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(57) Abstract: A robot (100) includes a robot body (110) having forward and rearward portions (112, 1 14), a sonar system (530), a
drive system (120), and a control system (210). The sonar system is disposed on the robot body and has an array of emitters (530ej-
530e;j) and an array of receivers (530iv 530r4) arranged along a forward surface ( 1 13) of the robot body. The emitters emit a sound
wave (532) and the receivers receive reflections of the sound wave. The array of emitters includes an odd number of emitters and the
array of receivers includes an even number of receivers. The drive system supports the robot body and maneuvers the robot across a
floor surface (10) along a path (60). The control system is in communication with the drive system and the sonar system. The control
system processes sensor signals received from the array of receivers.
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Autonomous Maobile Robot

TECHNICAL FIELD

[6061] This disclosure relates to autonomous mobile robots.
BACKGROUND
[6662] A robot is generally an electro-mechanical machine guided by a computer or

clectronic programming. Mobile robots have the capability to wove around u their
envirenment and are not fixed to one physical location. An example of a mobile robot
that 1s in common use today 18 an automated guided vehicle or automatic guided vehicle
{AGV). An AGV is generally a mobile robot that follows markers or wires in the floor,
OF uses a vision system or lascers for navigation. Mobile robots can be found 1n industry,
military and security environments. They also appear as consumer products for
entertainment or o perform certain tasks like vacuum cleaning and home assistance.
16083] A vacuum cleaner robot generally uses an air pump to create a partial vacuum
for lifting dust and dirt from a floor or supporting surface. The vacuum cleaner robot
typically collects dirt either 10 a dust bag or a cyclone for later disposal. Vacuum cleaners,
which are used in homes as well as in industry, exist in a variety of sizes and models,
such as small battery-operated hand-held devices, domestic central vacuum cleaners,
huge stationary industrial appliances that can handle several hundred liters of dust before
being emptied, and self-propelled vacuum trucks for recovery of large spills or rernoval
of contaminated soil.

8084 Autonomous robotic vacuum cleaners generally navigate a living space and
common obstacles while vacuuming the floor. Autonomous robotic vacuum cleaners
may inchide sensors for identifying and avoiding obstacles, such as walls, furniture, or
statrs. Some robots may use a variety of sensors to obtain data about tis surrounding

environment, for example, for navigation or obstacle detection and obstacle avoidance.

SUMMARY
[8665] One aspect of the disclosure provides an autonomous mobile robot that

includes a robot body, a sonar system, a side ranging sensor, at least one ¢liff sensor, a
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drive system and a control system. The robot body defines a forward drive divection and
has forward and rearward portions with respect to the forward drive direction. The
forward portion has a substantially straight forward surface bounded by corners
positioned along a circumdiameter of the robot body. The sonar systern 18 an array of
sonar emitters and an array of sonar receivers disposed on the robot body at set distances
along the forward surface. The emitters emit a sound wave and the receivers receive
reflections of the sound wave. Each emitter is disposed adjacent a receiver and each
cmitter and receiver pair measures a distance from the forward surface to a wall. The
stde ranging sensor s disposed on a side of the robot body and 1s positioned adjacent a
corner of the forward surface.

18086] Additionally, the drive system supports the robot body and is configured to
maneuver the robot across a floor surface along a path. The control system is supported
by the robet body and in communication with the drive systern, the sonar system, the side
ranging sensor and the at least one chiff sensor disposed on a bottom surface of the robot
body. The control system processes sensor signals received from the array of receivers,
calculates an angle of approach of the forward surface to the wall, calculates a closest
corner distance to the wall, turns the robot body to avoid collision, and aligns the forward
drive direction parallel to the wall with the robot body traveling adjaceunt the wall at a
threshold wall foliowing distance.

0067} Implernentations of the disclosure may include one or more of the following
features. In some implementations, the array of emitters includes an odd number of
cmitters and the array of receivers includes an even nurnber of receiver, where cach
emitter is disposed between two receivers. In some implementations, the array of
emitters inchides three emitters and the array of receivers includes four receivers.
Additionally or alternatively, the control system may execute a sonar emission cycle that
has a threshold duration of time separating cach emitted sound wave. In some
impiementations, the duration of time separating each emitted sound wave is between
about 5 milliseconds and about 25 milliseconds. In some implementations, the duration
of time separating cach emitted sound wave is gbout 15 mulliscconds. Additionally, the

sonar emission cycle may have a cycle completion period of time of between about 30

o
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nmilliscconds and about 60 milliscconds. In some implementations, the sonar emission
cycle may have a cycle completion period of time of 45 milliseconds.

BG08] in some implementations, the robot further inchudes a side brush adjacent one
of the corners of the forward face and extending beyond the perimeter of the robot body.
In some implementations, the robot inctudes a bump sensor disposed on the forward
portion and in comnmunication with the controlier. Actuation of the bump sensor
indicates the presence of an overhand closer than a recessed wall portion detected by the
sonar emitter and receiver arrays. In the presence of an overhang, the robot calibrates a
signal value threshold that correspounds to a second wall following distance from the
robot to the recessed portion of the wall. The second wall following distance allows the
robot to travel adjacent the closest part of the overhang at a distance cqual to the
threshold wall following distance.

[8309] The control system may execute a direction-lock drive command. The
direction-lock drive command avoids a recently traveled path until the robot travels a
threshold distance away from a location. When the robot detects a closest obstacle, the
control system executes a divection-lock drive override command, and the direction-lock
drive override command maintains a turn direction until the robot travels a threshold
distance, regardiess of the position of the closest detected obstacle.

8616} in some implementations, the robot body defines a transverse axis
perpendicular to the forward drive direction. The forward body portion may have a front
face substantially parallel to the transverse axis. Additionally, the drive systern may
clude right and left driven wheel modules substantially opposed along the transverse
axis adjacent right and left sides of the robot body with respect to the forward drive
direction. In some cxamples, the forward portion of the robot has a substantially
rectangular shape and the rearward portion of the robot bas a substantially circular shape.
6611} The straight forward surface defines a height. In some exarmples, the array of
emitters and the array of receivers are disposed substantially along a mud-height of the
forward surface. In other examples, the array of emitters are disposed at a first threshold
distance from a mid-height of the forward surface, and the array of receivers may be
disposed at a second threshold distance from the mid-height of the forward surface. The

first threshold distance may be different than the sccond threshold distance.
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188121 Another aspect of the disclosure provides a method of operating an autonomous
mobile robot across a Hoor surface. The method includes fiting an array of sonar erotters
and an array of sonar receivers arranged at distances along the length of a substantially
straight forward surface of the robot body. Each end of the forward surface lics along a
circamference traced by a circumdiameter of the robot body. Each emitter in the emitter
array s disposed adjacent a receiver of the receiver array, and cach emitter and recetver
pair measure a distance from the forward surface to a wall, Additionally, the method
includes processing sensor signals received by the array of receivers and, without the
robot making countact with the wall, determining at least two distances between the
forward face and the wall, as measured by two emitter and receiver pairs. The method
inecludes calculating the angle of approach of the forward surface to the wall and
calculating a closest corner distance to the wall. Once the closest corner distance reaches
a threshold turning distance, the method includes turning the robot body to avoid
collision, aligning the forward drive direction parallel to the wall, and positioning a side
of the robot closest to the wall at a threshold wall following distance.

160131  Iv some imaplementations, the threshold duration of time separating each sound
wave cnuitted by one of the emitters in the array of omitters is between about 5
milhiseconds and about 25 milliseconds. In some implernentations, the threshold duration
of time separating cach sound wave emitted by one of the emitters in the array of emitters
is 15 milliscconds. A sonar emmission cycle separating cach emitted sound wave may
have a cycle completion period of time of between about 30 milliseconds and about 60
mithiseconds. In some implementations, a sonar cmission cycle separating cach emitted
sound wave has a cycle compietion period of time of about 45 milliseconds

8614} The method may inciude repeatedly firing a side ranging sensor disposed on a
stde of the robot body and positioned adjacent at least one comer of the forward surface
while the robot travels adjacent the wall. The side ranging sensor measures a distance to
the wall, such that the robot maintains a threshold wall following distance and avouds
collision while following the wall. In some implementations, the threshold wall
following distance enables a side brush extending beyond the perimeter of the robot to

contact the wall,
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8615 in some implementations, the method inchudes measuring a distance to the
floor with at least one chift sensor while the robot 18 turning and/or driving w reverse, If
the cliff sensor detects a ¢liff, the control system stops the robot from driving and/or
turning.

