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ABSTRACT

Jun. 29, 2007

A control system for a mobile robot (10) is provided to
e?cectively cover a given area by operating in a plurality of
modes, including an obstacle following mode (51) and a

Related US. Application Data

random bounce mode (49). In other embodiments, spot
coverage, such as spiraling (45), or other modes are also
used to increase e?cectiveness. In addition, a behavior based

Continuation of application No. 11/671,305, ?led on
Feb. 5, 2007, Which is a continuation of application
No. 10/839,374, ?led on May 5, 2004, noW Pat. No.

architecture is used to implement the control system, and
various escape behaviors are used to ensure full coverage.
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METHOD AND SYSTEM FOR MULTI-MODE
COVERAGE FOR AN AUTONOMOUS ROBOT

[0001]

This application for US. patent is a continuation

of, and claims priority from, US. patent application Ser. No.
10/ 187,851 ?led Jun. 12, 2002, entitled Method and System
for Multi-Mode Coverage for an Autonomous Robot, and
related US. Provisional Application for Patent Ser. No.
60/297,718 ?led Jun. 12, 2001.
FIELD OF THE INVENTION

a cleaning rate equivalent to the coverage rate, thus mini

miZing unnecessary repeated cleanings of the same spot. In
other Words, the ratio of cleaning rate to coverage rate is a
measure of e?iciency and an optimal cleaning rate Would
mean coverage of the greatest percentage of the designated
area With the minimum number of cumulative or redundant
passes over an area already cleaned.

[0007] A third metric of cleaning robot performance is the
perceived effectiveness of the robot. This measure is ignored
in the prior art. Deliberate movement and certain patterned
movement is favored as users Will perceive a robot that

[0002]

This invention relates generally to autonomous

vehicles or robots, and more speci?cally to methods and
mobile robotic devices for covering a speci?c area as might
be required of, or used as, robotic cleaners or laWn moWers.

contains deliberate movement as more effective.

[0008] While coverage, cleaning rate and perceived effec
tiveness are the performance criteria discussed herein, a

preferred embodiment of the present invention also takes
DESCRIPTION OF PRIOR ART

[0003] For purposes of this description, examples Will
focus on the problems faced in the prior art as related to

robotic cleaning (e.g., dusting, bu?ing, sWeeping, scrubbing,
dry mopping or vacuuming). The claimed invention, hoW
ever, is limited only by the claims themselves, and one of
skill in the art Will recogniZe the myriad of uses for the

into account the ease of use in rooms of a variety of shapes

and siZes (containing a variety of unknoWn obstacles) and
the cost of the robotic components. Other design criteria
may also in?uence the design, for example the need for
collision avoidance and appropriate response to other haZ
ards.

[0009] As described in detail in Jones, Flynn & Seiger,

present invention beyond indoor, domestic cleaning.
[0004] Robotic engineers have long Worked on developing

Mobile Robots: Inspiration to Implementation second edi
tion, 1999, A K Peters, Ltd., and elseWhere, numerous
attempts have been made to build vacuuming and cleaning

an effective method of autonomous cleaning. By Way of

introduction, the performance of cleaning robots should

robots. Each of these robots has faced a similar challenge:
hoW to e?iciently cover the designated area given limited

concentrate on three measures of success: coverage, clean

energy reserves.

ing rate and perceived effectiveness. Coverage is the per
centage of the available space visited by the robot during a
?xed cleaning time, and ideally, a robot cleaner Would

[0010] We refer to maximally e?icient cleaning, Where the

provide 100 percent coverage given an in?nite run time.

cleaning rate equals the coverage rate, as deterministic
cleaning. As shoWn in FIG. 1A, a robot 1 folloWing a

Unfortunately, designs in the prior art often leave portions of

deterministic path moves in such a Way as to completely

the area uncovered regardless of the amount of time the
device is alloWed to complete its tasks. Failure to achieve
complete coverage can result from mechanical limitationsi

Deterministic cleaning requires that the robot knoW both

e.g., the siZe and shape of the robot may prevent it from
reaching certain areas4or the robot may become trapped,
unable to vary its control to escape. Failure to achieve
complete coverage can also result from an inadequate cov

erage algorithm. The coverage algorithm is the set of
instructions used by the robot to control its movement. For
the purposes of the present invention, coverage is discussed

cover the area 2 While avoiding all redundant cleaning.

