rather than the pause command, thereby indicating teaching run completion instead of a

pause. When the operator hits play to resume the teaching run, the robot lawnmower 10

does not recognize the current perimeter as previously traversed because the teaching run

is still not completed. In other examples, an operator may change course on a second

teaching run to pick a different path and the robot lawnmower 10 will request a third

teaching run to validate adjustments between the first and second teaching runs. In still

other examples, the operator may intentionally or unintentionally move part or all of a

second run so that the traced perimeter 21 is partially or completely different from the

first perimeter 2 1 traced on the first teaching run. The robot lawnmower 10 may then

determine a coordinate path falling between the first and second taught perimeters 2 1 and

set that determined coordinate path as the taught perimeter. The more samples (i.e.,

perimeter runs about the perimeter 21) a robot 10 stores during the teach mode, the more

accurately the robot determines the perimeter 2 1 of the lawn 20 during its autonomous

grass cutting.

[0064] Referring to FIG. 6A, in some implementations, an operator manually leads

the robot 10 to teach the perimeter 2 1 of the lawn 20 by using an IR or wireless operator

feedback unit 700 that sends a signal to a receiver 15 Ion the robot 10 that is in

communication with the controller 150. The drive system 400 is configured to follow the

signal received from the operator feedback unit 700.

[0065] Another method includes guiding the robot 10 with a push bar 116 attached to

the body 100. The push bar 116 may be detachable from or stowable on the robot body

100. In some cases, the push bar 116 includes a switch, speed setting, or joystick to

advance and steer the robot 10. In one instance, the push bar 116 includes one or more

pressure or strain sensors, monitored by the robot 10 to move or steer in a direction of



pressure (e.g., two sensors monitoring left-right pressure or bar displacement to turn the

robot 10). In another instance, the push bar 116 includes a dead man or kill switch 117A

in communication with the drive system 400 to turn off the robot 10. The switch 117A

may be configured as a dead man switch to turn off the robot 10 when a user of the push

bar 116 ceases use or no longer maintains contact with the push bar 116. The switch

117A may be configured act as a kill switch when the push bar 116 is stowed, allowing a

user to turn off the robot 10. The dead man or kill switch 117A may include a capacitive

sensor or a lever bar. In another instance, the push bar 116 includes a clutch 117B to

engage/disengage the drive system 400. The robot lawnmower 10 may be capable of

operating at a faster speed while manually operated by the push bar 116. For example,

the robot 10 may operate at an autonomous speed of about 0.5 m/sec and a manual speed

greeter than 0.5 m/sec (including a "turbo" speed actuatable to 120-150% of normal

speed). In some examples, the push bar 116 may be foldable or detachable during the

robot's autonomous lawn mowing.

[0066] Referring to FIG. 6B, in yet another method of navigating the robot 10, the

robot 10 includes a pull leash or retractable lead wire 118 fed through a wire guide 120

from a spool 122. In this example, the drive system 400 includes a controller 450 carried

by the body 100 and controlling the release and retraction of the spool 122. The pull wire

extends for 6-10 feet, for example, and the robot 10 monitors the amount of extension

directly or indirectly (encoder, etc.) as well as the direction in which the wire is pulled

(monitoring a position of the wire guide 120). The robot 10 follows the direction of the

pull and controls speed to maintain a wire length.

[0067] FIGS. 7A-7H illustrate a method of piloting the robot lawnmower 10 around

the lawn 20 to determine a perimeter 2 1 of the lawn 20. Referring to FIG. 7A, a robot

lawnmower 10 is depicted being charged on a base station 12.

