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COVERAGE FOROAN10AHT ONOMOUS ROBOT 5 CI TATI ON OF PROVI SI ONALe /b AdeéyT! ON Thi s
PCT application clains priority to U. S. provisional application for patent
Serial Nunber 601297,718 filed June 12, 2001. FIELD OF THE I NVENTION 10 Thi s
invention relates generally to autononmous vehicles or robots, and nore
specifically to nethods and nobile robotic devices for covering a specific
area as mght be required of, or used as, robotic cleaners or |awn nowers.
BACKGROUND 15 For purposes of this description, exanples will focus on the
problenms faced in the prior art as related to robotic cleaning (e.g"
dusting, buffing, sweeping, scrubPCTAPEINCATWIN NG or vacuum ng). The
clainmed invention, however, is limted only by the clains thenselves, and
one of skild in the art will recogﬂ@ge‘t"ﬁ‘@“ %/‘é‘ﬁl of uses for the present

i nventi on beyond i ndoor, donestic cleaning. 20 Robotic engi neers have | ong
wor ked on devel oping an effective nmethod of autononous cleaning. By way of
i ntroduction, the performance of cl eaning robots
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shoul d concentrate on three neasures of success: coverage, cleaning rate and
percei ved effectiveness. Coverage is the percentage of the availgpmgT%ﬂﬁce
visited by the robot during a fixed cleaning tine, and ideally, a robo

cl eaner wou| rovide 25 100 percent coverage given an infinpj [ time.
Unfortunatéwvfgﬂg@fbns in the prior art often |eave portﬂgﬁ?&ﬁyngﬁé area
uncovered regardl ess of the anmount of tine the device is allowed to conplete
its tasks. Failure to achi eve conpl ete coverage can result from nmechanica
limtations -- e.g., the size and shape of the robot nmay prevent it from
reachi ng certai METH@D ANDPSYSTEM PORMULTIDAODE COVDRAGE FORURG to vary its
30 control to escape. Failure to_achieve conpl ete coverage can al so result
froman inadequate coverage al 48TQNGMAHS Fage algorithmis the set of
instructions wused by the robot to control its novenent. For the purposes of
the present invention, 2 13 OCT 2006 WO 02/101477 PCT/ U802118450 coverage is

di scussedsas a percent ager REIONOR ﬂd‘a[lgé eﬁPi‘L L y the robot during
a finite cleaningtim._g?mevxamﬁ%ora% ic limtations,
certain areas w thj il ahl.e Jcal Iy negl ect ed.
Such systematic El[glgs Irpedc]t]ﬁ)lp?gglogcé AT ? 1@%&? t‘f% B lgotv ?%Oﬁltaf#%ﬁlﬁgeu% rf%{ror art. 5 A
second neasupetent SeaiacNamhent/2951708 ‘fdeddand 12,180Le i s the cleaning rate given
inunits of area cleaned per unit tine. Cleaning rate refers to the rate at
which the area of cleaned floor increases; coverage rate refers to the rate
at which the robot covers the flrgop oo dasERTIGREt her the floor was
previously clean or dirty. If the velocity of the robot is v and the width
of the rdéot' s cl dhisiimyeniier relatessgen¢rallste avtpnempieyehigksior wpbetsand moww t hen t he
robot's cover i Fml o I [ t drastically
[ over . A 1 obgP T REE B bEnsid o s thled AR Bike { BTl BE

envi ronnent haght te rejuded iofl @r nstdess trobdticdbemneaa selwneh@tvdrse to the robot's
coverage rate as a function of tine. This is because the |onger the robot
operates the nore likely it is to revisit 15 already cl eaned areas. The
optimal design has a cleaning rate eBACRGROUND the coverage rate, thus

m ni m zi n%l unnecessary repeat ed cl eanings of the sane spot. In other words,

the ratid2of cl eafiPhgfrpeseeok hisdssaipton ckamples wilblomessen the pwbleassifaesiency and
in the prior art as related to robotic cleaning (e.g., dusting, buffing, sweeping,

scrubbing, dry mopping or vacuuming). The claimed invention, however, is limited
only by the claims themselves, and one of skill in the art will recognize the myriad of
uses for the present invention beyond indoor, domestic cleaning,