Where it is and Where it has been; this in turn requires a

positioning system. Such a positioning systemia position
ing system suitably accurate to enable deterministic cleaning
might rely on scanning laser rangers, ultrasonic transducers,
carrier phase differential GPS, or other methodsican be
prohibitively expensive and involve user set-up speci?c to
the particular room geometries. Also, methods that rely on

global positioning are typically incapacitated by the failure

as a percentage of the available area visited by the robot

of any part of the positioning system.

during a ?nite cleaning time. Due to mechanical and/or
algorithmic limitations, certain areas Within the available

[0011] One example of using highly sophisticated (and

space may be systematically neglected. Such systematic

ing is the RoboScrub device built by Denning Mobile

neglect is a signi?cant limitation in the prior art.

expensive) sensor technologies to create deterministic clean

Robotics and Windsor Industries, Which used sonar, infrared

[0005] A second measure of a cleaning robot’s perfor
mance is the cleaning rate given in units of area cleaned per

detectors, bump sensors and high-precision laser navigation.

unit time. Cleaning rate refers to the rate at Which the area
of cleaned ?oor increases; coverage rate refers to the rate at

code targets at various positions in the room. The require

Which the robot covers the ?oor regardless of Whether the
?oor Was previously clean or dirty. If the velocity of the
robot is v and the Width of the robot’s cleaning mechanism
(also called Work Width) is W then the robot’s coverage rate

is simply Wv, but its cleaning rate may be drastically loWer.

RoboScrub’s navigation system required attaching large bar
ment that RoboScrub be able to see at least four targets

simultaneously Was a signi?cant operational problem. Robo
Scrub, therefore, Was limited to cleaning large open areas.

[0012] Another example, RoboKent, a robot built by the
Kent Corporation, folloWs a global positioning strategy

A robot that moves in a purely randomly fashion in

similar to RobotScrub. RoboKent dispenses With
RobotScrub’s more expensive laser positioning system but

a closed environment has a cleaning rate that decreases
relative to the robot’s coverage rate as a function of time.

With a simple rectangular geometry, e.g. long hallWays. In

This is because the longer the robot operates the more likely
it is to revisit already cleaned areas. The optimal design has

these more constrained regions, position correction by sonar
ranging measurements is su?icient. Other deterministic

[0006]

having done so RoboKent must restrict itself only to areas
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cleaning systems are described, for example, in US. Pat.
No. 4,119,900 (KremnitZ), US. Pat. No. 4,700,427
(Knepper), US. Pat. No. 5,353,224 (Lee et al.), US. Pat.
No. 5,537,017 (Feiten et al.), US. Pat. No. 5,548,511
(Bancroft), US. Pat. No. 5,650,702 (AZumi).
[0013] Because of the limitations and di?iculties of deter
ministic cleaning, some robots have relied on pseudo-deter

ministic schemes. One method of providing pseudo-deter
ministic cleaning is an autonomous navigation method
knoWn as dead reckoning. Dead reckoning consists of mea

suring the precise rotation of each robot drive Wheel (using
for example optical shaft encoders). The robot can then
calculate its expected position in the environment given a
knoWn starting point and orientation. One problem With this
technique is Wheel slippage. If slippage occurs, the encoder
on that Wheel registers a Wheel rotation even though that

Wheel is not driving the robot relative to the ground. As
shoWn in FIG. 1B, as the robot 1 navigates about the room,
these drive Wheel slippage errors accumulate making this
type of system unreliable for runs of any substantial dura
tion. (The path no longer consists of tightly packed roWs, as
compared to the deterministic coverage shoWn in FIG. 1A.)
The result of reliance on dead reckoning is intractable
systematic neglect; in other Words, areas of the ?oor are not
cleaned.

[0014]

One example of a pseudo-deterministic a system is

rather than more distant chambers, early in the process.
Given enough time a gas reaches equilibrium With equal

density in all chambers. LikeWise given time, the robot
Would clean all areas thoroughly. The limitations of practical

poWer supplies, hoWever, usually guarantee that the robot
Will have insuf?cient time to clean all areas of a space

cluttered With obstacles. We refer to this phenomenon as the

robot diffusion problem.

[0017] As discussed, the commercially available prior art
has not been able to produce an effective coverage algorithm
for an area of unknoWn geometry. As noted above, the prior
art either has relied on sophisticated systems of markers or
beacons or has limited the utility of the robot to rooms With

simple rectangular geometries. Attempts to use pseudo
deterministic control algorithms can leave areas of the space

systematically neglected.
OBJECTS AND ADVANTAGES

[0018]

It is an object of the present invention to provide a

system and method to alloW a mobile robot to operate in a
plurality of modes in order to effectively cover an area.