[0068] FIG. 7B illustrates an example user interface. The user interface may be an

operator feedback unit 700 in communication with the teach monitor 600 or the controller

150. The operator feedback unit 700 may be releasably mountable on a push bar 116 of

the robot 10 (e.g., attached to the robot body 100). The operator feedback unit 700 may

be configured to allow an operator to remotely drive the robot lawnmower 10. Moreover,

the operator feedback unit 700 may emit a human-perceptible signal configured to alert



the human operator of an unteachable state and indicate a piloting correction in a pose or

motion of the robot lawnmower 10 that returns the robot lawnmower 10 to the teachable

state. The human-perceptible signal may be one or more of a visual, audible, or sensory

feedback alert, such as vibration. In one example, the human-perceptible signal is a

visual green-yellow-red light indicating the teachable state, moving away from teachable

state and an unteachable state respectively. For example, if the teachable condition is that

of an operator pushing the robot lawnmower at a threshold speed during a teaching run,

the visual indicator would remain green while the walking speed remained within an

upper and lower speed threshold and turn yellow upon approaching either speed

threshold. The light would then turn red if the operator failed to head the yellow

warning. In other examples, the visual indicator may be a light of intensifying brightness

indicating movement toward an unteachable state, the brightest setting being an

indication of unteachable state. In other examples, the visual indicator may be a light that

changes for solid during a teachable state to a slow blink near thresholds indicating an

approaching unteachable state and a high rate of blinking in an unteachable state. In

some examples, the green, yellow, red visual indication light may be combined in

combination with intensity settings and/or variable blinking to prove an operator with

noticeable visual feedback.

[0069] In some examples, the operator feedback unit 700 includes an inertial

measurement unit 702a, an accelerometer 702b, a gyroscope 702c, a microphone 702d, a

visual display 750, a speaker 760, a user command interface 702e, a global positioning

sensor 702f, a vibrational unit 702g, a blue tooth communication module 702h, a wireless

communication module 702i, one or more locally hosted applications 702j, and/or one or

more web hosted applications 702k. Therefore, the operational feedback unit 700 may be

a smart phone or smart device. In some examples where the human operator places

boundary markers 810 about the perimeter 2 1 of the lawn 20 (discussed below), the

operator feedback unit 700 may be in wireless communication with the one or more

boundary markers 810 positioned along the perimeter 2 1 of the lawn 20. The operator

feedback unit 700 may display the state (e.g., an autonomous mode, or a teaching mode

including a teachable state, and unteachable state of the robot 10) on its display 750. The

operator feedback unit 700 receives one or more user commands and/or displays a status



of the robot 10. The operator feedback unit 700 is in communication with the controller

150 such that one or more commands received by the operator feedback unit 700 can

initiate execution of a routine 155 by the robot 10. In some examples, the operator

feedback unit 700 includes a power button 710, which allows a user to turn on/off the

robot 10 and a STOP button 740 to indicating completion of a teaching lap around the

geometric shape of the perimeter.

[0070] In some implementations, a human operator places the robot lawnmower 10

on the charging base station 12, allowing the robot lawnmower 10 to charge. Once the

robot lawnmower 10 is charged, the operator may remove the robot lawnmower 10 from

the charging base station 12, by pulling the robot 10 in a rearward direction R, to teach

the robot lawnmower 10 the perimeter 2 1 of the lawn 20. The operator pushes the power

button 710 to turn the robot lawnmower 10 on. When the operator is ready to start

measuring the perimeter 2 1 of the lawn 20, the operator presses the START/PAUSE

button 720, as shown in FIG. 7C, to begin a teach run (i.e., piloting the robot 10 to

determine a perimeter 21). The human operator starts a first walk around the perimeter

2 1 in any direction as close to the outer edges of the lawn 20 as possible, e.g., as shown

in FIG. 7D. In some implementations, during the teach mode, the operator may pause the

teach run and resume at a later time. Therefore, if the operator pushes the

START/PAUSE button 720 during a teach run, the operator may resume measuring the

parameter at a later time from the position he stopped by pushing the START/PAUSE

button 720.

[0071] In some implementations, the human operator may be piloting the robot

lawnmower 10 in a manner that requires correction, thus putting the robot 10 in

unteachable state. When the robot lawnmower 10 detects that it is in the unteachable

state during a teach run, the robot lawnmower 10 alerts the operator (e.g., via the operator

feedback unit 700) to change a direction or speed of the robot lawnmower 10, so that the

robot lawnmower 10 continues to record the perimeter 2 1 and/or return to traveling on

traversable terrain. For instance, the robot lawnmower 10 may enter the unteachable

state when the operator pushes the robot lawnmower 10 in an area of the lawn 20 where

the robot 10 loses localization, when the user is on a second teaching path that varies



from the first teaching path, or when the user pushes the robot lawnmower 10 too fast or

pushing the robot lawnmower 10 over terrain that is too bumpy or tilted.

