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(57) Abstract: A location estimation system for
use with an autonomous lawn mowing robot, com-
prises a plurality of synthetic surfaces positioned
with respect to a mowable space in an environ-
ment, a radiation source coupled to the lawn mow-
ing robot, a detector coupled to the lawn mowing
robot and configured to detect radiation retlected
by objects in the environment, and a controller
configured to controllably direct radiation from the
radiation source to scan the environment, and to
vary at least one of an output power of the directed
radiation and a scan rate of the directed radiation,
as a function of detected radiation reflected from
one or more of the synthetic surfaces.

1050



WO 2016/057140 A1 |IIIWAK 00N 00O O AR

— as to the applicant's entitlement to claim the priority of Published:
the earlier application (Rule 4.17(iii)) —  with international search report (Art. 21(3))




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

WO 2016/057140 PCT/US2015/048270

Autonomous Robot [Localization

TECHNICAL FIELD

This invention relates to autonomous robot localization.

BACKGROUND

Autonomous robots that perform houschold 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. Other robots 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).

Some consumer robotic lawn mowers use a similar "invisible" barrier — a
continuous guide conductor boundary (e.g., a boundary wire) for confining random
motion robotic mowers. The boundary wire 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. Some consumer robotic lawn mowers use
localization systems that make use of triangulation to determine the robot position within
the boundary. For example, multiple beacons are positioned around the property to be
mowed. Signals sent between the beacons and the lawnmower positioned in the property
allow the lawnmower to estimate the angles and the distance by calculating time-of-flight
to each of the beacons, and using trigonometry to calculate the robot’s current position.
In another example, the system can triangulate the distance to an object using a fixed-
angle laser pointer and a CMOS imager, with a baseline between the two. In such
examples, the pixel location of the received signal at the imager is indicative of the

distance to the object.
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There are several challenges in determining the position of an outdoor robot
within a barrier. The resolution of current commercially available GPS applications is
inadequate for this application (e.g., resolution is insufficient to prevent the lawnmower
from not mowing a flower bed or other “no-mow” zone), particularly in light of tree
cover commonly found in lawns. The variation in terrain also makes it difficult for the
robot to “see” boundary markers; tilt or slant in the lawn can cause a moving mower
having a sweeping beacon detector to not engage, or miss, a beacon. The additional costs

and power requirements to improve these factors are important for consumers.

SUMMARY

In some implementations, a location estimation system for use with an
autonomous lawn mowing robot, the system comprises a plurality of synthetic surfaces
positioned with respect to a mowable space in an environment, a radiation source coupled
to the lawn mowing robot, a detector coupled to the lawn mowing robot and configured
to detect radiation reflected by objects in the environment, and a controller configured to
controllably direct radiation from the radiation source to scan the environment, and to
vary at least one of an output power of the directed radiation and a scan rate of the
directed radiation, as a function of detected radiation reflected from one or more of the
synthetic surfaces. In further implementations, the controller is configured to vary a spin
rate of the radiation source. The location estimation system comprises a modulator
coupled to the radiation source and configured to modulate radiation emitted from the
radiation source. The controller is configured to direct the modulator to vary the output
power of the radiation source in response to detection of reflected radiation. The
controller is configured to direct the modulator to vary a beam focus of the radiation
source in response to detection of reflected radiation.

In further implementations, the location estimation system comprises a
mechanical scanner that directs radiation from the radiation source to scan the
environment. The system comprises a rotational scanner that directs radiation from the

radiation source to scan the environment. The controller is further configured to compare
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data indicative of detected reflected radiation to stored data, and to identify the detected
radiation as radiation reflected from a particular object associated with the stored data.
The particular object is one of the synthetic surfaces. The particular object is a stationary
non-retroreflective object within the environment. The controller is further configured to
direct the radiation source to make a first scan of the environment at a first scan rate. The
controller is configured to direct the radiation source to make a second scan of the
environment at a second scan rate different from the first scan rate. The modulator is
configured to direct the radiation source to make a second scan of the environment, a
limited portion of the second scan performed at a second scan rate different from the first
scan rate. The system further comprises a second detector of a different wavelength
responsiveness than a first detector. The radiation source is a laser. The radiation is
emitted across a distributed plane. The plane extends at 45 degrees to a surface
supporting the autonomous lawn mowing robot. The controller is configured to modulate
the output power of the radiation source. The controller is configured to perform a scan of
the environment and to store resulting data indicative of reflected radiation detected by
the detector during the scan. The synthetic surfaces are positioned at locations bordering
the environment. The radiation source scans during a motion of the autonomous lawn
mowing robot. The controller is coupled to the autonomous lawn mowing robot.