LY Another aspect of the disclosure provides a method of operating an
autonomous moebile robot across a floor surface along g path. The method includes
eraitting a sound wave from an emuitter disposed on a robot body defined by the robot and
cxecuting on a computing processor a behavior systern. The behavior system receives a
sensor signal from a receiver disposed on the robot body and executes at least one
behavior based on the sensor signal. The sensor signal is indicative of sound wave
reflections received by the receiver. If the robot 1s mancuvering across a surface, the
behavior system executes a sonar emission cycle having a threshold duration of time
{c.g., 15 milliscconds) separating cach emitied sound waves. The sonar cmission cycle
may have a ¢ycle completion period of time of 45 milliseconds.

18817} in some implementations, the method further includes executing a wiggle
drive command if the robot recetves a sensor signal indicating a presence of an obstacle
in the path of the robot. The wiggle command inchudes a series of alternating right and
feft drive coramands cach angled with respect to a forward drive direction by a
corresponding wiggle angle. The wiggle angles of the corresponding right and left drive
commands ruay be different.

[6018] The method may further include executing a wall following behavior having a
wall following distance greater than an overhang distance if the robot reccives a sensor
signal indicating a presence of a wall. The wall following distance is a distance between
the robot body and the wall, and the overhang distance is a distance between the wall and
the overhang. During exccution of the wall following bebavior the robot may drive at a
threshold distance away from the wall. The sonar emission cycle may have a cycle
completion period of time equal to the threshold duration of time.

188319} In some implementations, the method further includes executing a direction-
lock drive coramand if the computing processor receives a sensor signal that indicated
that the robot is in a corner formed by two walls. The direction-lock command avoids a

recently traveled path until the robot travels a threshold distance.



10

20

N
7]

3
(o]

WO 2015/094553 PCT/US2014/066351

166241 The details of one or more implementations of the disclosure are set forth in

the accorapanying drawings and the description below. Other aspects, features, and

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

DESCRIPTION OF DRAWINGS

6621} FI1G. 1 18 a perspective view of an cxemplary autonomous mobile robot.
188221 FIG. 2 1s a bottom view of the robot shown in FIG. 1.

8023} FIG. 3 is a top perspective view of the robot shown in FIG. 1.

[6624] FIG. 4 15 a bottom perspective view of the robot shown 1o FIG. 1.

[6¢25] FIG. 5 18 a side view of the robot shown in FIG. 1.

9626} FI1G. 6A 13 a top perspective view of an cxemplary autonomous mobile robot.
18027} FIG. 6B 1s a bottoro perspective view of the robot shown in FIG. 6A.

6028} FiG. 7Ais a perspective view of an exemplary autonomous mobile robot for
cleaning.

[6629] FI1G. 7B is a schematic view of an exemplary control system executed by a

controtler of a mobile robot.

183361 FIGN. 8A-RC are alternative front views of the robot shown in FIG.1.

6631 FIGS. 9A and 9B are top views of excraplary autonormous robots having a
sonar system.

16632} FI1G. 10A is a top view of an cxemplary autonomous robot as it approaches a
wall head on.

86334 FiG. 108 is a top view of a sonar signal ranging to a wall.

16634] FIGS. 10C 15 a top view of an exemplary avtonomous robot as it approaches a
wall at an angle and turns to reposition without contacting the wall.

[8035] FIGS. 10D is a top views of an cxemplary autonornous robot as it approaches
a wall at an angle and takes sensor measurements to determine how much to back up
and/or turn to reposition without contacting the wall,

6036} FIGS. 10E is a top views of an exemplary autonomous robot as it wall-follows
at a threshold distance after turning to align with the wall without making contact.

186371 FIGS. 11 A and 11B are side views of an exemplary autonoraous robot as it

approaches an pverhang,
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18338} FiG. 11C is a top view of the robot of FIGS. 11A and 11B as it cxecutes a

wall-following behavior,

[6G39] FIGS. 12A-12D are top views of an exemplary antonomous robot navigating a
COTTET.
18046} FIG. 13 18 a perspective view of an exemplary autonomous robot executing a

wiggle command.

160641 FIG. 14 is a schematic view of an exemplary arrangement of operations for
operating the autonomous mobile robot.

180421 FIG. 15 18 a perspective view of an exemplary autonoroous robot detecting
objects based on sonar echo strength.

16043} Like reference symbols in the various drawings indicate hike elements.

DETAILED DESCRIPTION
16044 An antonomous robot movably supported can navigate a floor surface using a
sensor system that allows the robot to discern its surroundings. In some examples, the
robot determines a local perceptual space (LPS) about the robot, which is a virtual space
representative of the robot’s environment and resolved using one or more sensors on the
robot,
[6045] Referring to FIGS. 1-6B, in some implementations, a robot 100 includes a
body 110 supported by a drive systern 120 that can manecuver the robot 100 across a floor
surface 10 based on a drive command having x, y, and 8 components, for example. The
robot body 110 has a forward portion 112 and a rearward portion 114, FIGS. 1-5
thustrate an cxemplary robot 100 having a rectangular forward portion 112 and rounded
vearward portion 114, The forward portion 112 may have a substantially straight forward
surface 113 and/or a forward surface 113 that is substantially paraliel to a transverse axis
X defined by the body 110, FIGS. 6A and 6B illustrate an exemplary robot 100 having
rounded {e.g., circular) forward and rearward portions 112, 114 of the robot body 110,
6046} The drive system 120 includes right and left driven wheel modules 120a,
128b. The wheel modules 120a, 120b are substantially opposed along the transverse axis
X and include respective right and left drive motors 122a, 122b driving respective right

and left wheels 124a, 124b. The drive motors 1224, 122b may releasably connect to the

~3
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B

body 110 (e.g., via fasteners or tool-less connections) with the drive motors 122a, 122b
optionally positioned substantially over the respective wheels 124a, 124b. The wheel
modules 120a, 120b can be releasably attached to the body 110 and spring biased into
engagement with the cleaning surface 10, In some exaraples, the wheels 124a, 124b are
releasably connected to the wheel modudes 1202, 120b. The wheels 124a, 124b may have
a biascd-to-drop suspension system (not shown), which improves traction of the wheel
modules 120a, 120b over slippery floors (e.g., hardwood, wet floors). The robot 100 may
include a caster wheel 126 disposed to support a forward portion 112 of the robot body
118, The robot body 110 supports a power source 102 {(e.g., a baitery) for powering any
electrical components of the robot 100.

168471 The robot 100 can move across a surface 10 through various cornbinations of
movements relative to three mutually perpendicular axes defined by the body 110: a
transverse axis X, a forc-aft axis Y, and a central vertical axis 7. A forward drive
direction along the fore-aft axis Y is designated F {sometimes referred to hereinafter as
“forward”), and an aft drive direction along the fore-aft axis Y 18 designated A
{sometimes referred to herematter as “rearward™). The transverse axis X extends
between a right side R and a left side L of the robot 100 substantially along an axis
defined by center points of the wheel modules 1204, 120b,

16048 The robot 100 can tilt about the X axis. When the robot 100 tilts to the south
position it tilts toward the rearward portion 114 (sometimes referred to hereinafter as
“pitched up”}, and in a north position when the robot 100 tilts towards the forward
portion 112 (somctimes referred to herematter as a change “pitched down™).
Additionally, the robot 100 tilts about the Y axis. The robot 100 may tilt to the cast of
the Y axis (sometimes referred to hereinafter as a “right roll”), or the robot 100 may tilt to
the west of the Y axis (sometires referred to hereinafter as a “left voll”). Therefore, a
change in the tilt of the robot 100 about the X axis is a change in its pitch, and a change
in the tilt of the robot 100 about the Y axis 18 a change in tis roll. In addition, the robot
100 may either tilt to the right, 1.c., an cast position, or to the left i.¢., a west position. In
some exaraples the robot tilis about the X axis and about the Y axis having tilt position
such as northeast, northwest, southeast, and southwest. As the robot 100 is traversing a

floor surface 10, the robot 100 may make a right or left turn about s Z axis (sometimes
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referred to hereinafter as a change in the yaw). A change in the yaw causes the robot 100
to make a right turn or a left turn while 1t is eoving. Thus the robot 100 way have a
change in one or more of it pitch, roll, or yaw at the same time.