[0072] In some examples, the terrain is too bumpy. The operator may try to push the

robot lawnmower 10 between a divot and a rock, causing the robot lawnmower 10 to tilt

at an angle (e.g., 30 degrees). The operator may not teach the robot lawnmower 10 a path

that goes through topography that the robot 10 cannot traverse in the autonomous mode.

Therefore, the robot lawnmower 10 alerts the operator (e.g., via the operator feedback

unit 700) to select a different path. As previously described, the robot lawnmower 10

may alerts the operator via the operator feedback unit 700 to provide one of a visual

signal on the display 750, an audible signal through the speaker 760, or tactile signal such

a vibration from the vibrational unit 702g of the operator feedback unit 700.

[0073] In some examples, the operator is pushing the robot lawnmower 10 too fast or

too slow during the teaching mode (see FIG. 7E), thus placing the robot in the

unteachable state. Therefore, the robot lawnmower 10 alerts the user to either increase

the speed of the robot lawnmower 10 or decrease the speed of the robot lawnmower 10.

In some examples, operator feedback unit 700 includes a speed bump 730 that will light

or flash (green, yellow, red light) when the robot lawnmower 10 is going at a speed

greater than a threshold speed or lower than a threshold speed.

[0074] In some instances, as will be discussed later, boundary markers 810 placed

along the perimeter of the lawn 20 aid localization of the robot lawnmower 10. When the

robot lawnmower 10 loses communication with the boundary markers 810, the robot

lawnmower 10 may alert the user to change paths to remain within the confinement of the

boundary markers 810.

[0075] In some examples, the teaching routine 155 requires the operator to traverse

the perimeter 1 of the lawn 20 a second time (or more). Once the operator completes

the first teaching run, the robot 10 alerts the operator that a second run is needed. In one

example, the operator hits the STOP button 740 to affirmatively indicate completion of a

teaching run around the perimeter 2 1 of the lawn 20. In some examples, the robot 10

allows the operator to either complete the second teaching run right after the first

teaching run or wait until later. In some examples, if the operator completed the second

teaching run and it is different from the first teaching run, i.e., there is a variance between



the two perimeters 1 greater than a threshold variance, then the robot 10 alerts the user

that second run (or subsequent run) is too different from previous run, and thus the robot

10 requires another teaching run to learn the perimeter 2 1 of the lawn 20. In some

examples, when the operator completes a teaching run, the display 750 of the operator

feedback unit 700 displays a first shape of the first perimeter 21f . After the operator

completes a subsequent teaching run, the display 750 of the operator feedback unit 700

displays the shape of the most recent perimeter 21s overlaid on top of the shape of the

first perimeter 21s. Therefore, the operator is capable of viewing the different shapes 2If,

21s of the traverse perimeter 21. When the shapes 2If, 21s are significantly different

(e.g., having a variance greater than a threshold), the display 750 of the operator feedback

unit 700 alerts the operator to verify that the operator pressed the START/PAUSEbutton

720 and pressed the STOP button 740 indicating that the teaching run was completed.

For example, the teaching run may be completed when the robot lawnmower 10 is

returned to the base station 12 (global origin).

[0076] When the user has completed the teaching run, the user may dock the robot

lawnmower 10 in its base station 12, allowing the robot lawnmower 10 to recharge.

When the robot lawnmower 10 is in its base station 12, the operator may press the stop

button 740 (FIG. 7B), indicating that the teach run is complete.

[0077] Referring to FIGS. 3 and 8A-8G, in some implementations, the robot 10

includes a boundary detection system 800 that includes a boundary detection scanner 350

(see FIG. IB and 1C) disposed on the robot body 100 and configured to perform a scan

match of the perimeter 2 1. Additionally, in implementations including boundary markers

810 placed along the perimeter 2 1 of the lawn 20, the boundary markers 810 are

individually identifiable by adjacent scan match data and the robot lawnmower 10 is able

to localize to the individually identifiable boundary markers 810. In some

implementations, the boundary markers 810 may include other individual identification

means perceptible to the robot lawnmower 10, such as a bar code or encoded signal to

enable the robot lawnmower 10 to localize it.