20 Robotic engineers have long worked on developing an effective method of
autonomous cleaning. By way of introduction, the performance of cleaning robots
should concentrate on three measures of success: coverage, cleaning rate and
perceived effectiveness. Coverage is the percentage of the available space visited by
the robot during a fixed cleaning time, and ideally, a robot cleaner would provide

25 100 percent coverage given an infinite run time. Unfortunately, designs in the prior
art often leave portions of 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 limitations -- e.g., the size and shape of the robot may prevent
it from reaching certain areas -- or the robot may become trapped, unable to vary its

30 control to escape. Failure to achieve complete coverage can also result from an
inadequate coverage algorithm. The coverage algorithm is the set of instructions

used by the robot to control its movement. For the purposes of the present invention,
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an optimal cleaning rate would mean coverage of the greatest peré«gnqggz«gﬂﬁof
the designated area with the m ni num nunber of cunul ative or redundant
passes over 20 an area already cleaned. A third netric of cleaning robot
per f or manc®0 62/100&7 per cei ved ef fectiveness of the robot.PW@zﬂ%ﬁgure i s
ignored in the prior art. Deliberate novenent and certain patterned
novenment is favored as users wll perceive a robot that contains deliberate
novenent as weegeisfdisctssed as 2pervintdge of theavsilpble artacdsitaddpyrixt wbatrtiripgr cei ved
ef fectiveness.are.the erfQrmance,cr.iteria di scussed herein, a preferred
enbodi ment of P tﬁ:[‘e' ]i9 lﬁ%r{?‘?cg?fu‘é 316&/ ra%%oéﬁﬁrﬁfcguﬁ%aggﬂﬁtwit% ease of use
in roons of @easavittéd shealvaitdbippacemsly bedyiemali@liphaglaited Suckiaydi@baticof unknown
obst acl es) and. the cost_ of e rohotic . conponents. Qther design criteria

t he roh
may al so | nf‘Pq.g@ﬁE‘éatsP%‘l%‘é‘gﬁ lipitatiog,in ghe pRist &t he 30 need for col I'i si on _
avol dances and apps gathaitak FEBAAANR, BB pelBARELS s S lRtEkiped | 0 detal

in Jones, Flynn & Seiger, Mobile Robot spiration to enent ati on
second edi t i grgn ingBPs ofarga Fleansd per unitdime. dldamihsmisrefess tortbenatec sh®h13 OCT

1006 WD 02/101477-RBCTI 2/ 18450 attenpts, have been e.t uj vacuum ng
and cl eani ng&lﬁ%ﬁ%to ts“.:lg%]e?gﬁ%ﬁ eSS 8%”%% ?terfggersftggge agbaagiwrlf‘i‘q%atﬁe %’lﬁgﬁ | enge:
how t]? effic{tcﬁrla:tslﬂg{ei ?@teégfarrdiassﬁsvihlgﬂhaﬁhdﬂameﬁas ;gé\xiﬁmlﬁ c}léﬁntc@dnejn' af by res;arveﬁ.
W refer to Xi, ma ef fi.cient cleaning, ere the cleaning rate equals the
5 coverage rg'tﬁl‘é"}tyﬁ%_é'f’é‘_?tﬁ”\ ﬁhﬁ“ﬂ‘%ggﬁg‘ﬁ@o%ﬁé c?ﬁ%%ﬁn}eﬁﬁqﬁlls@(aisﬂ, a robot |
fol lowi ngy a cAled KoM Rid)i§ wRRhERBSs b&e&#@ Paté‘is"yﬁﬁ%g%E ButGRRRhGhe! y cover
the area 2 while avoidi %%Oal | redundant cleani ng. termnistic cleaning

requi res t hatatemay beobasticRliplawepot h where it is and where it has been; this

in turn requires Ll oni . Lty Qi ng . - a
positioning syst e‘?nr%gl?%%ﬁ%&lé&g&eﬂaﬁdgﬂggﬁgﬁﬁ3@%%?%%@@%:&% ani ng

m ght rely omclsaspguateghhtaieercasea rdative to thetrslas@ b eerigeanieduadirktion 6ar ri er phase
differential ,GPS, .or other t hods - can be prohibitjvely expensive and
Vol v user iBEt Th I Rsatse iRE PBSY fhe e OPERIea e BOR SISt 1 BUSL Al oo

net hods {{iat alrdaly Meﬁﬁdg}eﬁaath@éﬁﬁdlaéﬁi@ﬁla@a%letamg%é byuitdeRpamet ated by the

failure of any part of the = | .
coverage rate, thus minirnizing unnecessary repeated cleanings of the same spot. In

other words, the ratio of cleaning rate to coverage rate is a measure of efficiency 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

20  an area already cleaned.