In other aspects of this disclosure, a method of estimating a location of a self-
propelled lawn mowing robot in an environment, the method comprises positioning a
plurality of synthetic surfaces at locations with respect to a mowable space in an
environment, and placing a lawn mowing robot in the environment, the robot comprising:
a radiation source coupled to the lawn mowing robot, a detector coupled to the lawn
mowing robot and configured to detect radiation reflected by objects in the environment,
and a controller configured to controllably direct radiation from the radiation source to
scan the environment, and to vary at least one of an output power of the directed radiation
and a scan rate of the directed radiation, as a function of detected radiation reflected from
one or more of the synthetic surfaces. In the method the controller is configured to
control the controller to vary the scan rate of the radiation source. Also included can be a

modulator coupled to the radiation source and configured to modulate radiation emitted
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from the radiation source. The controller is configured to direct the modulator to vary the
output power of the radiation source in response to detection of reflected radiation. The
controller is configured to direct the modulator to vary a beam focus of the radiation
source in response to detection of reflected radiation. The modulator scans a portion of a
second scan at a scan speed different from at least a portion of the scan speed of a first
scan. Positioning a plurality of synthetic surfaces comprises positioning the surfaces at
locations bordering the environment. The controller scans the environment during a
motion of the robot. The motion of the robot includes a grass cutting action.

In further implementations, an autonomous robot comprises a body configured to
move over a surface, two driven wheels carried by the body and defining a transverse
axis, with each wheel carried on a respective side of the body, a radiation source coupled
to the autonomous robot, a detector coupled to the autonomous mowing robot and
configured to detect radiation reflected by objects in the environment, and a controller
configured to controllably direct radiation from the radiation source to scan the
environment, and to vary at least one of an output power of the directed radiation and a
scan rate of the directed radiation, as a function of detected radiation reflected from one
or more of synthetic surfaces placed in the environment. In some embodiments, the
controller is configured to vary the scan rate of the radiation source. A modulator coupled
to the radiation source is configured to modulate radiation emitted from the radiation
source. The controller is configured to direct the modulator to vary the output power of
the radiation source in response to detection of reflected radiation. The controller is
configured to direct the modulator to vary a beam focus of the radiation source in
response to detection of reflected radiation. A blade is attached to the body. An odometer
is in communication with the wheels, wherein the controller is further configured to
compare the position of the robot resulting from the identified radiation to a position of
the robot indicated by the odometer. The controller is further configured to drive the
wheels so as to change a trajectory of the robot in response to determining the robot

position. The radiation source scans during a motion of the robot.
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In further implementations, a location estimation system for use with an
autonomous lawn mowing robot comprises a plurality of reflective surfaces positioned
with respect to a mowable space in an environment, a radiation source coupled to the
lawn mowing robot, a detector coupled to the lawn mowing robot and configured to
detect radiation reflected by objects in the environment and radiation reflected by the
plurality of reflective surfaces, and a processor configured to: identify a signal received
by the detector as being associated with one of the plurality of reflective surfaces,
compare signals received by the detector at locations near the identified signal to
determine environmental characteristics based on radiation reflected by objects in the
environment, and determine which of the plurality of reflective surfaces generated the

signal received by the detector based on the comparison.
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The details of one or more embodiments of the invention are set forth in the
accompanying drawings and the description below. Other features, objects, and
advantages of the invention will be apparent from the description and drawings, and from

the claims.

DESCRIPTION OF DRAWINGS

FIG. 1A is a schematic view of an autonomous mobile mowing robot placed on a
lawn to be mowed,

FIG. 1B is a schematic side view of an autonomous mobile mowing robot,

FIG. 1C is a schematic top view of an autonomous mobile mowing robot,

FIG. 2 is a schematic view of an autonomous mobile mowing robot detecting
retroreflective beacons,

FIG. 3Ais a schematic view of an autonomous mobile mowing robot detecting
the environment at a first pose,

FIG. 3B is a schematic view of an autonomous mobile mowing robot detecting
the environment at a second pose,

FIG. 4A is a schematic view illustrating a variable scan rate used by the
autonomous mobile mowing robot of FIG. 1B,

FIG. 4B is a schematic view illustrating a multivariable scan rate used by the
autonomous mobile mowing robot of FIG. 1B,

FIG. 5 is a flowchart describing a method for using a variable scan rate,

FIG. 6 is a schematic view illustrating a variable power level used by the
autonomous mobile mowing robot of FIG. 1B.

FIG. 7 is a flowchart describing a method for implementing the variable power
level used by the autonomous mobile mowing robot,

FIGS. 8A and 8B are side and top views of an autonomous mobile mowing robot
detecting its environment with a horizontally fanned laser,

FIGS. 9A and 9B are side and top views of an autonomous mobile mowing robot

detecting its environment with a vertically fanned laser, and
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FIGS. 10A and 10B are side and top views of an autonomous mobile mowing
robot detecting its environment with a diagonally fanned laser.

Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

Referring to FIGS. 1A-1C, an autonomous robot lawnmower 10 is configured to
mow a lawn 20. The autonomous robot lawnmower 10 moves about the lawn 20 and cuts
grass 22 as it is traversing the lawn 20. The robot lawnmower 10 includes a robot body
100, a surface treater 120 secured to the robot body 100, a sensor system 130 having at
least one surface sensor 131 carried by the robot body 100 and responsive to at least one
surface characteristic, and a drive system 140 including at least one motorized wheel 145.
In some examples, the wheel may include a tire, or be a continuous tread or track tread.
The drive system 140 is carried by the robot body 100 and configured to maneuver the
robot lawnmower 10 across lawn 20. In this example, the surface treater 120 is a
reciprocating symmetrical cutter. The robot body 100 also supports a power source 160
(e.g., a battery) for powering any electrical components of the robot lawnmower 10,
including the drive system 140, the surface treater 120, and a navigation system. When
not mowing the lawn 20, the robot lawnmower 10 may be docked at a base station or
dock 12. In some examples, the dock 12 includes a charging system for charging the
battery 160 housed by the robot body 100.