[0078] As shown in the figures, boundary markers 810 (e.g., beacons) are placed

around the perimeter of the lawn 20 to constrain or influence a behavior 157 of the robot

10. The boundary markers 810 create a virtual wall that constrains the robot 10 from



going outside its boundaries. To create the virtual wall, the boundary markers 810 are

each within a line of sight of another adjacent beacon 810. The boundary markers 810

may include a home marker 810a that an operator can place in a position indicating a

global origin (e.g., base station 12 or two boundary markers places side by side). The

operator distributes the boundary markers 810 as evenly as possible along the perimeter

of the lawn 20 or confinement area, making sure that the major corners within the lawn

20 are occupied by the boundary markers 810. Each boundary marker 810 may be

positioned to be in the line of sight of a forward boundary marker 810 and a rearward

boundary marker 810.

[0079] In some implementations, the teach routine 155 determines the travel path of

the robot lawnmower 10 by determining an angle and range of the robot lawnmower 10

to three or more boundary markers 810 in the line of sight of the robot 10. The types of

boundary markers 810 may include: LIDAR scan match, passive LIDAR retro-reflectors

(beacons) or both of those together. In some examples, the boundary markers 810

include: RADAR scan matching (blips), RADAR retro-reflectors (passive beacons) or

both. The boundary markers 810 may include: Ultra-wide Band (UWB) beacons (which

are time of flight and require an emitter on the robot 10). Other types of boundary

markers 810 may also be used, such that the robot 10 may communicate with the

boundary marker 810 (i.e., the robot 10 includes a receiver communicating with the

boundary marker 810).

[0080] Referring to FIG. 9, in some implementations, a method for teaching a robot

lawnmower the perimeter of an area within the lawn, allowing the robot to autonomously

mow the lawn 20 at a later time. The method 900 includes receiving 902, at a data

processing device, global positions 21a of a robot lawnmower with respect to a global

origin. The method 900 includes receiving 904, at the data processing device, a state of

the robot lawnmower, the state comprising a teachable state or an unteachable state,

wherein, in the teachable state, the robot lawnmower is localized and on traversable

terrain. Moreover, the method 900 includes executing 906, on the data processing

device, a teach routine 155 for tracing a confinement perimeter around a lawn 20 as a

human operator pilots the robot lawn mower, when the robot lawnmower is in the

teachable state, the teach routine 155 stores received global positions 21a in non-



transitory memory, and when the robot lawnmower is in the unteachable state, the teach

routine 155 issues an indication of the unteachable state.

[0081] In some implementations, during the teachable state, the robot lawnmower 10

is on a terrain of the lawn 20 traversable by the robot lawnmower 10 during an

autonomous mode and piloted at a speed of between about 0.5 meters/second and about

1.5 meters/second. The method 900 includes emitting a human-perceptible signal, when

the robot lawnmower 10 is in the unteachable state. The human-perceptible signal is

configured to alert a human operator of the unteachable state and indicate a piloting

correction in a pose or a motion of the robot lawnmower 10 that returns the robot

lawnmower 10 to the teachable state. The teach routine 155 stores enough perimeter

positions / global positions 21a to map a geometric contour of the confinement perimeter

2 1 while a human operator pilots the robot lawnmower 10 for a duration of the teach

mode. The geometric contour defining a confinement perimeter 2 1 that the robot

lawnmower 10 avoids crossing in the autonomous mode.

[0082] In some examples, the robot lawnmower 10 includes an operator feedback

unit 700. The method 900 includes displaying the state of the robot lawnmower 10, e.g.,

on the display 750 of the operator feedback unit 700. The human-perceptible signal

includes one or more of a visual signal displayed on the display 750 of the operator

feedback unit 700, an audible signal outputted from the speaker 760 of the operator

feedback unit 700, and a tactile signal such a vibration from the vibrational unit 702g of

the operator feedback unit 700. In some examples, the operator pilots the robot

lawnmower 10 via the operator feedback unit 700. Therefore, the method 900 may

include receiving, at the data processing device 152a, a piloting command for remotely

piloting the robot 10.