[0019]

It is an object of the present invention to provide a

mobile robot, With at least one sensor, to operate in a number

of modes including spot-coverage, obstacle folloWing and
bounce.

the Cye robot from Probotics, Inc. Cye depends exclusively

[0020]

on dead reckoning and therefore takes heroic measures to

mobile robot that alternates between obstacle following and

maximiZe the performance of its dead reckoning system.
Cye must begin at a user-installed physical registration spot

bounce mode to ensure coverage.

in a knoWn location Where the robot ?xes its position and
orientation. Cye then keeps track of position as it moves

[0021] It is an object of the invention to return to spot
coverage after the robot has traveled a pre-determined
distance.

aWay from that spot. As Cye moves, uncertainty in its
position and orientation increase. Cye must make certain to

It is a further object of the invention to provide a

return to a calibration spot before this error groWs so large

[0022] It is an object of the invention to provide a mobile
robot able to track the average distance betWeen obstacles

that it Will be unlikely to locate a calibration spot. If a
calibration spot is moved or blocked or if excessive Wheel

and use the average distance as an input to alternate betWeen

slippage occurs then Cye can become lost (possibly Without
realiZing that it is lost). Thus Cye is suitable for use only in

operational modes.
[0023] It is yet another object of the invention to optimiZe

(Kobayashi et al.) and US. Pat. No. 6,255,793 (Peless et al.).

the distance the robot travels in an obstacle folloWing mode
as a function of the frequency of obstacle folloWing and the
Work Width of the robot, and to provide a minimum and

[0015] Another approach to robotic cleaning is purely

mode.

relatively small benign environments. Other examples of
this approach are disclosed in US. Pat. No. 5,109,566

maximum distance for operating in obstacle folloWing

random motion. As shoWn in FIG. 1C, in a typical room
Without obstacles, a random movement algorithm Will pro

[0024]

vide acceptable coverage given signi?cant cleaning time.

invention to use a control system for a mobile robot With an

It is an object of a preferred embodiment of the

random cleaning robot must operate for a longer time to

operational system program able to run a plurality of behav
iors and using an arbiter to select Which behavior is given

Compared to a robot With a deterministic algorithm, a

achieve acceptable coverage. To have high con?dence that

control over the robot.

the random-motion robot has cleaned 98% of an obstacle
free room, the random motion robot must run approximately

porate various escape programs or behavior to alloW the

?ve times as long as a deterministic robot With the same

robot to avoid becoming stuck.

[0025]

It is still another object of the invention to incor

cleaning mechanism moving at the same speed.

[0026]
[0016]

The coverage limitations of a random algorithm

Finally, it is an object of the invention to provide

one or more methods for controlling a mobile robot to

can be seen in FIG. 1D. An obstacle 5 in the room can create

bene?t from the various objects and advantages disclosed

the effect of segmenting the room into a collection of
chambers. The coverage over time of a random algorithm
robot in such a room is analogous to the time density of gas
released in one chamber of a con?ned volume. Initially, the

herein.

density of gas is highest in the chamber Where it is released
and loWest in more distant chambers. Similarly the robot is
most likely to thoroughly clean the chamber Where it starts,

[0027] These and further features of the present invention
Will be apparent With reference to the accompanying draW

BRIEF DESCRIPTION OF THE DRAWINGS

ings, Wherein:
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[0028] FIGS. 1A-D illustrate coverage patterns of various
robots in the prior art;

[0029]

DESCRIPTION OF INVENTION

[0043]

In the present invention, a mobile robot is designed

FIG. 2 is a top-vieW schematic representation of

to provide maximum coverage at an effective coverage rate

the basic components of a mobile robot used in a preferred

in a room of unknoWn geometry. In addition, the perceived
effectiveness of the robot is enhanced by the inclusion of
patterned or deliberate motion. In addition, in a preferred
embodiment, effective coverage requires a control system
able to prevent the robot from becoming immobilized in an
unknown environment.

embodiment of the invention;
[0030] FIG. 3 demonstrates a hardWare block diagram of
the robot shoWn in FIG. 2;
[0031] FIG. 4A is a diagram shoWing a method of deter
mining the angle at Which the robot encounters an obstacle;
FIG. 4B is a diagram shoWing the orientation of a preferred
embodiment of the robot control system;

[0032] FIG. 5 is a schematic representation of the opera
tional modes of the instant invention;
[0033] FIG. 6A is a schematic representation of the cov
erage pattern for a preferred embodiment of SPIRAL behav
ior; FIG. 6B is a schematic representation of the coverage
pattern for an alternative embodiment of SPIRAL behavior;
FIG. 6C is a schematic representation of the coverage
pattern for yet another alternative embodiment of SPIRAL

behavior;
[0034] FIG. 7 is a ?oW-chart illustration of the spot
coverage algorithm of a preferred embodiment of the inven