A data processor or controller 150 having a memory 151 is attached to the robot
body 100 and communicates with and controls a radiation source 180 also attached to the
robot body 100. The radiation source 180 can one of several types of radiation used for
robot navigation, such as a lidar (light or laser) source, or a radar source. Laser or radar
sources are particularly advantageously suited for use in the navigation embodiments
described herein. In some examples, the radiation source is attached to the robot on a
rotating platform or other scanner that is configured to cause the beam to scan about the
environment in predetermined angular increments (e.g., one degree increments).

The controller 150 also communicates with a modulator 185 coupled to the

radiation source. The modulator 185 modulates the radiation emitted from the radiation
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source 180. For example, the modulator 185 can modify the beam focus, the beam power,
and/or range of the beam of radiation supplied by the radiation source 180 and emitted by
the robot lawnmower 10. The radiation source 180, modulator 185, and controller 150 are
also in communication with a radiation detector or receiver 190 that detects incoming
radiation incident on the robot lawnmower 10. As shown in FIGS. 1B-1C, the robot
lawnmower 10 can have a first radiation source 180 and detector 190 pair at the front of
the robot body 100 (the front of the robot being in the direction of normal robot motion
indicated by arrow 90). The first radiation source 180 and detector 190 pair 180, 190 can
emit signals 182 toward and detect signals 184 from an approximate 180° region around
the front of the robot lawnmower 10. The robot lawnmower 10 can also include a second
radiation source and detector pair 194, 196 at the back of the robot body 100. The
rearward radiation source and detector pair 194, 196 can likewise emit signals 182 toward
and detect signals 184 from an approximate 180° region around the back of the robot.
Alternatively, the radiation source and detector can be spaced from each other on the
robot body 100, rather than co-located as a pair. In some embodiments, the robot
lawnmower 10 can have a radiation source and detector located on the top of the robot
body 100 which can rotate to emit radiation in a 360 degree radius about the robot lawn
mower 10. In any of these embodiments, the robot lawnmower is configured to
emit/detect signals (e.g., scan) 360° around the robot body 100.

The controller 150 also communicates with the other systems of the robot, ¢.g.,
the drive system 140, the surface sensor 131, and the surface treater 120. The robot
lawnmower 10 can also include a user interface system 170, which allows a human user
to see messages indicating states of the robot lawnmower 10. The user interface system
170 is also in communication with the controller 150. In some embodiments, the user
interface system 170 is not located on the robot body 100. Instead, the user interface
system 170 can be a standalone unit, separate from the robot body 100. In other
implementations, the user interface system can be integrated into another device, such as
via a software located on a user’s cell phone, tablet, or other device and the robot can
communicate with the user interface via radio; for example, a Wi-Fi signal over the

internet.
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Referring to FIG. 2, for mowing operations the robot lawnmower 10 is placed on
the lawn 20 so that it can mow the lawn 20 which is bounded by perimeter 21. The robot
lawnmower 10 is constrained to not travel outside of the perimeter 21. To demark the
perimeter 21, one or more boundary markers 205, 210, and 215 can be placed in or
around the lawn 20. For example, boundary markers 205, 210, 215 are positioned on the
lawn 20 along the perimeter 21. The dock 12 can also function as a boundary marker and
include a synthetic retro-reflective surface. The boundary markers 200 may include lidar
retroreflectors, radar retroreflectors, or passive materials/configurations configured to
reflect a signal generated by the robot lawn mower 10. In general, the boundary markers
200 are passive devices and do not actively emit signals. Rather they are positioned to
reflect signals emitted from the robot lawn mower 10. In some examples, the boundary
markers 200 are retroreflectors, ¢.g., a device or surface configured to reflect radiation
back to its source with a limited amount of scattering. Because the boundary markers
200 are passive, they can provide the advantage of being independent of a power source
and do not have to include a battery or be connected to a source of power. While only
three boundary markers 200 are shown in FIG. 2, any number of boundary markers can
be positioned about the lawn 20.

Each boundary marker 205, 210, 215 is positioned at a location, and situated so as
to be detected by the robot lawnmower 10 as the robot lawnmower 10 navigates the lawn
20. To determine its position on the lawn 20, as shown schematically in FIG. 2, the robot
lawnmower 10 communicates with the individual boundary markers 205, 210, 215. If
cach of the boundary markers 205, 210, 215 is available to the robot lawnmower’s line-
of-sight and within the reach of the signal, the robot lawnmower 10 can determine its
pose based on its location relative to the three or more boundary markers 205, 210, 215.

As shown in FIG. 2, the robot lawnmower 10 can receive a signal reflected from
cach of the boundary markers 205, 210, 215. In one implementation, the boundary
markers are passive retroreflective markers. After the robot lawnmower 10 sends a signal
from radiation sources 194, 180 and receives the reflected signal via detectors 190, 196,
the controller 150 can calculate a range and bearing to each boundary marker 205, 210,

215. The detectors can be e.g., radar antenna, or laser light detectors. In some
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implementations, the controller can use trigonometry to better estimate the position P1 of
the robot. In some implementations, dock 12 could also serve as a reflective beacon.