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 contains deliberate
movement as more effective.

25 While coverage, cleaning rate and perceived effectiveness are the
petformance criteria discussed herein, a preferred embodiment of the present
invention also takes 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 influence the design, for example the

30 need for collision avoidance and appropriate response to other hazards.

As described in detail in Jones, Flynn & Seiger, Mobile Robots: Inspiration to

Implementation second edition, 1999, A K Peters, Ltd., and elsewhere, numerous




positioning system 15 One exanple of using highly sophisticated (3@

expensi ve) sensor technologies to create determnistic cleaning i t{d 2006
RoboScrub device built by Denning Mbile Robotics and Wndsor |ndustries,
whi ch used nfrared detectors, bunp sensors and hi ion | aser
navi gati on. ‘§§§%5d§érub s navigation system required attach %Haﬁ 22'%6 bar code
targets at various p03|t|ons in the room 20 The requirenent that RoboScrab

be able to se r mul usl cant

oper at i onal pr%t(% '1%%% olt?e crf}%?o lﬁﬁlg Fore s vvasc(?ffa"ﬁtygtrg%ﬁ? oﬁ%ﬁ%ggﬂ}e%ég | ar ge
open areas. Anaoehascacedplsimildrohalieagd: how to effioientiyicovter the debigndt@indreCor por at i on,
follows a gl obal h%gm tioni Er}% strategy simlar to RobotScrub. RoboKent

di spenses wit 1§58 gdEaRreY i tor e expensi ve | aser positioning syst em but
havi ng done so Rob«rm%ter t@Hﬁhﬂﬁ?tefﬁ&ént bt%&ﬁilg “qlete)thé SlealifPteMqhils theSi NI €

rectangul ar geonetry, ng ~hallways. in these nore constr ai ned regi ons,
posi ti on c8r r SeYIr#ss g, @dﬁmmﬁglciﬂgﬂﬂﬁeés shawreintdGi 5A samobpicl leHewingraher

determnistic L1 bhe S. Patent
oo 4 110, oodEle RS pBHShEITE Bl d Shgial REGmpllly SR I Fen ) Pld S P31

5, 537, 017 ( Feiaveidingtallabdundari, cfeﬁ&nglll)e’(eﬁmmsnoﬂe)mmére@ﬁﬁesﬁﬁﬂ thesvbiot Know Because
of the I|mta:l?gIS and di fficul ti es of determnistic cleanln sone robots

have relied o 1t iqnd whete ¢ stbeﬂl, %WI{S’P’]‘&%W?% ng 4 13 OCT
2006 WO 02/ 1G&hérd pE’s@Térh%s’%/st%WQ Wﬂ%’%@&ﬁrsmtéﬁlﬁhdcﬁraﬁé RB[A i s an

aut ononous navi gat] on nethod known as de reckonin Dead reckoni ng
consi sts df rr@a’@tmmwgwkémpg@@glﬁéelmtla@an@wgéasemgﬁr&,@Bwom@itrmﬁéume| (usi ng

for exanpl e %Efrféﬁathﬁg'ﬁfffer&ﬁﬁp@% %nth@'&eﬁl%’é)t cdtf Blt&r g%g%e%@e aﬁ& S

expect ed position € envi ronment glven a kno
orientation. mGhe qsemt-amspuctﬂctbI&les;)altmmhmrqnmgeome\hﬁmelAlsj nmﬂmgethatf sI i ppage

occurs, the encoder, .o at . wheel I.sters, e ot atj on t hough
Chat  wheel i < 300 aioba] psoniot Fowbapeeo i ibishiay st St 1 5 Rl G
1 B, as the rq;bgtlolﬁngaygtmt es about the room these dr| ve wheel slippage

errors accumul ate naking thls type of system _unreliable for runs of any
substanti dP durat i &ne examplephnsingbighlysgihisticated (andexpensive) sensor -

technologies to create deterministic cleaning is the RoboScrub device built by

Denning Mobile Robotics and Windsor Industries, which used sonar, infrared

detectors, bump sensors and high-precision laser navigation. RoboScrub’s navigation
system required attaching large bar code targets at various positions in the room.