6049} A forward portion 112 of the body 110 may include 4 buraper 130, which may
include the forward face/surface 113 of the robot body 110, In some examples, the
bumper 130 1s part of the robot body 110 and 1 other exaraples the bumper 130 is an
assembly that attaches to the robot body 110, The buraper 130 detects {e.g., via one or
MOTe SCHSOIS )} ONe OF Mmore events in a drive path of the robot 100, for example, as the
wheel modules 120a, 120b propel the robot 100 across the floor /supporting sarface 10.
The robot 100 may respond to events {¢.g., obstacles I8, cliffs, walls 24, cabinets and
their overhangs 25) detected by the bumper 130 by controlling the wheel modules 120s,
1203 to maneuver the robot 100 in response to the event {e.g., away from an obstacle 18}
While some sensors are described herein as being arranged on the bumper 130, these
sensors can additionally or alternatively be arranged at any of various different positions
on the robot 100 including but not Hmited to the bottom side 116 of the robot {¢.g.,
mechanical switches). The bumper 130 has a complemeuntary shape to the forward face
113 of the robot body 110.

8056} A top portion 113 of the body 110 may include a user interface 140 that
receives one or more user commands and/or displays a status of the robot 100, The user
intertace 140 is in communication with a robot controller 150 carried by the robot 100
such that one or more commands received by the user interface 140 can initiate execution
of a routine {e.g., a cleaning routine} by the robot 100, The controller 150 inchudes a
computing processor 152 {e.g., central processing unit) in communication with non-
transitory memory 134 {e.g., a hard disk, flash memory, random-access memory}.

16051 The robot controller 150 {executing a control system) roay execute behaviors
300 that cause the robot 100 to take an action, such as mancuvering in a wall following
wmanner, a floor scrubbing roannoer, or changing its direction of travel when an obstacle 18
{(e.g., chair, table, sofa, etc.) is detected. The robot controller 150 can maneuver the robot
100 m any direction across the cleaning surface by independently controlling the

rotational speed and direction of cach wheel module 120a, 120b. For example, the robot
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controller 150 can maneuver the robot 100 in the forward F, reverse (afty A, right R, and
left L directions.

16652} Referring to FIGS. 7A and 7B, to achieve reliable and robust autonomous
movement, the robot 100 may include a sensor systern 500 having several different types
of sensors 520, 530, 535 that can be used in conjunction with one another to create a
perception of the robot’s environment (a local perceptual space) sufficient to allow the
robot 100 to make intelligent decisions about actions to take in that envirourent. The
sensor system 500 may include one or more types of sensors 520, 530, 535 supported by
the robot body 1190, which may include obstacle detection obstacle avoidance (ODOA)
sonsors, communication sensors, navigation sensors, cfc. For example, these sensors 520,
530, 535 may inclade, but not limited to, proximity sensors, contact Sonsors, a camera
{e.g., volumetric point cloud imaging, three-dimensional (313} 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), LADAR
{Laser Detection and Ranging), cte. Io some iroplementations, the sensor system 500
includes ranging sonar sensors 530, proximity (¢.g., infrared) cliff sensors 520, 520a-
520d, contact sensors 540, a laser scanner, and/or an imaging sonar.

80534 The robot 100 may include a cleaning systen 160 for cleaning or treating a
floor surface 10. In sorac exaraples, the autonomous robot 100 can clean a surface 10
while traversing that surface 19, The robot 100 may remove debris from the surface 10
by agitating the debris and/or lifting the debris from the surface 10 by applying a negative
pressure {€.g., partial vacuum) above the surface 10, and collecting the debris from the
surface 10, The cleaning system 160 may include a dry cleaning system 1602 and/or a
wet cleaning system 160b. The dry cleaning system 160 may include a driven voller
brush 162 {(e.g., with bristles and/or beater flaps) extending paraliel to the transverse axis
X aund rotatably supported by the robot body 110 to contact the floor surface. The driven
roller brush 162 agitates debris oft of the floor surface and throws or guides the agitated
debris into a collection bin 163, The wet cleaning systermn 160b may include a fluid
applicator that extends along the transverse axis X and dispenses cleaning liquid onto the

surface.
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80541 Referring to FIG. 3, in some examples, the sensor systerm 500 includes an
inertial measarement unit (IMU) 510 in communication with the controller 150 to
measure and monitor a moment of tnertia of the robot 100 with respect to the overall
center of gravity CGg of the robot 100, The countroller 150 may monitor any deviation in
feedback from the IMU 510 from a threshold signal corresponding to normal
unencumbered operation. For exarople, if the robot 100 begins to pitch away from an
upright postiion, it may be “clothes hined” or otherwise impeded, or someone may have
suddenly added a heavy payload. In these instances, it may be necessary to take urgent
action (inchuding, but not limited to, evasive maneuvers, recalibration, and/or issuing an
audio/visual warning) in order to assure safe operation of the robot 100

[B055] When accelerating from a stop, the controller 150 may take into account a
moment of inertia of the robot 100 from its overall center of gravity UGy to prevent robot
tipping. The controller 150 may use a model of its pose, including its current moment of
ertia. When payloads are supported, the controller 150 may measure a load impact on
the overall center of gravity CGy and monitor movement of the robot moment of inertia.
1f this 1s not possible, the coutroller 150 may apply a test torque command to the drive
system 120 and measure actual lincar and angular acceleration of the robot using the IMU
518, in order to experimentally determine safe limits,

16656] The IMU 510 may measurc and monitor a moment of inertia of the robot 100
bascd on relative values. In some implementations, and over a period of time, constant
movement may cause the IMU to drift. The controller 150 executes a resetting command
to recalibrate the IMU 510 and reset it to zero., Before resciting the IMU 510, the
controtler 150 determines if the robot 100 1s tilted, and issues the resetting command only
if the robot 100 15 on a flat surface.

16657} Referring to FIG. 74, in some impleroentations, the robot 100 includes a
navigation system 200 configured to allow the robot 100 to navigate the floor surface 10
without colliding into obstacles 18 or falling down stairs, and in the case of a cleaning
robot 100 to intelligently recognize relatively dirty floor areas for cleaning. Moreover,
the navigation system 200 can maneuver the robot 100 in deterministic and pseudo-
random patterns across the floor surface 10. The navigation system 200 may be a

behavior based system stored and/or executed on the robot controller 150, The
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navigation system 200 may conurunicate with the sensor system 500 to determine and
issue drive commands to the drive systero 120, The navigation system 200 influences
and configures the robot behaviors 300, thus allowing the robot 100 to behave ina
systematic preplanned movernent. In some examples, the navigation systern 200 receives
data from the sensor system 500 {c.g., an inertial measurement unit 510, infrared sensors
520, 520a-520d, and sonar sensor(s) 330, 535) and plans a desired path for the robot 100
o traverse,

[6G58] Referring to FIGS. 3 and 78, in some implementations, the controller 150
{¢.g., a device having one or more computing processors 152 in corrounication with non-
transitory memory 154 capable of storing instructions exccutable on the computing
processor(s) 152) executes a control system 210, which includes a behavior systermn 210a
and a control arbitration system 210b in communication with each other. The control
arbitration systern 210b allows robot applications 220 to be dynamically added and
removed from the control system 210, and facilitates allowing applications 220 to cach
contro! the robot 100 without needing to know about any other applications 220. In other
words, the coutrol arbitration system 210b provides a stimple prioritized control
mechanism between applications 220 and resources 240 of the robot 100.

[8059] The applications 220 can be stored in voemory or corarounicated o the robot
100, to run concurrently on {e.g., on a processor} and simultancously control the robot
100. The applications 220 may access behaviors 300 of the behavior systern 2102, The
independently deployed applications 220 are combined dynamically at runtime and to
share robot resources 240 {¢.g., drive system 120 and/or cleaning systerns 160, 160a,
160b). A low-level policy is implemented for dynamically sharing the robot resources
248 among the applications 220 at run-time. The policy determines which application
220 has control of the robot resources 240 as required by that application 220 {c.g. a
priority hicrarchy among the applications 220). Applications 220 can start and stop
dynaroically and run completely independently of cach other. The control system 218
also aliows for complex behaviors 300 which can be combined together to assist each
other.