In other implementations, boundary markers 205, 210, 215 can be configured as
optical corner reflectors, or corner cubes. An optical corner reflector is a retroreflector
consisting of three mutually perpendicular intersecting flat surfaces. Each surface reflects
incident radiation emitted by emitters 180, 194 on the robot lawnmower 10 back directly
towards the source, ¢.g., to be detected by the detectors 190, 196. Each incoming ray
incident on the cube is reflected three times, once by each surface, which results in a
reversal of direction. The three intersecting surfaces often have square shapes, and can be
made of three-sided glass prisms.

In general, the pose of the robot lawnmower 10 can be determined based on the
signals reflected by the boundary markers 205, 210, 215. More particularly, the robot
lawnmower 10 sends a signal (e.g., a laser signal) that is reflected by one of the boundary
markers. The robot lawnmower 10 can determine the angle between the robot
lawnmower 10 relative to the boundary marker based on the location at which the signal
is received. Additionally, the robot lawnmower 10 can determine the distance between
the robot lawnmower 10 and the boundary marker 200 based on the time-of-flight
between the sending of the signal and the receipt of the reflected signal. Thus, based on
the information from multiple boundary markers 200, the robot lawnmower’s pose can be
determined by trilaterating based on received range/heading information from each of the
boundary markers. In general, trilateration is the process of determining absolute or
relative locations of points by measurement of distances, using the geometry of circles,
spheres or triangles. In one example, trilaterating can be based on a least squares
algorithm using the distance / time-of-flight measurements. In another example, time-of-
flight can be measured indirectly by measuring the phase shift between the signal and the
receipt of the reflected signal.

In general, reflective beacons do not generate a signal that is uniquely identifiable
—¢.g., the signal from one beacon is not uniquely identifiable as originating from that
beacon. However, if the system were to be able to distinguish between the signals

generated by the beacons, this information could be used to determine the pose of the
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robot lawn mower. In some examples, the beacons can be configured to return a unique
which is distinguishable from signals from other boundary markers. In some
implementations, the unique signal can be implemented with a passive retroreflector, by
¢.g., a unique size, shape, or pattern to the boundary marker 200 or dock 12 that encodes
the particular boundary marker. The unique signal permits the robot lawnmower 10 to
uniquely identify the signal as being associated with a particular beacon.

In another example, signals and information about the environment surrounding
the beacon can be used to uniquely identify a particular beacon. More particularly, the
environment around each of the beacons will differ and therefore generate a different
reflective signal. For example, if one beacon is located near a tree, the tree will provide
a weaker reflected signal at a distance relative to the beacon. Thus, a scan matching
process can use the combination of the signal reflected from the beacon and the signals
reflected from environmental objects to uniquely identify the beacon.

Scan matching involves taking and storing scan data of the environment. In some
implementations, the location determination performed by the robot lawnmower 10
includes performing a scan match on three or more adjacent boundary markers 200,
where each of the three or more boundary markers 200 are individually identifiable by
adjacent scan match data. More particularly, because the beacons are passive, the signal
reflected from the beacon itself is not distinguishable from a signal reflected from another
beacon. By combining the reflected signal from the beacon with a reflective signature of
a scan around (e.g., 5 degrees on either side, 3 feet on either side) of the beacon, the
beacon can be uniquely identified relative to the other beacons. For example, FIG. 3A
shows the robot lawnmower 10 at a first pose P1. The robot lawnmower 10 emits signals
to locate each of the boundary markers 205, 210, 215, as well as the dock 12. In addition,
the robot lawnmower 10 can use the emitted signal (or emit another signal) to scan the
environment, and store the at least a portion of the radiation signature of the environment
at that pose P1 in the robot’s memory 151. The radiation signature of the environment is
due to and is specific for different obstacles within or near the lawn 20, ¢.g., radiation
signatures 22, 23, 24, 25 due to trees or buildings surrounding the lawn 20. A radiation

signature surrounding each of the beacons can be stored and associated with the beacon.
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Thus, the robot lawnmower 10 can use the fingerprint (e.g., the radiative signature) to
uniquely identify each of the beacons. The robot lawnmower essentially takes a
“fingerprint” of the environment at pose P1.

As each scan performed by the robot at differing locations on the lawn 20 will
result in signature reflections of varying strength, the robot lawnmower can determine its
position or pose of the robot on the lawn 20 by matching the current travel path scan with
stored travel path scans contained in the robot’s memory 151.

At the pose P2 of the robot lawnmower 10 in FIG. 3B, the robot lawnmower has
changed its pose, both position and orientation, compared to the pose P1 of the robot
lawnmower 10 in FIG. 3A. The radiation signatures 32, 33, 34, 35 of the same
surrounding objects with appear different due to the change in aspect of the robot
lawnmower 10. The robot lawnmower 10 would search its database to match the current
scan at P2 to the scans in memory.

To increase computational efficiency, the robot lawnmower can use a library of
signatures relating specifically to the boundary markers. The robot lawnmower 10 can
scan the environment near the reflective boundary markers and identify specific features
in the immediate vicinity of the particular boundary marker, 205, 210, 215, 12. This
narrow scan range gives a partial fingerprint that is easier to match. To reduce
computational cost the robot lawnmower 10 could be configured to scan a reduced
signature library, or more quickly scan a library of stored locations using this specific

signature.