[0044] While the physical structures of mobile robots are
knoWn in the art, the components of a preferred, exemplary
embodiment of the present invention is described herein. A
preferred embodiment of the present invention is a substan
tially circular robotic sWeeper containing certain features.
As shoWn in FIG. 2, for example, the mobile robot 10 of a
preferred embodiment includes a chassis 11 supporting
mechanical and electrical components. These components
include various sensors, including tWo bump sensors 12 &

13 located in the forWard portion of the robot, four clilf
sensors 14 located on the robot shell 15, and a Wall folloWing
sensor 16 mounted on the robot shell 15. In other embodi
ments, as feW as one sensor may be used in the robot. One

of skill in the art Will recogniZe that the sensor(s) may be of

a variety of types including sonar, tactile, electromagnetic,

tion;

capacitive, etc. Because of cost restraints, a preferred
embodiment of the present invention uses bump (tactile)

[0035] FIGS. 8A & 8B are schematic representations of
the coverage pattern for a preferred embodiment of opera

sensors 12 & 13 and re?ective IR proximity sensors for the
cliff sensors 14 and the Wall-following sensor 16. Details of
the IR sensors are described in US. patent application U.S.

tion in obstacle folloWing mode;
[0036] FIG. 8C is a schematic illustration of the termina
tion of the obstacle folloWing mode When an obstacle is
encountered after the mobile robot has traveled a minimum
distance. FIG. 8D is a schematic illustration of the termi
nation of the obstacle folloWing mode after the mobile robot
has traveled a maximum distance.

[0037]

FIG. 9A is a ?oW-chart illustration of the obstacle

folloWing algorithm of a preferred embodiment of the inven
tion; FIG. 9B is a ?oW-chart illustration of a preferred

algorithm for determining When to exit obstacle folloWing
mode.

behavior;
FIG. 11 is a ?oW-chart illustration of the room

coverage algorithm of a preferred embodiment of the inven

tion;
[0040]

[0045] A preferred embodiment of the robot also contains
tWo Wheels 20, motors 21 for driving the Wheels indepen
dently, an inexpensive loW-end microcontroller 22, and a
rechargeable battery 23 or other poWer source knoWn in the
art. These components are Well knoWn in the art and are not

discussed in detail herein. The robotic cleaning device 10
further includes one or more cleaning heads 30. The clean

ing head might contain a vacuum cleaner, various brushes,
sponges, mops, electrostatic cloths or a combination of

various cleaning elements. The embodiment shoWn in FIG.
2 also includes a side brush 32.

[0038] FIG. 10 is a schematic representation of the cov
erage pattern for a preferred embodiment of BOUNCE
[0039]

Ser. No. 09/768,773, Which disclosure is hereby incorpo
rated by reference.

FIGS. 12A & 12B are ?oW-chart illustrations of an

exemplary escape behavior;
[0041] FIG. 13A is a schematic representation of the
coverage pattern of a mobile robot With only a single
operational mode; FIG. 13B is a schematic representation of
the coverage pattern for a preferred embodiment of the
instant invention using obstacle folloWing and room cover
age modes; and
[0042] FIG. 14 is a schematic representation of the cov
erage pattern for a preferred embodiment of the instant

invention using spot-coverage, obstacle folloWing and room
coverage modes.

[0046] As mentioned above, a preferred embodiment of
the robotic cleaning device 10 comprises an outer shell 15
de?ning a dominant side, non-dominant side, and a front
portion of the robot 10. The dominant side of the robot is the
side that is kept near or in contact With an object (or
obstacle) When the robot cleans the area adjacent to that

object (or obstacle). In a preferred embodiment, as shoWn in
FIG. 1, the dominant side of the robot 10 is the right-hand
side relative to the primary direction of travel, although in
other embodiments the dominant side may be the left-hand
side. In still other embodiments, the robot may be symmetric
and thereby does not need a dominant side; hoWever, in a
preferred embodiment, a dominant side is chosen for reasons
of cost. The primary direction of travel is as shoWn in FIG.
2 by arroW 40.

[0047]

In a preferred embodiment, tWo bump sensors 12 &

13 are located forWard of the Wheels 20 relative to the

direction of forWard movement, shoWn by arroW 40. One
bump sensor 13 is located on the dominant side of the robot
10 and the other bump sensor 12 is located on the non