[ 6368 The control arbitration system 210b mncludes one or more application{s} 220

in commnunication with a control arbiter 260. The control arbitration system 210b may
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include components that provide an interface to the control arbitration system 210b for
the applications 220, Such components may abstract and encapsulate away the
complexities of authentication, distributed resource control arbiters, command butfering,
coordinate the prioritization of the applications 220 and the like. The control arbiter 260
receives commands from every application 220 generates a single command based on the
applications’ prioritics and publishes it for its associated resources 240. The control
arbiter 260 receives state feedback from its associated resources 240 and may send i
back up to the applications 220. The robot resources 240 may be a network of functional
wmodules {(¢.g., actuators, drive systems, and groups thereof) with one or more hardware
controllers. The commands of the control arbiter 260 are specific to the resource 240 to
carry out specific actions. A dynarnics model 230 executable on the controller 150 s
configured to compute the center for gravity (CGr), moments of inertia, and cross
products of mncrtia of various portions of the robot 100 for the assessing a current robot
state.

8061 in some implementations, a behavior 300 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 500, with a-priort limits and information into
evaluation feedback ov the allowable actions of the robot 100, Siuce the behaviors 300
are pluggable into the application 220 (e.g. residing inside or outside of the application
220), they can be removed and added without having to modify the application 220 or
any other part of the control system 218, Each behavior 300 is a standalone policy. To
make behaviors 300 more powertul, 1t s possible to attach the output of multiple
behaviors 300 together into the input of another so that you can have complex
combination functions. The behaviors 300 are intended to implement manageable
portions of the total cognizance of the robot 100,

[6662] {n the example shown, the behavior system 210a includes an obstacle
detection/obstacle avoidance (ODOA) behavior 300a for determining responsive robot
actions based on obstacles 18 (FIG. 9B) perceived by the sensor system 530 {e.g., turn
away, turn around, stop betore the obstacle 1§, cte.). Another behavior 300 moay melude
a wall following behavior 300b for driving adjacent a detected wall 24 {e.g., in a wiggle

patiern of driving toward and away from the wally. Other behaviors 300 may include a
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dirt hunting behavior 300¢ (where the sensor(s) detect a dirty spot on the floor surface
and the robot 100 veers towards the spot for cleaning), a spot cleaning behavior 300d
{c.g., the robot follows a comrow pattern to clean a specific spot), a direction lock
behavior 300¢, a cliff behavior (e.g., the robot detects stairs and avouds falling from the

stairs}, a stasis behavior, an anti-tilt behavior, and anti-ingestion behavior, an anti~wheel

jam behavior.

16063] There are several challenges 1ovolved in placimg sensors 528, 530 on a robotic
platform. First, the sensors 520, 5330 need to be placed such that they have maximum
coverage of areas of interest around the robot 100, Second, the sensors 520, 530, 335
nay need to be placed in such a way that the robot 100 itself causes an absolute
minimurm of occlusion to the sensors; in essence, the sensors cannot be placed such that
they are “blinded” by the robot 100 itself. Third, the placement and mouunting of the
sensors 520, 530 should not be intrusive to the rest of the industrial design of the
platform. In terms of aesthetics, it can be assumed that a robot 100 with sensors 520,
530, 5335 mounted inconspicuously is more “attractive” than otherwise. In terms of
atiiity, sensors 520, 538, 535 should be mounted in a manner so as not to interfere with
normal robot operation {(snagging on obstacics, etc.).

[8064] Referring to FIGS, 3 and 8A-98, 10 soroe moplementations, the sensor system
500 mcludes a sonar system 530, Sonar is the acronym for Scund Navigation and
Ranging, and 1t is a technique that utilizes sound to navigate in an environment. The
sonar system 530 uses sound propagation to detect obstacles 18a-18d in the path of robot
100, Sonars may be of two types, active sonars and passive sonars. Passive sonars listen
to sounds made by other obstacles 18, while active sonars emit pulses of sounds and
listen for the echoes the pulses produce when they reflect off the obstacle 18, The sonar
system 530 18 active sonar that includes an eraitter 330e¢, a receiver 530r, a transducer
156, and a signal processor 158, An electrical pulse transmitted from the sonar emitter
530¢ is converted into a sound wave by the transducer 156 and propagates v a given
direction. The distance to an object 18 from the sonar emitter 530¢ may be measured
because of the constant and known speed of sound. The time lapse between the

transmitted signal and the received signal after it bounces back from the object 18 may be
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measured, which leads to calculating the distance to the object which produced the
bounce back of the ermtted sound wave.

[68065] In some implementations, the sonar system 530 includes an array of emitters
530¢,-530¢; and an array of receivers 5301:-530rs. As shown in FIGS, §A-8C, the array
of emitters inchides three emitters 530¢ and the array of receivers inchudes four receivers
530r. Each emitter 530¢ is disposed between two receivers 530r. The emuitters 530¢ and
receivers 530r are disposed on the bumper 138 of the robot body 110 or the forward face
113 of the robot body 110. The emitters 530¢ and recetvers 530r are arranged adjacent to
one another along the forward peripheral face 113 of the robot body 110, In some
exarnplices, the bumper 130 or the forward face 113 of the robot 100 has a height Dy that
extends from the top portion 115 to a bottom portion 116 of the robot body 110, In some
exarples, the array of emitters 530e and recetvers 530r are arranged adjacent a
fongitudinal medial line L about halt way up the forward face 113, It the robot body 100
has a square front portion, the sonar system 530 may be arranged in a straight line
parallel to the transverse axis X. The emitters 530¢ and receivers 530r may be arranged
at a mid-height Dy of the bumper height Dy 1o a straaght hine (FIG. BA). The vmd-height
Dy being half the bumper height Dy

[8066] Referring to FIGS. 88 and B, the emitters 530¢ and receivers 530y way cach
be arranged in a straight line spaced along and parallel to the transverse axis X, where the
ernitiers S30¢ and receivers 330r are separated by a vertical distance Dy, The emitters
530¢ are at a vertical distance Dy from the mud-height Dy of the bumper 130 and the
receivers S30r are at a vertical distance Dy from the height Dy of the bumper 130, The
emitters 530e and the receivers 530r may be separated by a vertical distance D¢ from
cach other. In some examples, each emitter 530¢, is positioned along the front face 113
at a horizontal distance £ from the nearest neighboring emitter 530¢; in the array of
emitters 530¢, and cach receiver 530 rs is positioned along the front face 113 ata
horizontal distance & from the nearest neighboring receiver 530r; in the array of
receivers S30r. In some examples, cach emitter 530¢; is positioned along the front face at
a horizontal distance £# from the nearest neighboring receiver 530r;. Other emitter 530¢
and receiver 530r arrangements may also be possible. In addition, the emitters 530e and

the receivers 530r may be disposed on other portions of the robot body 110, such as right
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and left sides of the robot body 110, a back side of the robot body 110, or any other
appropriate location.

6067} Referring to FIGS. 9A and 9B, the sonar system 530 may be disposed on an
upper portion 132 {sce FIG.1) of the bumper 130 and/or on the front face 113 of the
bumper 130. The sonar system 538 includes emitters 530¢ arranged to emit sound waves
532 and receivers 530r arranged to reccive the reflection of the croitted sound waves 532
in a receiving wave field 534. The cwitters 530¢ and the receivers 530r are arranged
along the forward drive direction F. The emitted sound waves 532 and the received
sound waves 534 roay cach have an angle By, B2 of between about 457 and about 270°.
Moreover, the sonar systera 530 may emit sound waves in a side-to-side and/or up-and-
down fan-out direction with respect to the forward drive direction F.