In some implementations, each of the retroreflectors can have a unique signature
based on a unique size, shape, or pattern to the reflector that encodes the particular
boundary marker. The unique signal permits the robot lawnmower 10 to uniquely identify
the signal and thus the location and orientation of dock 12. Based on identifying this
unique retroreflector signal, the processor of the robot lawnmower 10 can select only the
scans in memory containing the unique signal. In further implementations, the processor
of the robot lawnmower can combine position information given by the unique signal and

a scan match of the environment.

12



10

15

20

25

30

WO 2016/057140 PCT/US2015/048270

To perform scan matching, the robot lawnmower 10 can first “learn” the
environment by taking scans of the entire lawn 20. In a learning mode, the robot can
navigate the lawn, and record the fingerprint signature of radiation received at different
poses on the lawn 20 to build a radiative signature library. A user may direct the robot
lawnmower 10 during this learning mode. Alternatively, the robot lawnmower 10 can
navigate and scan the environment autonomously, and build a library of stored scans for
later retrieval. In some implementations, the robot lawnmower 10 can continuously
update the stored scan library during mowing operations. This technique can account for
variations in the signature scans due to changes in reflections caused by changes of
objects in the environment over time.

Referring to FIGS. 3A and 3B, a combined triangulation technique uses scan
matching to uniquely identify signals from respective boundary markers. The robot
lawnmower can determine its general pose by calculating the angle and distance of the
robot lawnmower 10 to the three or more boundary markers 200. The robot lawnmower
10 can also scan the environment near the reflective boundary markers 200 and identify
specific features in the immediate vicinity of the particular boundary marker, 205, 210,
215, 12. This information can be used to uniquely identify and associate the signals with
a particular boundary marker that is in a position. Thus, the use of the scan matching can
increase the accuracy of the determined robot pose.

The triangulation techniques discussed above can potentially incur multipath
error. Multipath error can occur due to objects placed within the environment. For
example, radiation emitted from the robot lawnmower 10 could be reflected of objects
such as a car, a bicycle, and then be incident on the robot lawnmower 10 as a false return
signal. To account for these inaccuracies, robot lawnmower can be configured to perform
both the query of the boundary markers 200 as well as a scan match at each pose of the
robot lawnmower 10. The scan match can confirm that the reflected signal is from a
boundary marker as opposed to another environmental feature.

Further embodiments of this disclosure relate to variable control of parameters of
radiation, 196. In a preferred embodiment, the radiation source is a laser configured to

spin about an axis and is connected to a controller that modulates the spin rate and/or
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power level of the laser. However, the control methods described can apply to either or
both of laser radiation and radar radiation. The methods are designed to work in
conjunction with retroreflectors, radar reflectors, or other reflective boundary markers
200. In particular, the arc length between the laser signals, the emitted signal strength, or
both can be modified.

Signal is proportional to the inverse of the radius squared, where the radius is the
distance between the robot lawnmower 10 and the object detected (e.g., the boundary
marker 200). Thus, both strong and weak signals are incident on the detectors 190, 196,
depending on the distance to the reflected surface. Radius also impacts the noise of the
incoming signal, e.g., closer signals are typically less noisy. In addition, the surface upon
which the light is incident can reflect a varying amount of the signal. For example, the
signals reflected by retroreflective beacons are extremely strong, and can be much higher
than signals due to other objects in the environment such as trees or bricks. Thus, a high
detected signal can indicate the position of a retroreflector. To account for these
variations in signal strength, the robot lawnmower can adjust the radiation emitted.
Additionally, if the radiation source is configured to generate a signal at a predefined
frequency, the likelihood of receiving a reflection from an item located nearer to the
robot is greater than the likelihood of receiving a reflection from an item located further
away because as the distance from the robot increases so does the arc length between the
signals.

In one implementation, the robot lawnmower 10 does a first sweep to scan the
lawn 20 at a first rate, and stores the locations of higher signal and/or reduced noise as
arcas of interest. The robot lawnmower 10 then performs a second sweep to scan the lawn
during which the robot slows the scan and focuses on the detected areas of interest
determined by the increase in signal strength on the first sweep. More particularly, the
controller issues a command to cause the laser or radar to rotate at a slower rate in the
determined areas of interest such that a greater amount of information can be generated in
those areas (e.g., the scan can include pings of the laser at smaller degree increments such
as every 0.2-0.75 degrees as opposed to every one degree). In some examples, a ratio of

the degree increments for the pings in the less focused (faster spin rate) scan versus the

14



10

15

20

25

WO 2016/057140 PCT/US2015/048270

more focused (slower spin rate) scan can be between 0.1 and 0.8, for example, between
0.25 and 0.5. To ensure the robot is capturing the reflectors, the robot lawnmower 10
slows the scan around the expected positions of the boundary markers 200 in subsequent
scans. The slower the rotation/spin rate, the more likely it is to see a small retroreflector
from a further distance (e.g., in FIG. 3B, boundary marker 210 relative to the robot
lawnmower 10 at position P2). If the scan rate slows, the robot can integrate over a longer
time span and filter out more noise in order to see further obstacles. Further, if a scan
matching technique is used to uniquely identify the boundary markers 200, the slower
spin rate can collect more information about the environmental features surrounding the
beacon due to the higher resolution of the generated data.