[0083] In some implementations, the method 900 includes receiving, at the data

processing device, a moment of inertia of the robot lawnmower, a proximity of an

obstacle or water along a drive path of the robot lawnmower; a tilt of the robot body, a

cliff proximate the robot body or a drive element of the drive system, a drop of a drive

element of the drive system, a speed of the robot lawnmower, and a proximity of the

robot lawnmower to a boundary marker. The method 900 includes determining that the

robot lawnmower 10 is in the unteachable state when the data processing device 152a



receives at least one of an obstacle or water along the drive path of the robot, a tilt of the

robot body greater than a threshold tilt, a cliff, an activation of the drop sensor, a speed of

the robot lawnmower outside a threshold speed range, or a threshold proximity to a

boundary marker.

[0084] The teach routine 155, executing on the data processing device 152a,

determines a traveled path of the robot lawnmower 10 based on the stored global

positions 21a and indicates whether the traveled path begins at the global origin (e.g., the

base station 12) and ends at the global origin. In some examples, the global origin

includes coordinates marked by one or more boundary markers 810 positioned in the

lawn 20. The boundary markers 810 may include LIDAR retro-reflectors, RADAR retro-

reflectors, or ultra-wide band beacons. The teach routine 155, executing on the data

processing device 152a, compares a current global position 21a stored in the non-

transitory memory 152b to previously stored global positions 21a and determines whether

a variance is greater than a threshold variance (e.g., +/- 30 cm) from a stored travel path.

The travel path may be localized to three or more boundary markers 810.

[0085] In some implementations, the method 900 includes performing a scan match

on three or more adjacent boundary markers 810, where each of the three or more

boundary markers 810 are individually identifiable by adjacent scan match data. The

teach routine 155 determines the travel path of the robot lawnmower 20 by scan matching

a current travel path scan with a stored travel path scan. The teach routine 155

determines the travel path of the robot lawnmower 10 by determining an angle and range

of the robot lawnmower 10 to the three or more boundary markers.

[0086] Various implementations of the systems and techniques described here can be

realized in digital electronic and/or optical circuitry, integrated circuitry, specially

designed ASICs (application specific integrated circuits), computer hardware, firmware,

software, and/or combinations thereof. These various implementations can include

implementation in one or more computer programs that are executable and/or

interpretable on a programmable system including at least one programmable processor,

which may be special or general purpose, coupled to receive data and instructions from,

and to transmit data and instructions to, a storage system, at least one input device, and at

least one output device.



[0087] These computer programs (also known as programs, software, software

applications or code) include machine instructions for a programmable processor, and can

be implemented in a high-level procedural and/or object-oriented programming language,

and/or in assembly/machine language. As used herein, the terms "machine-readable

medium" and "computer-readable medium" refer to any computer program product, non-

transitory computer readable medium, apparatus and/or device (e.g., magnetic discs,

optical disks, memory, Programmable Logic Devices (PLDs)) used to provide machine

instructions and/or data to a programmable processor, including a machine-readable

medium that receives machine instructions as a machine-readable signal. The term

"machine-readable signal" refers to any signal used to provide machine instructions

and/or data to a programmable processor.

[0088] Implementations of the subject matter and the functional operations described

in this specification can be implemented in digital electronic circuitry, or in computer

software, firmware, or hardware, including the structures disclosed in this specification

and their structural equivalents, or in combinations of one or more of them. Moreover,

subject matter described in this specification can be implemented as one or more

computer program products, i.e., one or more modules of computer program instructions

encoded on a computer readable medium for execution by, or to control the operation of,

data processing apparatus. The computer readable medium can be a machine -readable

storage device, a machine-readable storage substrate, a memory device, a composition of

matter effecting a machine-readable propagated signal, or a combination of one or more

of them. The terms "data processing apparatus", "computing device" and "computing

processor" encompass all apparatus, devices, and machines for processing data, including

by way of example a programmable processor, a computer, or multiple processors or

computers. The apparatus can include, in addition to hardware, code that creates an

execution environment for the computer program in question, e.g., code that constitutes

processor firmware, a protocol stack, a database management system, an operating

system, or a combination of one or more of them. A propagated signal is an artificially

generated signal, e.g., a machine-generated electrical, optical, or electromagnetic signal,

which is generated to encode information for transmission to suitable receiver apparatus.