[8068] In some exaraples, the sonar systern 530 includes different sequences for
emitting sound waves. The sensor system 500 may emit an enmitted sound wave 532 from
cach of the sonar emitiers 530¢-330¢; stimultancously and therefore receive the reflected
wave 534 simultancously. The sonar emitters 530e:-530¢; fired simultancously each
have a distinet and distinguishable frequency so that @ distance measured by cach of the
veceivers S30r1-330rv: s recetved and wdentified by position of the emitter S30¢ along the
fongitudinal medial line L of the front face 113 of the robot 100. In some cxamples, the
sonar systera 530 may emit an emitter wave 532 from a first emitter 530¢ and after a
threshold duration of time {(e.g., 1 msec, 2 msee, 3 msec, ... 20 msec) the sonar system
330 emits a second erpttter wave 532 from a second cmitter 530¢. In some cxamples, the
control system 210 executes a sonar emission cycle having a threshold duration of time
{e.g., | msee, 2 msec, 3 msec, .20 msec) separating cach emitted sound wave, The sonar
eraission cycle is the time required for each emitter $30¢ on the robot body 110 to emit a
sound wave 532, In some examples, the time between omissions from two neighboring
emitters 530¢ is between about S milliseconds and about 25 milliseconds. In some
examnples, the time between emissions from two neighboring emitters 530¢ s about 15
milliseconds. Moreover, the sonar emission cycle may have a cycle corapletion period of
time of between about 30 milliseconds and about 60 miiliseconds. In some examples, the

sonar cmission cycle has a completion period of time of 45 milliseconds.
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180691 in some implementations, the sonar system 530 includes three emitters 530¢;-
530e; and four receivers 530r-3301,, as shown 1w FIGS, 9A and 98. The four receivers
530r are disposed equidistantly horizontally from one another on the bumper 130 and are
separated by the emitter 530¢ disposed halfway between two recetvers 530r. The sensor
system 530 emits a sound wave 532 every 15 milliseconds; therefore, a complete sonar
ernission cycle takes 45 milliseconds for all the critters 530¢ to send a sound wave 5332,
FIG. 98 shows the sound wave emitted from the ermiters S30¢ hithing an obstacle 18 and
the receivers 530r receive the reflected sound wave. When the receivers 530r receive the

reflected sound waves 532, the signal processor 158 processes the recetved sound waves

A

32

16476] Robots 100 having a square front or flat forward face 113 {e.g., FIGS. 1-5)
cannot simply turn in place to move away from an obstacle 18, such as a wall, without
collision, as round robots do. The peripheral edge of a round robot 100 {c.g., FIGS. 6A
and 68} 13 equidistant to the center C of the robot 100 at every position along the robot’s
circumference. The forward face 113 of a square front robot 100, however, extends
beyond a profile circle 105 (shown in dashed line in FIG. 2) centered about the center C
of the robot 100 and traced in part along the peripheral edge of the round reward portion
114 of the robot 100. Turning m place without the corners 113a, 113b of the forward
face 113 colliding with an obstacle, such as a wall 24, may require knowing the distance
of the front face 113 of the robot 100 from the obstacle 18 and the angle of approach «.
The profile 105 has a set diameter dimension and a set corner distance Dyc from the
center O to cach of the corners 113a, 113b of the forward face 113,

16671} Having sonar sensors 330 on the forward face 113 of the robot 100 in
combination with a side sensor 535 provides an ¢legant navigation advantage {0 square
front robots encountering walls 24 and other obstacies 18 without having to collide
repeatedly with the obstacles 18 to actuate a bump sensor 540 of the buraper 130, The
sonar sensors 530 in combination with a side sensor 535 enables a square front robot 100
to navigate around an obstacle 18 or series of obstacles 18 without collision.
Additionally, the sonar sensors 530 enable the square front robot 100 to alight with a wall
without making contact and travel adjacent a wall 24 without collision. The amount that

such a robot 100 needs to turn to move away from a wall 24 or align with a wall 24 for
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wall-following alongside the wall 24 depends on an angle of approach o o¢ the robot
100, which can be determined from measurements made by the array of sonar sensors
536 ou the forward face 113,

186724 Referring to FIGS. 10A and 10B, in some implementations, when the robot
100 approaches a wall 24 head on and ernits signals {emitier wave 532) from the ernitters
530e1~5330es, the receivers 530r-530r register the shortest distance Dy to the wall 24
detected by each emttter wave 532, In the head on approach of FIG. 10A, Dy, 18 cqual
for each of the emitters 530¢,-530¢;, and the robot 100 elegantly turns or backs away
from the wall 24 to avoid a collision, depending on whether the distance to the wall W
of the front face 113 is greater than or less than a threshold turning distance W, If the
sonar sensors 330 register shortest distances Dy, of the emitters 530¢;-530¢ez as a
distance measurcment Wy, aloug the length of the front face 113 that is below a threshold
distance Wr, the robot 100 s too close to the wall 24 to turn without colliding with the
wall 24. The robot 100 uses the distance Wy measured by the sonar sensors 530 to
determine a reverse direction distance to the threshold turning distance Wy, The robot
100 backs away from the wall 24 to the threshold turning distance Wy before turning to
prevent a corner 113a, 113b of the front face 113 from colliding with the wall 24.
Because the sonar sensors 530 provide distance measurements and the robot 100 is of
known dimensions with the sonar sensors 530 placed n known positions on the robot
body 110, the robot 100 backs up only as far as it needs to turn without colliding with a
detected obstacle 18, 24,

186734 In some examples, the robot 100 has front cliff detectors 520a, 520b (e.g.,
infrared sensors) disposed adjacent the front corners 113a, 113b of the front face 113 and
rear cliff detectors 520c¢, 520d (e.g., infrared sensors) positioned rearward of the wheels
120b, 120a. When the robot 100 backs up, the rear cliff detectors 520c¢, 520d can detect a
cliff behind or to either side of the vobot 100, The controller 150 may execute an
avoidance behavior 300 based on signals received from the cliff detectors 520a-d, thus
prevent the robot 100 from dropping off of the chiff. When the robot 100 executes a tum
T, one or more of the front clift detectors 520a, 520b and/or one or more of the rear cliff

detectors S20¢, 5204 can detect a chift behind or to either side of the robot 100,
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166741 The robot 100 may cxecute a turn T, rotating only the outer wheel 120a, 120b
in reverse and/or rotating the wheels 120a, 120b in reverse at different rates such that the
robot 100 backs up to a position in which the front face 113 is angled to the wall 24, In
sorc exaraples, the front face 113 may be angled at an angle o of 45 degrees with
respect to the wall 24, ag shown in FIG. 106C. While the robot 100 is backing up and
turning away from the wall 24, the emitters 530e,-530¢: continue to emit an emission
wave 532, and the robot 100 calculates distances D, Duax of the emitters 530e,-530¢:
from the wall 24. The robot 100 is able to determine how muuch fo continue backing up
and turning without backing up past the threshold distance Wy for avoiding collision.
[6375] In some implementations, the robot 100 calculates a difference between two
measured shortest distances D, of the emitter waves 332 from two of the emitters
530¢;-530¢;, and known distances between the two emitters 530¢ along the front face 113
to calculate the angle o of the front face 113 with respect to the wall 24, FIG. 10D isa
stmplified representation of FIG. 10C with some element numbering removed for clarity.
In this exaraple, the first eroitier 530¢; and the third emitter 530¢; measure respective
minimum distances Duinn, Diss 1o the wall 24, The first emitter 530e; and the third
ernitter 530¢; are disposed along the longitudinal medial line L of the front face 113 ata
known cmitter separation distance £;5. Because the ernttters 530¢ and receivers 530r are
disposed at known positions along the front face 113, the robot 100 uses trigonometry to
calculate the angle « of the frout face 113 with respect to the wall 24. Because the frout
face 113 is of known dimensions, ¢.g., a length £, the robot 100 calculates the distance of
the corners 113a, 113b to the wall 24 based on the calculated angle o and the known
corner distances KE, £€ of the receivers 530r and/or emiticrs 530¢ to the comers 113a,
113h. When the front corner 113a of the moving robot 100 reaches a distance to the wall
24 that is at or about the threshold turning distance Wr, the robot 100 turns to avoid
collision.

16476} This same calculation enables the robot 100 having a square front to
determine what angle 18 need to turn without backing up when the robot 100 approaches
the wall 24 at an angle o as depicted in FIG. 10C. In this example, the robot 100 turns in
place without backing up, because the distance Wp of the front face 113 to the wall 241

not less than the threshold distance Wy, Based on at least two measured distances Dy, of
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two of the emitters 530¢, the robot 100 knows its angle of approach o to the wall 24 and
how far the inside corner 113a of the front face 113 is from the wall 24.