20  The requirement that RoboScrub be able to see at least four targets simultaneously
was a significant operational problem. RoboScrub, therefore, was limited to cleaning
large open areas.

Another example, RoboKent, a robot built by the Kent Corporation, follows a
global positioning strategy similar to RobotScrub. RoboKent dispenses with

25  RobotScrub’s more expensive laser positioning system but having done so RoboKent
must restrict itself only to areas with a simple rectangular geometry, e.g. long
hailways. In these more constrained regions, position correction by sonar ranging
measurements is sufficient. Other deterministic cleaning systems are described, for
example, in U.S. Patent Nos. 4,119,900 (Kremnitz), 4,700,427 (Knepper), 5,353,224

30 (Leeetal.), 5,537,017 (Feiten et al.), 5,548,511 (Bancroft), 5,650,702 (Azumi).

Because of the limitations and difficulties of deterministic cleaning, some

robots have relied on pseudo-deterministic schemes. One method of providing



10 tightly packed rows, as conpared to the determ nistic coverage ﬁ; é\f :U(Q
FIG IA) The result of reliance on dead reckoning is intractable @ Bt i c
neglect; in other words, areas of the floor are not cleaned. One exanpl e of
a pseudo-deternministic a systemis the Cye robot from Probotics, ILnc. Cye
depends exc™f&1X8147 on dead reckoning and therefore takes PAEUSBIBSE measures
to maxim ze the performance of its dead reckoning system Cye nust begin at a

user-installed physical .registrati.on spot in a known | i on wher t he
fobot fixes | (BRSNS IGIETS 8t F OREoRsys TrYEr R eRgod Koo B i Bosi t1 on as
it noves awayretkodifgl T3¥ad Setkbning\Sors}sts dTAWRSuring MkSprbclbdYoation of &a2h psbdt t | on and
orientation increase. make certain to return to a calibration spot

Cye nust >
before this 20 vdeeliuging fasxpmplsoptisn shafiengpders)p dherabpkeanghengaleglals e a
cal ibration spgexnk F ' ] Qb:Bb Q6 iehfati§xxcessi ve
wheel sli ppage o%xgu(fftg@ Oﬁgﬁnggfétéggﬁo -ecoﬁie‘]%rl1 ggft{@“?rbosm g?gﬁ&%%ﬁﬂ@%gl I zi ng
that it is Jos©he problem Wiglethistegmiquelis whéebslippage 16 slippagsoacatsathe erdoders mal |

beni gn environ er examples of this.apnreac re disclosed in U S.
Patent Nos, 5, %@é@‘g}éﬂ% %5&5%%@5% eezfo%tfc)n eé{ﬁla‘hﬁ‘?éb ?H‘S?G?E&Oggrévm% ®et al.).
Anot her appr oa@bot relatiod®tthe grohed nhHighona i BTG 1B, ashd @sboiD hvipates’sboshthgn i N

FIG 1 C, in a typical roomw thout obstacles, a random novenent algorithm
will provide @eéememréve_c‘m Aipeaasiapiers aopymtiate sngkmechis AReRy SYSSR. - Conpar ed
to a robot Wi fdielhbiohof il Bf Sty b@hPRl dibriibn. ITAARHRED fnga UoRMsts BP0t MuSt
operate for a longer 30 tine to achieve acceptable coverage. To have high
conf i dencelQ hatightiy@agked dovs, 2spempared tolhe determingstissnoweragdsovn imFlGHdtacl e- fr ee
room the rand ' £ CJ 1. 0 477 R | ] S02/ 18450
must run appr o@l;@rra el‘ %}F]il%ﬂg%ln ﬁ‘%ag ]rg%kgm%'ﬁé ’éé&(ga bée\elgesfer%n{aﬁ?é?%q%a’r% oe%vvi th the
sanme cl eani ngworlsacusofithediconareabt tlemedane speed. The coverage limtations

of a random al gorithmcan be seen jn FIG 1. D. An .obstacle 5_in the room can
create the effect o n%@ﬁ‘ﬁ@?ﬁ‘?fsr‘?gPsF ‘@%WW&S&StE‘BI‘?g‘EéBH&%ﬁB? chanbers.