[0089] A computer program (also known as an application, program, software,

software application, script, or code) can be written in any form of programming

language, including compiled or interpreted languages, and it can be deployed in any

form, including as a stand-alone program or as a module, component, subroutine, or other

unit suitable for use in a computing environment. A computer program does not

necessarily correspond to a file in a file system. A program can be stored in a portion of

a file that holds other programs or data (e.g., one or more scripts stored in a markup

language document), in a single file dedicated to the program in question, or in multiple

coordinated files (e.g., files that store one or more modules, sub programs, or portions of

code). A computer program can be deployed to be executed on one computer or on

multiple computers that are located at one site or distributed across multiple sites and

interconnected by a communication network.

[0090] The processes and logic flows described in this specification can be performed

by one or more programmable processors executing one or more computer programs to

perform functions by operating on input data and generating output. The processes and

logic flows can also be performed by, and apparatus can also be implemented as, special

purpose logic circuitry, e.g., an FPGA (field programmable gate array) or an ASIC

(application specific integrated circuit).

[0091] Processors suitable for the execution of a computer program include, by way

of example, both general and special purpose microprocessors, and any one or more

processors of any kind of digital computer. Generally, a processor will receive

instructions and data from a read only memory or a random access memory or both. The

essential elements of a computer are a processor for performing instructions and one or

more memory devices for storing instructions and data. Generally, a computer will also

include, or be operatively coupled to receive data from or transfer data to, or both, one or

more mass storage devices for storing data, e.g., magnetic, magneto optical disks, or

optical disks. However, a computer need not have such devices. Moreover, a computer

can be embedded in another device, e.g., a mobile telephone, a personal digital assistant

(PDA), a mobile audio player, a Global Positioning System (GPS) receiver, to name just

a few. Computer readable media suitable for storing computer program instructions and

data include all forms of non-volatile memory, media and memory devices, including by



way of example semiconductor memory devices, e.g., EPROM, EEPROM, and flash

memory devices; magnetic disks, e.g., internal hard disks or removable disks; magneto

optical disks; and CD ROM and DVD-ROM disks. The processor and the memory can

be supplemented by, or incorporated in, special purpose logic circuitry.

[0092] To provide for interaction with a user, one or more aspects of the disclosure

can be implemented on a computer having a display device, e.g., a CRT (cathode ray

tube), LCD (liquid crystal display) monitor, or touch screen for displaying information to

the user and optionally a keyboard and a pointing device, e.g., a mouse or a trackball, by

which the user can provide input to the computer. Other kinds of devices can be used to

provide interaction with a user as well; for example, feedback provided to the user can be

any form of sensory feedback, e.g., visual feedback, auditory feedback, or tactile

feedback; and input from the user can be received in any form, including acoustic,

speech, or tactile input. In addition, a computer can interact with a user by sending

documents to and receiving documents from a device that is used by the user; for

example, by sending web pages to a web browser on a user's client device in response to

requests received from the web browser.

[0093] One or more aspects of the disclosure can be implemented in a computing

system that includes a backend component, e.g., as a data server, or that includes a

middleware component, e.g., an application server, or that includes a frontend

component, e.g., a client computer having a graphical user interface or a Web browser

through which a user can interact with an implementation of the subject matter described

in this specification, or any combination of one or more such backend, middleware, or

frontend components. The components of the system can be interconnected by any form

or medium of digital data communication, e.g., a communication network. Examples of

communication networks include a local area network ("LAN") and a wide area network

("WAN"), an inter-network (e.g., the Internet), and peer-to-peer networks (e.g., ad hoc

peer-to-peer networks).

[0094] The computing system can include clients and servers. A client and server are

generally remote from each other and typically interact through a communication

network. The relationship of client and server arises by virtue of computer programs

running on the respective computers and having a client-server relationship to each other.