In FIG. 4A, the robot lawnmower 10 has completed an initial sweep of the
environment to detect the boundary markers. For example, a first scan include 360 pings
of the laser at one degree increments at a rate of 5 Hz. Once these areas of interest have
been determined, subsequent sweeps can focus on the area of interest, with the controller
150 changing the rotation/spin rate of the radiation to sweep areas of interest at a slower
rate than areas of non-interest as identified on the first scan (e.g., by slowing the speed at
which the laser rotates in areas of interest or increasing the speed at which the laser
rotates in areas of non-interest as compared to the initial speed of rotation). SRS is a scan
rate, which quickly sweeps through the environment. A slower rotation/spin rate SR1 is
used when passing through regions containing the boundary markers 200, such as the
region surrounding boundary marker 215. SR1 is slower than SRS5. For example, SR1 can
be 5 to 30 Hz, typically 10 Hz. SR5 can be 0.1 to 5 Hz, typically 1 Hz.

In some examples, the robot can alternate between fast and slow spin rates. For
example, the robot can perform one rotation at a first spin rate to gather detailed
information about the robot location. The robot could then operate using a higher spin
rate for the subsequent 5-10 rotations. In another example, the spin rate of the laser could
be modified based on the proximity to the edge of the mowable space. For example, as
the robot lawn mower approaches the boundary of the mowable space the speed at which

the mower is propelled could be reduced. In addition, the speed at which the laser rotates
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could be reduced to gather a greater resolution in the data used to localize the robot lawn
MOoWwer.

In a further embodiment, in FIG. 4B the spin rate is variable based on the distance
to each retroreflector as well as compared to the areas of non-interest. Here, SRS is the
fastest spin rate, and quickly sweeps through the environment. Boundary markers 205,
210, 215 and dock 12 are all located at different distances from the robot lawnmower 10,
and thus each boundary marker 200 can be scanned at a different scan rate, depending on
the distance from the robot at that moment. For example, SR5>SR1>SR2>SR3>SR4,
with closer areas of interest scanned at a faster spin rate than further areas of interest.

Referring to FIG. 5, a process 1000 for varying the rotation/spin rate is illustrated.
The method described by 1000 starts at step 1010. The robot lawnmower 10 sweeps a
pass (or fires in a round) doing a scan at a first rate (step 1020). During this first pass, the
scan finds radar noise or retroreflectors, (i.c. identifies locations of interest). The robot
lawnmower 10 then sweeps a pass with a slower spin rate setting in areas of interest for
subsequent scans (step 1030). As the scan progresses, the robot 10 then determines if the
area being scanned at a given moment is associated with portions of the environment
other than boundary markers (step 1040). If no, the robot lawnmower 10 determines that
the area being scanned is relatively less interesting, and increases the spin rate (or
otherwise increases arc length between the firings of the laser in the scan) to relatively
higher rates in arcas not identified as containing any object of interest (step 1050). If at
step 1040 the robot lawnmower 10 determines that the area includes boundary markers
then it returns to sweeping at a slower spin rate using the shorter arc length between the
firings of the laser in the scan (step 1030). Thus, the robot can continue to scan with the
spin rate varying for a length of time (e.g., 3 seconds, 5 seconds, 10 seconds) and then re-
determine areas of interest by returning to block 1020.

The robot lawnmower 10 can perform the positioning initial sweep at
predetermined time periods or upon the detection of a beacon outside the slow spin rate
zone. In some examples, a ratio of the fast spin rate to the slower spin rate can be

between 2:1 and 5:1, e.g., about 2:1, about 3:1, about 4:1, about 5:1.
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In some additional examples, rather than vary the spin rate during a particular
rotation, the controller can cause the laser to spin with the spin rate alternating between
the faster and slower spin rates after a set number of rotations. This can allow the robot
to gather more information and potentially determine the robot’s pose with greater detail
during a slow spin rate scan while tracking the robot and any movements on a basis that
is updated more frequently using the higher spin rate scans.

In other embodiments, to optimize object detection, the power level or beam focus
of the radiation emitted from robot lawnmower 10 can be modulated. Generally, lower
power is preferable for identifying objects nearby than far away and high power is better
for detecting signals from objects further away. High power output results in noise on
close obstacles, while seeing objects further away clearly. If operating on low power
alone, the robot lawnmower may not be able to detect further away objects. To try and
capture the advantages of both power levels (while minimizing the disadvantages) the
robot lawnmower 10 can be configured to change the power level of the emitted radiation
on various positions during a sweep.

If strongly reflecting targets are close to the robot (at a given position) and the
boundary markers 200 are farther away, the robot lawnmower 10 can use the received
signal strength for that beacon to change the power level up or down. For example, the
robot may increase the power level of the signal where the boundary marker 200 is
expected to be, or has previously determined to be located. If the return signal strength is
low, the robot will increase the power in an attempt to detect the boundary marker 200
that has been drowned out by the closer (and therefore higher signal) reflecting target.

Referring to FIG. 6, the power of the radiation emitted by radiation source (e.g.,
the laser) on the lawnmower 10 can vary, with first power level (e.g., as shown by circle
PL2 which has a greater diameter than circle PL1) being less than a second power (e.g.,
as shown by circle PL2 which has a greater diameter than circle PL1). The lower power
(PL1) is generally used for closer obstacles, while the high power (PL2) is generally used
to identify further obstacles.