The coverage omboﬁdsmc.oi:yedéﬂﬂat%ﬁcﬁllsﬁa?iohfaead@aaimﬂgrhnatﬂﬁéaeﬁrer&wm is
anal.ogous to the tinme density of gas released in one chanber of a confined
vol une. 15  heroic measures to maximize the performance of its dead reckoning system, Cye

must begin at a user-installed physical registration spot in a known location where
the robot fixes its position and orientation, Cye then keeps track of position as it
moves away from that spot. As Cye moves, uncertainty in its position and
orientation increase. Cye must make certain to return to a calibration spot before this
20  error grows so large that it will be unlikely to locate a calibration spot. Ifa
calibration spot is moved or blocked or if excessive wheel slippage occurs then Cye
can become lost (possibly without realizing that it is lost). Thus Cye is suitable for
use only in relatively small benign environments. Other examples of this approach
are disclosed in U.S. Patent Nos. 5,109,566 (Kobayashi et al.) and 6,255,793 (Peless
25 etal).
Another approach to robotic cleaning is purely random motion. As shown in
FIG. 1C, in a typical room without obstacles, a random movement algorithm will
provide acceptable coverage given significant cleaning time. Compared to a robot
with a deterministic algorithm, a random cleaning robot must operate for a longer
30 time to achieve acceptable coverage. To have high confidence that the random-

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



Initially, the density of gas is highest in the chanber where it is rel eased
and lowest in nore distant chanbers. Simlarly the robot is nost likely to
t horoughly clean the chanber where it starts, rather than nore dﬂsmad%%
chanbers, early in the process. 10 G ven enough time a gas reaches
equilibriu ual density in all chanbers. Likew se_gi t he

r obot mnulgkﬁ%gnﬂﬁg areas thoroughly. The |imtations ongégg% |caI power
suppl i es, however, usuaIIy guarantee that the robot will have insufficient

e Lot eon Rt BOF B P LS Bl 1

commercially alcmmhgbieehqmsnomoamgahaesmm&sﬁeahn able to produce an effective
coverage algorith an ar. not e ove, the
prior art either WE@G PYereeg 18?’1 g ?’%P’ea‘ég‘g&? feeprétfﬁ[g'zBof’rbeacons
or has |im tedbithge §ltd mbwor@&aﬂé}@atéaeeffe&t@fgéga{éﬁuﬂg hB r&doiBlt®a ESRE@ROUl ar

geonetries. Attenpts to use pseudo-determnistic control algorithns can

| eave area$ ot elvenbspsa ddie coveragesaveridine efbd 1apdere glest tharrobal TOPNTHHE

I NVENTION It i f tem and
met hod to al Iagz\]/lv u?rg({)ﬁgtg#odghgg’t&c}fggiggg éé‘ rﬁl{ﬁﬂé éﬁ&&%g &\ﬁlﬁg&l @oéesél n order

to effectivel )Tmtmib_sethe @551amfzg|aem hlgIEstlmthamhmh]mcwhem‘lt isheleaneéamhlowestvent ion to

provi de a nobi.le ro B sens nunmber of
P et e v it ot st e S iR Rk e W0 besiy Bl T ORE Rk cidhn Bl 1"
further obj ectch@fibdr Mheidtysisutd, eaihdrmrmedemtmbleﬁ éa@mﬂierpaéce@ ternat es 30
bet ween obstacle follow, ng and bounce node to ensure covera IS an

obj ect of Phe Girgpsmergntimg a gas igaches eauilibsiunt with eeupd demsityin al arét has
traveled a pr l%%é%rg%é?ﬁﬂgg 'ﬂ?etr%ﬂft%% i éWme%ro%O}g Cﬂlﬂ?aaon

PCT/ US0211845 I's an obj'ect o e Inventiron to a rmbl robot
able to track ptawacalavwma@pphhsshmer netalig gnaraiied thel thsrmﬁwﬂlslmvbhe average

di stance as aqnsluﬁpcwnt glme to c ean Q?&r%asb ?tavé’ﬁfc% c? ere% c)atalstargfc):(sj.eﬁfe refer to

this phenomenon as the robot diffusion problem.