In some implementations, a server transmits data (e.g., an HTML page) to a client device

(e.g., for purposes of displaying data to and receiving user input from a user interacting

with the client device). Data generated at the client device (e.g., a result of the user

interaction) can be received from the client device at the server.

[0095] While this specification contains many specifics, these should not be

construed as limitations on the scope of the disclosure or of what may be claimed, but

rather as descriptions of features specific to particular implementations of the disclosure.

Certain features that are described in this specification in the context of separate

implementations can also be implemented in combination in a single implementation.

Conversely, various features that are described in the context of a single implementation

can also be implemented in multiple implementations separately or in any suitable sub

combination. Moreover, although features may be described above as acting in certain

combinations and even initially claimed as such, one or more features from a claimed

combination can in some cases be excised from the combination, and the claimed

combination may be directed to a sub-combination or variation of a sub-combination.

[0096] Similarly, while operations are depicted in the drawings in a particular order,

this should not be understood as requiring that such operations be performed in the

particular order shown or in sequential order, or that all illustrated operations be

performed, to achieve desirable results. In certain circumstances, multi-tasking and

parallel processing may be advantageous. Moreover, the separation of various system

components in the embodiments described above should not be understood as requiring

such separation in all embodiments, and it should be understood that the described

program components and systems can generally be integrated together in a single

software product or packaged into multiple software products.

[0097] A number of implementations have been described. Nevertheless, it will be

understood that various modifications may be made without departing from the spirit and

scope of the disclosure. Accordingly, other implementations are within the scope of the

following claims. For example, the actions recited in the claims can be performed in a

different order and still achieve desirable results.



WHAT IS CLAIMED IS:

1. A robot lawnmower (10) comprising:

a robot body (100);

a drive system (400) supporting the robot body and configured to maneuver the

robot lawnmower over a lawn (20);

a localizing system (550) configured to determine perimeter positions (21a-f) of

the robot lawnmower with respect to an origin;

a teach monitor (600) in communication with the localizing system and

configured to determine whether the robot lawnmower is in a teachable state, with the

robot lawnmower (10) localized and on traversable terrain, or in an unteachable state; and

a controller (150) in communication with the drive system (400), the localizing

system (550), and the teach monitor (600), the controller comprising:

a data processing device (152a); and

non-transitory memory (152b) in communication with the data processing

device;

wherein the controller (150) is configured to execute a teach routine (155) when

the controller is in a teach mode for tracing a confinement perimeter (21) around the lawn

as a human operator pilots the robot lawnmower with the robot lawnmower in the

teachable state, while the teach routine stores perimeter positions (21a-f) determined by

the localizing system (550) in the non-transitory memory (152b).

2 . The robot lawnmower of claim 1, further comprising an operator feedback unit

(700) in communication with the teach monitor (600) or the controller (150) and

configured to emit, in response to determining that the robot lawnmower is in the

unteachable state, a human-perceptible unteachable state alert signal.

3 . The robot lawnmower of claim 2, wherein the unteachable state alert signal

indicates a piloting correction in a pose or a motion of the robot lawnmower (10)

calculated to return the robot lawnmower to the teachable state, and/or wherein the

operator feedback unit (700) is in wireless communication with one or more boundary



markers (810) positioned along the perimeter (21) of the lawn, and/or wherein the

operator feedback unit (700) is in wireless communication with the controller (150) and

comprises a user interface configured for remotely piloting the robot lawnmower (10).

4 . The robot lawnmower of any of the above claims, further comprising a sensor

system (300) in communication with the teach monitor (600), the sensor system

comprising at least one of:

an inertial measurement unit (702a) responsive to a moment of inertia of the robot

lawnmower;

an obstacle sensor responsive to proximity of an obstacle or water (25) along a

drive path of the robot lawnmower;

a tilt sensor responsive to tilt of the robot body (100);

a cliff sensor responsive to a discrete ground elevation change proximate the robot

body or a drive element of the drive system;

a drop sensor responsive to a drop of a drive element of the drive system;

an accelerometer (702b) responsive to speed of the robot lawnmower across the

lawn; and

a confinement sensor responsive to proximity of the robot lawnmower to a

boundary marker (810).