Referring to FIG. 7, a method for varying the radiation power level to determine

both near/far and strong/weak signals is illustrated. Method 2000 starts at step 2010. The
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robot lawnmower 10 sweeps a first pass (or fires in a round) at a lower power level (step
2020). During this first pass, the low power scan finds radar noise or retroreflectors, i.e.
identifies location(s) of interest such as the boundary markers 200. The robot lawnmower
10 then sweeps a pass with a higher power setting in areas of interest (step 2030). As the
scan progresses, the robot 10 then determines if noise is being detected from nearby
objects (step 2040). If not, the robot lawnmower 10 continues sweeping at high power in
areas of interest having no noise (¢.g., looking for farther away targets) (step 2050). If
yes, the robot lawnmower 10 lowers the power in the area that is detected to have noise
(step 2060). The robot lawnmower 10 then determines if the area scanned on focuses on
areas of interest located beyond the noise range (step 2070). If yes, the robot continues
sweeping at high power in areas of interest having no noise (step 2050). If not, then the
sweep continues on the next portion of scan (step 2080), and returns to checking if noise
being detected from nearby objects (step 2040).

In some examples, a controller 150 in communication with the laser or other
radiation source is configured to perform scans at alternating power levels. For example,
rather than vary the power level during a particular rotation, the controller 150 can cause
the laser to alternate between the two power levels after a set number of rotations. This
can allow the robot to gather more information and potentially determine the robot’s pose
with greater detail because both nearby and further away objects will be located based on
the two different scan power levels.

Retroreflector surfaces such as boundary markers generally have a much stronger
signal than do environmental objects. To account for the differing strength of detected
signals resulting from different object types, as well as from distance, different detection
schemes are possible. For example, detector 190 on the front of the robot body can be
composed of two different detectors. Similarly, detector 196 on the rear of the robot body
100 can actually be composed of two detectors Each pair of detectors can include one
detector configured to detect lower power signals and one detector configured to detect
higher power signals. In one implementation, filtered glass placed in front of detectors
can attenuate the signal incident on the detectors making it more tuned to detecting high

signals (e.g., returned from the boundary markers 200).
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Detectors 193, 197 can be specifically tuned to detect boundary markers 200 and
thus dedicated to determining robot positioning within the environment, while detectors
190, 194 can be tuned to detect nearby obstacles within the environment. The front
detectors 193 and 190 could be stacked on top each other, as can the rear detectors 196,
197.

In further implementations, the front emitter 190 can actually be configured as
two emitters 190, 191. Each emitter can be specially tuned to emit a high or lower power
level, rather than modifying a single emitter to change its power. Similarly, the rear
emitter 194 can actually be configured as two emitters 194, 195.

In other implementations, a single detector on the front 190 and back 196 can be
used. The controller 150 can adjust the gain up and down in coordination with the
expected strength of the detected signals.

One variation which can be used with embodiments including laser radiation
accounts for terrain variations that can cause robot lawnmower 10 to change its pitch, i.e.,
tilt the robot body 100 up and down, as the robot lawnmower 10 traverses the lawn 20.
These variations can make the laser miss the boundary markers by looking too high or
too low. Additionally, laser signals are typically emitted as discrete signals, which might
miss a boundary marker if the laser has positionally scanned by the boundary marker
between successive laser pulses. To increase the likelihood of the emitted laser beam
encountering a boundary marker, the laser signal can be fanned out into a plane.

Referring to FIGS. 8 A-8B, the emitters 190, 194 can be configured to fan the
emitted laser signal 182 horizontally, producing a planar laser signal that extends out left
and right relative to the robot body 100. As the signal 182 sweeps out over a 2D plane,
discrete pulses of the planar signal are much more likely capture a boundary marker 200.
In one example, a passive optical component can be placed in front of the laser beam and
provide beam shaping. For example, a cylindrical lens or array of lenses can be used to
generate a fanned beam from the laser. In some examples, the optical component can
generate a fanned beam having an angular width that is between 5 degrees and 10

degrees.
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In an alternate embodiment, referring to FIGS. 9A-9B, the emitters 190, 194 can
be configured to fan the emitted laser signal 182 vertically, producing a planar signal that
extends up and down. A vertically fanned signal is advantageously more likely to hit a
boundary marker 200 since the up and down signal will encounter the boundary marker
200 regardless of the up and down and pitch of robot body 100. In one example, a
passive optical component can be placed in front of the laser beam and provide beam
shaping. For example, a cylindrical lens or array of lenses can be used to generate a
fanned beam from the laser. In some examples, the optical component can generate a
fanned beam having an angular width that is between 5 degrees and 10 degrees.

Referring to FIGS. 10A-10B, the emitters 190, 194 can be configured to fan the
emitted laser at an angle 45° relative to both the horizontal and vertical. The resulting
diagonal laser planar signal 182 includes the benefits of both horizontal and vertical laser
sheets, by increasing the likelihood of discrete pulses of the laser hitting the boundary
marker 200 and the pitch of the robot body 100 not impacting the ability of the laser
signal 182 to hit the boundary marker 200. In one example, a passive optical component
can be placed in front of the laser beam and provide beam shaping. For example, a
cylindrical lens or array of lenses can be used to generate a fanned beam from the laser.
In some examples, the optical component can generate a fanned beam having an angular
width that is between 5 degrees and 10 degrees.