15 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

20  systematically neglected.

SUMMARY OF THE INVENTION

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
25  anarea.

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.

It is a further object of the invention to provide a mobile robot that alternates

30 between obstacle following and bounce mode to ensure coverage.
Tt is an object of the invention to return to spot-coverage after the robot has

traveled a pre-determined distance.



It is yet another object of the invention to optim ze the distance the robot
5 travels in an obstacle follow ng node as a function of the freguencwipf
obstacle following and the work width of the robot, and to provide a m ni num
and maxi mum distance for operating in obstacle following node. It is an

obj ect of Qv(p&%%g{.,x;ed enbodi ment of the invention to use g-Gp&hiifsy System
for a nobile robot with an operational systemprogramable to run a plurality
10 of behaviors and using an arbiter to select which behavior is given

control over the robot . Ls.still another obj.ect. of .nvention to

I ncor porate vari oItﬁés agﬂs%béeﬁ(kagf%‘ragg%tﬁosn%rpr%vé A rleterCe’fl""lb%wgttr gk&‘gbot to avoid
becom ng st uaderageidistdricy betinleen Sbstitles hdnde thd avieheage idivvmpé han inputps ovi de one or
nore nethods for 5 control]i a nmobil e robot to benefit fromthe various
obj ects and HRAALE Bjween regtiog g&”‘iﬁ‘érr ein. BRI EF DESCRI PTI ON OF THE DRAW NGS
These and furtheryioak w@BerQbjebt 6 the RS&Hon O YRithizE theWidtdnck thedBR@r €nt Wi th 20
reference to the acconpanyi n[q drawi ngs, wherein: FIGS. |A-Dillustrate

cover age Pat travalsingn obsinsle fdlomangpmeds g5 a firactioniod thesfraquencyofobstadles 5 t op- vi ew

schematic re i ] ' ' 0 . ' used in a
preferred en‘%@?‘%@t‘%ﬁgvﬁg{ ‘%@@eﬁﬁiﬁ%ﬁ;}ﬁg %&O@%%‘é%inlgﬁj Igp}g};ﬁgqﬂ%‘?ﬁ%r e bl ock
di agram of t Hstancdhfot opdrating intobsthdl followidgmédeG. 4A is a di agram showi ng a

met hod of determpi.ng the apgle_at which the _robot encounters obst acl e;
FIG 4B is a di agﬂésrﬁ%s%%tﬂggi"ﬁéeﬂﬁﬂi odimestotihe mventiond BieALOMBhdi nent  of

the robot COBste fof ¥ PWMe réBoBwifh ah DpeaB&GREFRih P batn 8 piedlieg he

operational npdes of the instant invention;, 30 FTG 6A is a Schematic

repr esent@t i ehbekpviprsangd yyiag an aerbifar toselactrwhichhbebpepeisgiven centd @verdhe of SPI RAL
behavior; FIG, 6B is a schematic representation of the coverage pattern for
an alternative énbodi rent of SPIRAL behavior; FIG 6Cis a 7 13 OCT 2006 WO
02/ 101477 PCTI USOR/Asl8bhother object of the invention to incorporate various escape

programs or behavior to allow the robot to avoid becoming stuck.

Finally, it is an object of the invention to provide one or more methods for
15  controlling a mobile robot to benefit from the various objects and advantages

disclosed herein.