5 . The robot lawnmower of claim 4, wherein the teach monitor (600) is configured

to determine that the robot lawnmower (10) is in the unteachable state in response to a

signal from the sensor system (300).

6 . The robot lawnmower of any of the above claims, wherein the controller (150),

executing the teach routine (155), is configured to determine a traveled path of the robot

lawnmower based on the stored perimeter positions (21a-f) and whether the traveled path

begins and ends proximate the origin.

7 . The robot lawnmower of any of the above claims, wherein the origin comprises

coordinates marked by one or more boundary markers (810) positioned in the lawn (20),



in particular wherein the robot lawnmower further comprises a boundary detection

scanner (350) disposed on the robot body (100) and configured to perform a scan match

on three or more adjacent boundary markers (21a-f), each of the three or more boundary

markers individually identifiable by adjacent scan match data, in particular wherein the

teach routine (155) determines a travel path of the robot lawnmower (10) by scan

matching a current travel path scan with a stored travel path scan.

8. A method of configuring a robotic lawnmowing system for autonomous

operation, the method comprising:

receiving, at a data processing device (152a), perimeter positions (21a-f) of a

robot lawnmower (10) with respect to an origin;

receiving, at the data processing device (152a), a state of the robot lawnmower

(10) indicating whether the robot lawnmower is in a teachable state, with the robot

lawnmower localized and on traversable terrain, or in an unteachable state; and

executing, on the data processing device (152a), a teach routine (155) that traces a

confinement perimeter (21) around a lawn as a human operator pilots the robot

lawnmower, while the teach routine

stores received perimeter positions (21a-f) in non-transitory memory

(152b) when the robot lawnmower is in the teachable state, and

issues an unteachable state indication when the robot lawnmower (10) is

in the unteachable state.

9 . The method of claim 8, wherein the unteachable state indication comprises a

human-perceptible signal emitted by the robot lawnmower (10), in particular wherein the

unteachable state indication indicates a piloting correction in a pose or a motion of the

robot lawnmower (10) selected to return the robot lawnmower to the teachable state.

10. The method of claim 8, wherein the origin comprises coordinates marked by one

or more boundary markers (810) positioned in the lawn (20), and/or wherein the teach

routine (155), executing on the data processing device (152a), compares a current

perimeter position stored in the non-transitory memory (152b) to previously stored



perimeter positions and determines whether a variance is greater than a threshold

variance from a stored travel path.

11. A robotic lawnmower system, comprising:

a localizing system (550) that records each global position of a robot lawnmower

(10) with respect to a global origin as a human operator pilots the robot lawnmower to

trace a confinement perimeter (21) around a lawn (20) in a manual confinement perimeter

teaching mode;

contour memory (152b) in which a geometric contour of the confinement

perimeter is recorded while the human operator pilots the robot lawnmower for a duration

of operation in manual confinement perimeter teaching mode, the geometric contour

defining a perimeter that the robot lawnmower (10) is to avoid crossing in an autonomous

mode;

a teaching property monitor (600) configured to detect whether or not the robot

lawnmower ( 10) is piloted in a recordable state and on traversable terrain; and

an operator feedback unit (700) in communication with the teaching property

monitor (600) and comprising a progress indicator capable of emitting a human-

perceptible signal configured to:

(i) alert the human operator to an unrecordable state or untraversable terrain,

and

(ii) indicate a piloting correction to return the robot lawnmower (10) to a

recordable state or traversable terrain.

12. The robotic lawnmower system of claim 11, wherein the operator feedback unit

(700) is mounted on a push bar ( 116) of the robot lawnmower, and/or wherein the travel

path of the robot lawnmower (10) is localized by determining angle and range of the

robot lawnmower to three or more boundary markers (810).

13. The robotic lawnmower system of claim 11, wherein the operator feedback unit

(700) is in wireless communication with one or more boundary markers (810) positioned

along the perimeter (21) of the lawn area to be mowed and is configured to indicate a



piloting correction in response to the robot lawnmower (10) travelling proximate to or

beyond the perimeter.
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