186771 As FIG. 10D depicts, once the robot 100 aligns its forward travel divection F
in parallel with the wall 24, a side sensor 535 takes sequential measurements along the
wall 24 to maintain the robot 100 at a threshold wall following distance Wy, In some
examples, the side sensor 335 is a sonar sensor with one emitier 535¢ and one receiver
335y, In other exarnples the side sensor 535 1s an mnfrarcd (IF) seusor with one ermitter
535¢ and one receiver 335¢. In some examples, the side sensor 535 may be an IR or
sonar sensor with more than one emitter 535¢ and/or more than one receiver 5351, The
stde sensor 335 may be any type of ranging sensor such as, for exaraple, IR, laser, 3D
volumetric point cloud, or sonar. Using the signal received by the side sensor 535, the
robot 100 executes a wall following behavior 300b, taking sequential measurements
during travel to maintain the wall following distance Wy such that the robot 100 travels
along the wall 24 without collision. In some examples, the wall following distance Wr 15
set to a value that enables a side brush 128 extending beyond the perimeter of the robot
100 to contact the wall 24, The robot 100 may continue emitting eraission waves 532 the
sonar sensors 530 along the frout face 113 as the robot 100 executes the wall following
behavior 300b so as to detect any obstacles 18, 24 that occupy the path of travel and
require the robot 100 to turn and avoid the obstacle 18, 24 without making contact with
the obstacle 18, 24,

8078} One particular challenge that the sonar sensor array 530 cnables the robot 100
to mitigate is that of wall following along a cabinet overhang, or toe kick. Referring to
FIGS. 1TA-11C, in some examples, the robot 100 traverses a floor 10 and approaches a
wall 24 having an overhang 23 that offsets an upper outermost wall portion 24a from a
fower recessed wall portion 24b by an overhang distance Wo. An example of such an
overhang 1s a kitchen or bathroom “toe-kick” commonly built into cabinetry bases to
prevent stubbing toes upon approaching the cabmets. Typically, toe-kicks have a depth
of at least about 3 inches and a height of about at least 3 Y2 mches, meaning that the lower
recessed wall portion 24b is about 3 ¥ inches tall and set back by at overhang distance
Wo of about 3 inches from the upper outermost wall portion 244, The control system 210

must execute a wall following behavior 300b having a wall following distance Wy greater
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than the overhang distance Wy, The wall following distance Wy is the distance between
the robot body 110 and the recessed portion 24b (i.e. the lower portion) of the wall 24
{measured parallel to the floor 18). The overhang distance Wq is the distance between
the cutermaost wall portion 24a and the recessed wall portions 24b (tacasured paralicl to
the floor 10},

16679 When such overhangs 25 exist in the robot’s environment, the robot 100
cannot use a static threshold distance for following the wall 24, because a predetermined
universal wall-following distance Wy may be shorter than the overhang distance Wg. For
the sample overhang diroensions described above, 1 the robot 100 had a set static wall-
following distance Wy to accommodate overhangs, the robot 100 would always wall
follow at g distance Wy of more than 3 inches, even when an overhang 25 was not
present, therefore fatling to clean up close to a wall 24 having no overhang 25. Because
the robot 100 cannot rely on a universal threshold setting to wall-follow along an
overhang 25, the robot 100 responds to other sensor input(s) to determine the presence of
the wall overhang 25 and effectively follow along the cutermost wall portion 24z without
repeatedly turning into it and making contact with it, which would impede progress of the
moving robot 100.

[8086] In the example shown in FIG. 11B, the robot 100 uses a contact sensor {e.g.
bumper 130) to determine when it s as closc as possible to the upper, outermost portion
24a of the wall 24, At this point, the sonar sensors 530 detect the lower recessed wall
24% at a distance Wo, but the collision of the bumper 130 with the outermost upper wall
portion 24a contradicts the distance measured by the sonar sensors 530, This
combination of sensor signals triggers a back-up, turn, align routine described above with
reference to FIGS. 10-10D. The robot 100 backs up a threshold distance to enable
turning and aligning Us side range sensor 335 (c.g., sonar sensor and/or IR sensor) with
the wall 24b. While the robot 100 is turning, it dynamically calibrates the distance from
the recessed portion of the wall 24b and chooses the threshold wall-following distance
Wr to travel as close to the upper outermost portion of the wall 24a without running into
. This threshold wall-following distance Wy is greater when the robot s travelling
along an overhang 25 than when it is travelling along a flat wall 24 having no overhang

25. During exccution of the wall-following behavior 300b, the distance to the wall Wy s
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the distance between the robot’s body 110 and the closest part of the wall 24b, plus an
offset that 1s determined by the application {e.g., to ensure a side brush 128 just fouches a
flat wall 24). When the robot 100 travels along a flat wall 24, as in FIG. 10D, the wall-
following distance Wr 15 equal to the desired wall distance Wy for between the body 110
and the wall 24 {¢.g., to ensure a side brush 128 extending beyond the perimeter of the
robot 100 just touches a flat wall 24).

6081 Referring to FIGS. 12A-12D, the robot body 110 may have an approximately
circular periphery or a partially rectangular periphery (as shown). In some
impleraentations, the forward portion 112 of the body 110 has a rectangular periphery
and the rearward portion 114 of the body 110 has a circular periphery. The rectangular
forward portion 112 of the body 110 facilitates access to corners, and the circular
rearward portion 114 facilitates clearing wall corners 26 when the robot 100 is making a
turn within a corner 26, A robot body 110 with g partially rectangular periphery faces
several challenges including escaping from obstacles separated by a distance less than the
circumdiameter {the diamcter Dpe of the circle 107 that circumscribes the robot 100 and
includes the front corners 113a, 113b). A robot 100 that is not round cannot turn in place
to escape all obstacle configurations. When the robot 100 approaches a corner wall 26, it
cannot turm n place to escape the corver 26. I the robot 100 tures o place, as in FIGS,
12A and 128, the robot 100 may get stuck. In some implementations, the robot 100 may
back out of the corner 26 in a rearward direction R, as shown i FIG. 12C, before making
a turn, as shown in FIG. 1213, The robot 100 may make a front right turn FR or a front
fcft turn. A robot 100 having sonar sensors 530, as described in the exaraples herein,
may employ the backup, turn and align routine deseribed with regard to FIGS. 10A-10D
in this corner condition.

16082] In sowe implementations, the robot 100 hits an obstacle 18a on its right side R
and turns to its left L to avoid the obstacle 18, In some examples, the robot 100 then hits
another obstacle 18b on its left side L. In order to avoid going back and forth between
these obstacles 18, 18b, the robot 100 continues traveling along a trajectory for a set
distance after turning in the original direction (left). This direction-lock command
overrides the reactive behavior system 210a. When in direction-lock override mode, the

control system 210 roaintains a heading in the new direction regardicss unti the robot
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100 travels a threshold distance. Because the sonar sensors 530 of the robot 100 enable
contract free obstacle detection and avoidance, in some examples, the robot 100 has a
direction-lock command that maintains a new heading in response to the detection of an
obstacle 18 with which the robot 100 has not collided.

18883} In some implementations, the robot 100 executes a direction-lock behavior
override 300¢ if the sonar sensors 530 detect two obstacles within a threshold travel
distance. The direction-lock behavior override 300¢ maintains a turning direction,
regardless of obstacie side (the side of the robot 110 where the obstacle 18 exists), until
the robot 100 travels a threshold distance. The direction-lock behavior overnde 300¢
allows the robot 100 to escape confined arcas such as inside corners 26