BRIEF DESCRIPTION OF THE DRAWINGS

These and further features of the present invention will be apparent with

20  reference to the accompanying drawings, wherein:
‘ FIGS. 1A-D illustrate coverage patterns of various robots in the prior art;
FIG, 2 is a top-view schematic representation of the basic components of a
mobile robot used in a preferred embodiment of the invention;
FIG. 3 demonstrates a hardware block diagram of the robot shown in FIG. 2;
25 FIG. 4A is a diagram showing a method of determining 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;
FIG. 5 is a schematic representation of the operational modes of the instant
invention;
30 FIG. 6A is a schematic representation of the coverage pattern for a preferred
embodiment of SPIRAL behavior; FIG. 6B is a schematic representation of the
coverage pattern for an alternative embodiment of SPIRAL behavior; FIG. 6Cis a



schematic representation of the coverage pattern for yet another agtgerqﬁfgive
enbodi mrent of SPIRAL behavior; FIG 7 is a flowchart illustration of the
spot -coverage algorithmof a preferred enbodi nent of the invention; 5 FIGS.
8A & 8B are _schematic representations of the coverage pattern for a

preferred eWRIH'HeHt of operation in obstacle followi ng mPEEUSEIBISOA is a
flowchart illustration of the obstacle follow ng algorithmof a preferred
enbodi nent of the_invention; FIG 9B is a flowchart illustration of a
preferred al ¥8PPRtERePIGPentAsion ofthei caveagtatiets fasyet awpiaer aH8aYS! | owi ng node. 10

FIG 10 is xﬁﬁ&ﬁtﬂ@ﬁt'g Eg@g@gaﬁyf&l on of the coverage pattern for a preferred
enbodi nent of BOUNCE avior; FIG 11 is a flowchart illustration of the

room cover age al gdfa. fihmﬂbW@harpﬂbIS'ealtr(defdrﬂﬁpdh-mnltag@ﬂlgoﬂmém afwent i on; FIGS.

12A & 12B ar ns of an exenplary escape 15 behavi or;
FIG 13Ais refe &??%Iﬁeréporfle@e %élf ?)oh of -t he coverage pattern a nobile robot

with onlysa si ngIEGSpSA& 8Bnal schaﬂﬂicrEﬂ:ﬁenﬂaﬁ&ls of the avbepBbatent fpaesent ati on
of the coveraPe ga‘tn%#n for preferred e d| nment .of the instant invention
usi ng obst acPEFTEEF 1H’§ma‘rfd’PPr&HH’i‘ faglg o moé‘r’wd 20 FIG 14 is a

schematic repr eseF!habACiE‘a %ﬁﬁéi&ﬁﬂ%%@&ﬁofﬁﬁé&%faelefﬂﬁovﬁngﬁ%B a embodi ment

of the instant invention usi ng spot coverage, O bstacl e omnng and room

coverage nodesfereiTmbpdEmenasiti myetiunFIGT OB iPRECFRREDIEFRGIVERT 25 I n t he
present i nveﬂltefe%da% HBB% l’o?dét%&%u{ h%ﬁ% g)Etergbs{agle%ﬁ)o lggm él mum coverage at
covera ra .

an effective inaro nown geone n addition, the
per cei vetl ef f ect | Fi€he8 & dichtihaticr epetentasion nﬂﬁ:a@erzbnig;s patiemnifacd prefietrad of

patterned or I ber n addition, in a preferred enbodi nent,

ef fective co%g%dé ent gﬁqﬁétg‘n%rﬂrol systemable to prevent the robot from
becom ng i.nmmobi | i gred 11 i Alow-3RarkiHEEMIN P WerOsHRHeragbhildopitih8f Physi cal
structures of nobile robots are known in the art, the <conponents of a

preferred, erwsfesedembeditmsat ofthe inyentionz present i nvention is
FIGS. 12A & 12B are flow-chart illustrations of an exemplary escape

15  behavior;

FIG. 13A is a schematic representation of the coverage pattern 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 coverage modes; and

20 FIG. 14 is a schematic representation of the coverage pattern for a preferred
embodiment of the instant invention using spot-coverage, obstacle following and

room coverage modes.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

25 In the present invention, a mobile robot is designed to provide maximum

coverage at an effective coverage rate 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
30 unknown environment.