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.
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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.

Accordingly, other embodiments are within the scope of the following claims.
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WHAT IS CLAIMED IS:

1. A location estimation system for use with an autonomous lawn mowing
robot, the system comprising:

a plurality of synthetic surfaces positioned with respect to a mowable space in an
environment;

a radiation source coupled to the lawn mowing robot;

a detector coupled to the lawn mowing robot and configured to detect radiation
reflected by objects in the environment; and

a controller configured to controllably direct radiation from the radiation source to
scan the environment, and to vary at least one of an output power of the directed radiation
and a scan rate of the directed radiation, as a function of detected radiation reflected from

one or more of the synthetic surfaces.

2. The location estimation system of claim 1, wherein the controller is

configured to vary a spin rate of the radiation source.

3. The location estimation system of claim 1, further comprising a modulator
coupled to the radiation source and configured to modulate radiation emitted from the

radiation source.

4. The location estimation system of claim 3, wherein the controller is
configured to direct the modulator to vary the output power of the radiation source in

response to detection of reflected radiation.
5. The location estimation system of claim 3, wherein the controller is

configured to direct the modulator to vary a beam focus of the radiation source in

response to detection of reflected radiation.
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6. The location estimation system of claim 1, comprising a rotational scanner

that directs radiation from the radiation source to scan the environment.

7. The location estimation system of claim 1, wherein the controller is further
configured to compare data indicative of detected reflected radiation to stored data, and to
identify the detected radiation as radiation reflected from a particular object associated

with the stored data.

8. The location estimation system of claim 7, wherein the particular object is

one of the synthetic surfaces.

9. The location estimation system of claim 1, wherein the controller is further
configured to direct the radiation source to make a first scan of the environment at a first

scan rate.

10.  The location estimation system of claim 9, wherein the controller is
configured to direct the radiation source to make a second scan of the environment at a

second scan rate different from the first scan rate.

11.  The location estimation system of claim 9, wherein the modulator is
configured to direct the radiation source to make a second scan of the environment, a
limited portion of the second scan performed at a second scan rate different from the first

scan rate.

12. The location estimation system of claim 1, further comprising a second

detector of a different wavelength responsiveness than a first detector.

13.  The location estimation system of claim 1, wherein the radiation source is

a laser.
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14.  The location estimation system of claim 13, wherein the radiation is

emitted across a distributed plane.

15.  The location estimation system of claim 14, wherein the plane extends at

45 degrees to a surface supporting the autonomous lawn mowing robot.

16.  The location estimation system of claim 1, wherein the controller is

configured to modulate the output power of the radiation source.

17. A method of estimating a location of a self-propelled lawn mowing robot
in an environment, the method comprising;:
positioning a plurality of synthetic surfaces at locations with respect to a mowable
space in an environment; and
placing a lawn mowing robot in the environment, the robot comprising:
a radiation source coupled to the lawn mowing robot;
a detector coupled to the lawn mowing robot and configured to detect
radiation reflected by objects in the environment; and
a controller configured to controllably direct radiation from the radiation
source to scan the environment, and to vary at least one of an output power of the
directed radiation and a scan rate of the directed radiation, as a function of detected

radiation reflected from one or more of the synthetic surfaces.

18.  The method of claim 17, wherein the controller is configured to vary the

scan rate of the radiation source.

19. The method of claim 17, further comprising a modulator coupled to the

radiation source and configured to modulate radiation emitted from the radiation source.
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20.  The method of claim 19, wherein the controller is configured to direct the
modulator to vary the output power of the radiation source in response to detection of

reflected radiation.

21.  The method of claim 20, wherein the modulator scans a portion of a
second scan at a scan speed different from at least a portion of the scan speed of a first

scan.

22. The method of claim 19, wherein the controller scans the environment

during a motion of the robot.

23.  An autonomous robot comprising:
a body configured to move over a surface;
two driven wheels carried by the body and defining a transverse axis, with
cach wheel carried on a respective side of the body;
a radiation source coupled to the autonomous robot;
a detector coupled to the autonomous mowing robot and configured to detect
radiation reflected by objects in the environment; and
a controller configured to controllably direct radiation from the radiation source to
scan the environment, and to vary at least one of an output power of the directed radiation
and a scan rate of the directed radiation, as a function of detected radiation reflected from

one or more of synthetic surfaces placed in the environment.

24. The autonomous robot of claim 23, wherein the controller is configured

vary the scan rate of the radiation source.
25.  The autonomous robot of claim 23, further comprising a modulator

coupled to the radiation source and configured to modulate radiation emitted from the

radiation source.
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26. The autonomous robot of claim 25, wherein the controller is configured to
direct the modulator to vary the output power of the radiation source in response to

detection of reflected radiation.

27.  The autonomous robot of claim 23, further comprising an odometer in
communication with the wheels, wherein the controller is further configured to compare
the position of the robot resulting from the identified radiation to a position of the robot

indicated by the odometer.
28. The autonomous robot of claim 27, wherein the controller is further
configured to drive the wheels so as to change a trajectory of the robot in response to

determining the robot position.

29. The autonomous robot of claim 23, wherein the radiation source scans

during a motion of the robot.
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