16084} The sonar sensors 530 cnable the robot 100 to distinguish between walls 24
and other obstacles 18, such as chair legs 18a-18b depicted in FIG. 9B. When the sonar
sensors 530 emit ermission waves 532 on a wall 24, the number of return signals and the
ratio of the timing of receipt are consistent. When the sonar sensors 530 emit erission
waves 532 on chair legs 18a-184, the number of return signals and the ratio of the timing
of receipt are incounsistent. After distinguishing the chair legs 18a-18d from a wall 24,
the robot 100 navigates around and/or through the chair legs 18a-18d and avoids
colliding with the chair legs 1R8a, 18b in a manner that avoids sudden thrashing between
robot travel headings. When the sonar sensors 530 emit emission waves 532, the robot
100 avoids the closest target obstacle detected, here chair leg 18a, by turning around the
chair leg 18a and only switches direction again if a new obstacle 18b is significantly
closer than the first detected object 18a. In some examples, using hysteresis, the robot
100 continues to avoid the first detected obstacle 18a when it changes direction a8 second
time to turn around the new obstacle 18b. In this way, the robot 100 having sonar sensors
530 disposed long the frout face 113 can smoothly avoid chair legs 18a-~-18d and other
collections of non-wall, post-like obstacles. The robot 100 uses the sonar sensors 530 for
contact-free obstacle avoidance and detection without thrashing between headings as i
travels and potentially traveling into a ficld of obstacles 18 from which it cannot extract
ttself, becausce the obstacles 18 are separated by a distance less that the circuradiameter
{the diameter of the circle 107 that circumscribes the robot 100 and includes the front

corners 1134, 113b)
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LRS! Fi(. 14 provides a method 1400 of operating a robot 100 across a floor
surface 10 along a path 60. The method 1400 includes 1410 emitting a sound wave 532
from an emitter 530¢ disposed on a robot body 118, The method 1400 includes executing
1420 on a controller 150 {c.g., on a computing processor} a behavior system 210a (e.g.,
ODOA (Obstacle Detection / Obstacle Avoidance) behavior 300a, wall following
behavior 300b, dirt hunting behavior 300¢, spot cleaning behavior 3004, direction-lock
behavior 300¢). The behavior systern 210a receives a seusor signal from a receiver 530r
disposed on the robot body 110 and executes at least one behavior 300 based on the
sensor signal. The sensor signal is indicative of sound wave reflections received by the
receiver 530r. If the robot 100 1s maneuvering across a surface 10, the behavior system
3060 exccutes 1430 a sonar cmission cycle having a threshold duration of time separating
cach emitied sound waves. The threshold duration of time may be 1 msec, 2 msec, 3
msec, ... 20 rasec. The sonar enussion cycle may have a cycle corapletion period of time
of 45 miiliseconds.

[ 3086} The method 1400 may further include executing a wall following behavior
300b having a wall following distance Wy greater thau an overhang distance Wg if the
robot 100 receives a sensor signal indicating a presence of a wall 24. The wall following
distance Wy is a horizoutal distance between the robot body 110 and the sensed part of
the wall 24 {¢.g., a lower portion 24b of the wall 24), and the overhang distance Wgis a
horizontal distance between an upper outrnost portion 24a of the wall 24 and a the lower
recessed portion 24b of the wall 24. The wall distance Wy 18 the distance between the
robot’s body 110 and the closest part of the wall 24b, plus an offsct that is deterrained by
the application {e.g. to ensure a side brush 128 extending beyond the perimeter of the
robot body 110 just touches a flat wall 24).  During execution of the wall following
behavior 300b, the robot 100 may drive at a threshold distance away from the wall 24,
The robot 100 uses a side ranging sensor 535 to maintain travel at the threshold distance.
106871 In some implementations, the method 1400 further includes executing a
direction-lock behavior override 300e¢ if the controller 150 contacts two obstacles 18
within a threshold travel distance. The direction-lock behavior override 300¢ maintains g

turning direction, regardless of the obstacle side of the robot 100, until the robot 100
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travels a threshold distance. The direction-lock behavior gverride 300¢ allows the robot
to escape confined areas such as inside corners 26.

6088 In some implementations, reasoning or control software, executable on the
controller 150 (c.g., on a computing processor), uscs a corabination of algorithims
executed using various data types generated by the sensor system 508, The reasoning
software processes the data collected from the sensor system 500 and outputs data for
making navigational decisions on where the robot 130 can move without colliding with
an obstacle 18, for example.

[8089] Referring to FI1G. 15, in some implementations, the robot 100 uses the sonar
system 530 to distinguish between walls 24 and non-wall 18 (c.g., furniture, objects on
the floor, ete.). The round robot 100 depicted in FIGS. 6A and 6B inclades an array of
sonar emitters 530e and an array of sonar receivers 530r disposed along its curved
forward surface 113. The curved front surface 113 directs the sonar emitters and
receivers S30e, 530r in directions to the right R and left L of the forward drive direction
F, allowing for a relatively wider overall ficld of view of the sonar system 530 than on
the flat front surface 113, which directs the sonar emitters and recetvers 530¢, 530r
substantially along the forward drive direction F. On the rectangular front robot 100,
sonar emitters and receivers 530¢, 530r can be disposed on the right side R and the left
side L of the robot body 110 to achicve a wider ficld of view of the sonar system 530,
180946] The control system 210 may discern a type of detected object 18, 24 based on
the strength of the sonar echo. For example, the emitted sonar signal 532 will return with
a loud echo on a hard wall 24 and a soft echo on velvet or fabric furniture (non-wall
obstacle) 18, The control system 210 may measure the time for an emitted wave 532 to
return for determining a distance to the object 18, 24, distinguish between hard versug
soft objects 18, 24, and determine where the object 18, 24 is 1n relation to the robot 100
based on which sonar receiver 530r receivers receives the echo signal or loudest
{strongest) echo signal. This may allow the robot 100 to 1dentify, for exarople, a stack of
soft cords. Knowing where an object is also helps the robot 100 determine the closest
target and which angle to turn away from it. In the exaraple shown, the robot 100
discerns detection of a wall 24 based on a hard {strong) sonar echo signal received by the

sonar receivers S30r. Morcover, the robot 100 determines that the wall 24 is located on
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its left side L, based on receiving the loudest echoes on the left most sonar receivers 530r.
The robot 100 also discerns detections of a non-wall obstacle 18, in this case, a chair.
The robot 100 also determines that the non-wall obstacle 18 is located straight ahead
along its forward drive direction F by receiving relatively soft echo signals substantially
evenly across the sonar receivers 530r (i.e., the echo signal is not stronger to the left or
right sides L, R). In response to detecting the wall 24 on its left side L and the non-wall
obstacle 18 straight ahead, the robot 100 (via the control system 218} maneuvers to avoid
the detected obstacles 18, 24 by manecuvering fo its right side R. Using the sonar system
538, the robot 100 may determine the distance and location of the detected obstacles 18,
24 relative to the robot 100 {c.g., relative to the known location of the sonar receivers
530r) and can mancuver to avoid collision with those obstacles 18, 24,

6691} Implementations of the subject matter and the functional operations described
in this specification can be mmplemented in digital electronic circutiry, or in computer
software, finmware, 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, 1.¢., one or more modules of computer program mstructions
encoded on a computer readable medium for execution by, or to control the operation of,
data processing apparatus.

0092} 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
tmpicmentations can also be implemented in combination in a single implementation.
Conversely, various features that are described in the context of a single mplementation
can also be implemented in multiple implementations separately or in any suitabie 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 cxcised from the combination, and the claimed

combination may be directed to a sub-combination or variation of a sub-combination.
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(80934 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 ilfustrated operations be
performed, to achicve desirable results. In certain circurnstances, multi-tasking and
parallel processing may be advantageous. Moreover, the separation of various system
components in the embodiments deseribed 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 produact or packaged into raultiple software products.

183941 A mumber 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 ina

different order and still achieve desirable results.
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WHAT IS CLAIMED {S:

1. An autonomous mobile robot (1060) comprising:

a robot body (110} defining a forward drive direction (F) and having forward and
rearward portions (112, 114) with respect to the forward drive direction (¥}, the forward
portion {112} having a substantially straight forward surface (113) bounded by corners
{113a, 113b) positioned along a circumdiameter of the robot body (110);

a drive system {120} supporting the robot body (110} and configured to mancuver
the robot (100} across a floor surface (10);

a sonar system {530) disposed on the robot body (110}, the sonar system (530}
comprising an array of sonar eontters {530¢,-530¢;) and an array of sonar reccivers
{53011-530r,) arranged along the length of the forward surface (113}, cach emitter {530¢,
530¢y, 530¢;, S30e,) disposed adjacent a receiver (530r, 530ry, 530r,, 530r;, 5301s) and
emitting a sound wave (532}, each receiver (530r, 5301, 530r,, 530r3, 530rs) capable of
receiving sound wave reflections (532), and each emuitter and receiver pair {530¢, 530r)
measuring a distance {Wp) from the forward surface (113} to a wall (24, 24a, 24b);

an optical side ranging sensor (535) disposed on a side of the robot body (110)
and positioned adjacent at least one corner (113a, 133b) of the forward surface (113); and

a control system (210) supported by the robot body (110} and in communication
with the drive system (120), the sonar systern (538), and the side ranging sensor (535},
the control system (210):

determining an angle of approach (u, 8) of the forward surface (113) 1o
the wall (24, 24a, 24b) based on sensor signals received from the array of sonar receivers
{330r;-5308,4);

determining a closest corner distance (Wp) to the wall (24, 24a, 24b), the
coruner distance (Wp) rocasured as a shortest distance frov a corver {(113a, 113b) ot the
front surface (113) to the wall (24, 24a, 24b); and

causing the drive system (120) to turn the robot body (110) to avord
collision with the wall (24, 24a, 24b) and align the forward drive direction (F} parallel to
the wall (24, 24a, 24b) with the robot body (110} traveling adjacent the wall (24, 24a,
24b} at a threshold wall following distance {Wr).
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2. The robot (100) of claim 1, wherein the array of sonar cmitters (530e-530¢;)
includes three sonar emitters {(530e, 530¢;, 530¢,, 530e;) and the array of sonar receivers
{530r1-530ry) includes four sonar receivers {530r, 5301y, 530, 530r;, 53014), the sonar
emitters (530, 530¢;, 530e,, 530¢:) and the sonar receivers {530r, 530, 5301, 530r,,
530r,) arranged 1n an aliernating pattern.

3. The robot (100) of claim 1, wherein the control system (210) executes a sonar
emission cycle having a threshold duration of time separating cach eroitted sound wave

(532).

4. The robot (100) of claim 3, wherein the threshold duration of time 18 15
mitliseconds and/or the sonar emission cycle has a cycle completion period of time of 45
milliseconds.

5. The robot (100) of claim 1, further comprising a bump sensor (540} disposed on
the forward portion {112} of the robot bedy (110} and in communication with the
controtler (150}, actuation of the burap scusor (540) indicating a presence of an overhang
(25) of wall (24, 24a, 24b) closer to the robot body (110} than a recessed portion (24b) of

the wall (24, 24a, 24b) sensed by the sonar system {530},

6. The robot (100) of claim S, wherein the control systern (210) calibrates a signal
value threshold corresponding to a recessed wall (24b) following distance from the robot
body (110) to the recessed portion (24b) of the wall (24, 24a, 24b) that allows the robot
{100} to travel adjacent the closer overhang portion (25) of the wall (24, 24a, 24b) at a

distance {Wp) equal to the threshold wall following distance (Wy).
7. The robot (100} of claim 1, wherein when the sonar system (530) detects a closest

obstacle (1§, 18a, 18b, 24), the control systern (210) executes a direction-lock drive

override command that maintains a turn direction unti the robot (100} travels a threshold
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distance, regardiess of the position of the closest detected obstacle (1§, 18a, 18b, 24) with

respect to the robot (100).

8. The robot (100) of claim 1, further comprising 4 side brush (128) disposed on the
robot body (110} adjacent one of the corners (113a, 113b) of the forward surface (113)

and cxtending beyond the perfracter of the robot body (110).

Q. The robot (100) of claim 1, wherein the forward portion {112} of the robot (100)
has a substantially rectangular shape and the rearward portion (114) of the robot (100}

has a substantially circular shape.

146, The robot (100) of claim 1, further comprising a cliff sensor (528, 520a-5204}
disposed on the robot body (110) and arranged to measure a distance to a floor beneath
the robot (100}, the control system (210) causing the drive system (120} to drive in
reverse and/or turn the robot body (110) in response to receiving an indication of a sensed

chiff from the chiff sensor (520, 520a-5204).

11, A method (1400) of operating an antonomous mobile robot (100}, the method
(1400} comprising:

crattting sound waves (532} from a sonar systern (530), the sonar systern (530)
comprising an array of sonar emitters {530e¢1-530¢3) and an array of sonar receivers
{(5301,-530r,) arranged along the length of a forward surface (113) of a forward portion
{112) of a robot body (110) of the robot (100}, the forward portion {112} having a
substantially straight forward surface (113} bounded by corners (113a, 113b} positioned
along a circumdiameter of the robot body (118}, each emitier (330¢, 530¢;, 530¢;, 530¢3)
disposed adjacent a receiver (530r, 530ry, 530r,, 530, 530r,) and emitting a sound wave
{532), each receiver (530, 530r, 530r,, 530r;, 530rs) capable of receiving sound wave
reflections {532}, and each emitter and receiver pair (§30¢, 530r) measuring a distance

{Wp) from the forward surface (113) to a wall (24, 24a, 24b);

30



o

10

25

WO 2015/094553 PCT/US2014/066351

determining, using a computing processor {152}, an angle of approach (o, 9) of
the forward surface {113} to the wall {24, 244, 24b) based on sensor signals received from
the arvay of sovar receivers {(330r,-53014);

determining , using the computing processor (1323, a closest corner distance (Wp)
to the wall {24, 24a, 24b), the corner distance (Wp) measured as a shortest distance from
a corner (113a, 113b) of the front surface (113) to the wall (24, 24a, 24b};

turning the robot body (110) to avoid collision with the wall {24, 24a, 24b); and

aligning the forward drive direction (¥} paraliel to the wall (24, 24a, 24b) with the
robot body (110} offset from the wall (24, 24a, 24b) by a threshold wall following

distance {Wrl.

12, The wethod (1400) of claim 11, further comprising executing a sonar enussion

cycle baving a threshold duration of time separating cach emitted sound wave (532).

13, The method (1400) of claim 12, wherein the threshold duration of time 15 15
milliscconds and/or the sonar emission oycle has a cycle completion period of time of 43

milliseconds.

14, The method (1400) of claim 11, further comprising:

repeatedly measuring a side distance to the wall (24, 244, 24b) using a side
ranging scusor {535) disposed on 4 side of the robot body {110} and positioned adjacent
at least one corner (113a, 113b) of the forward surface {(113); and

driving along a path (60) substantially parallel o the wall (24, 24a, 24b}) while

maintaining the threshold wall following distance (Wr).

15. The method (1400) of claim 11, further comprising:

receiving an indication of a presence of an overhang (25) of the wall (24, 244,
24b), the overhang (25) closer {o the robot body (110} than a recessed portion (24b) of
the wall (24, 24a, 24b); and

calibrating a signal value threshold corresponding to a recessed wall (24b)

following distance from the robot body {110} to the recessed portion (24b) of the wall
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(24, 24a, 24b) to allow travel adjacent the closer overhang portion (25) of the wall (24,

24a, 24b) at a distance equal to the threshold wall (24, 24a, 24b) following distance.

16, The method (1400) of claim 11, further comprising, 1n response to recciving
detection of a closest obstacle (1X, 18a, 18b, 24), executing a direction-lock drive
override command that maintains & turn direction until the robot (100) travels a threshold
distance, regardiess of the position of the closest detected obstacle (18, 18a, 18b, 24) with

respect to the robot (100).

17, The method (1400} of claim 11, wherein the threshold wall (24, 24a, 24b)
followmg distance enables a side brush (128) disposed on the robot body (110) and

extending beyond a perimeter of the robot body (110} to contact the wall (24, 24a, 24b).

18, The method (1400) of claim 11, further comprising measuring a distance {0 a
floor beneath the robot (100} using at least one cliff sensor (520, 520a-520d) disposed on

the robot body (110) while turning and/or driving in reverse.

19, The wethod (1400) of claim 18, further comprising driving n a reverse direction

and/or turning direction when the cliff sensor (520, 520a-520d} detects a cliff,

20, The method (1400) of claim 11, wherein the forward portion (112} of the robot
{100} has a substantially rectangular shape and a rearward portion {114} of the robot

{100) has a substantially circular shape.
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Emitting A Sound Wave From An Emitter Disposed On A Robot
Body Defined By The Robot

1420
N

Executing On A Computing Processor A Behavior System,
The Behavior System Receiving A Sensor Signal From A Receiver
Disposed On The Robot Body And Executing At Least One
Behavior Based On The Sensor Signal, The Sonar Signal Indicative
Of Sound Wave Reflections Received By The Receiver

E (\ 1430

It The Robot is Maneuvering Across A Surface, The Behavior
System Executes A Sonar Emission Cycle Having A Threshold
Duration Of Time Separating Each Emitted Sound Waves
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