While the physical structures of mobile robots are known in the art, the

components of a prefetred, exemplary embodiment of the present invention is



8 13 OCT 2006 WD 02/101477 PCTI US02118450 described herein. A prefeilfeg;
enbodi nent of the present invention is a substantially circular robotic
sweeper containing certain features. As shown in FIG 2, for exanple, the
nobi l e robot 10 of a preferred enbodi ment includes a chasgj pporting
nmechani cal A& et rical conponents. These components ingﬁﬁgé&zgsgsgri ous
sensors, including two bunp sensors 12 & 13 located in the forward portion

of the robot four %Hff sensqrs 14 | gcated on the robot shell 15, and a wall
fol | owing serf8frtbed hersimn s Brefred gmbpdigsnt ofife presest inventionies subslsaiiallfent s, as

few as one seng@filar IBYLOKy a%oh&rlﬁgece&@ﬂq&am@ew&ho%lhlmm e art will

recogni ze that the sensor(s of a variety of types i ncl udi ng sonar,

tactile, el ect%m@nﬁﬁmblbm&ﬂ@ pfﬁepreﬁrred embodmeniindudds achassisrldstrai nts, a
preferred enb ;}EHE f | e) sensors 12
& 13 and refl %gb Ve %%ed{rag% rr‘%:ljt%;%flersa{élr%gczrs %)hé}{%% ﬁlih%gi cg?#%glg%gl%ﬁggm and the
wal | - f ol | o ng/aﬂeumnsotﬁ indDetiag tvwe fny deasdril S&MSdomtalia ticfoovardeattionn U. S.

Pat ent Applicatlon S. .09/ 76 73, .which discl re.is by,

i ncor por at ed (RF thedphotefd ulqﬁerﬁorﬁﬁéz‘é‘iafe&? él?ﬁ)@g?tr?gﬁﬁgiﬂn@ﬁ aﬂ%ﬁ@l‘%% o)
contains two Vyaﬂé%lr%ﬁﬁ)unﬁ'ﬂfoﬁﬁﬁergﬁotsﬁa[ISjrh‘HtHéGeﬁlBS‘d]H{@@Q'a%fé\@ﬂ@M%ﬂ y, an
I nexpensive | owend m crocontroller and a rechargeabl e battery 23 or

ot her power sdB#tke ueaditthe foboheOng @fSkllﬁnJ@sﬂ@e arpwithseeanizs thatdhasensor@@hd®h in t he
art and are n device 10
further inclu esﬁgﬁéﬂ%?%najpe %F%%gng eacgg gg&rﬁ%&%ﬁé %P Jgﬁﬁ%& eadVIm' ght

contain a M)ac UeTause @f nest res&aimtsompreﬁamdhﬁﬁ)pdlmnwahc prexEnsinvergioackesost at i €

cloths or nbi n of vari n enents. The_e shown
in FIG 2 al sgb @theg s%{lsgﬁsgé ‘ler(l% g UKgIﬁerrﬂ%ﬁFnéﬁﬁwnﬂ?e cqﬁfgf erred
enbodi ment of deherd Phald the GBI VAN SIS 6. Iﬁtaﬂ@@ﬂief’lﬁ%erﬁiﬂrs% &fscritiegl | 15
defining a dom nant_side, non-dom nant side, and a_ 25 front portion of the

robot 10. The B&hHSFatnt dpghicasion Use SN 08768473, merich discloseais here®ept near or in
contact with ap b bl YereRRSt acl ) when the robot cleans the area adjacent
to that object %&Pér?r% g{eégﬂ I'n a preferred enbodi ment, as shown in FIG 1,
the domi ndént side fbprefmdreoﬂmdlmcm ofsthe rcéotalgmontmsdwwdse]lséDanbwsi?ﬂo t he

primary dir ethoP Eﬁving the wheels independently, an inexpensive low-end microcontroller 22,

and a rechargeable batfery 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 fiirther includes one or more cleaning heads 30. The

20  cleaning 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.

As mentioned above, a preferred embodiment of the robotic cleaning device

10 comprises an outer shell 15 defining a dominant side, non-dominant side, and a

25  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

30 side. Instill other embodiments, the robot may be symmetric and thereby does not

need a dominant side; however, in a preferred embodiment, a dominant side is



of travel, although in other enbodi ments the dom nant side may be L&@

| eft-hand 30 side. In still other enbodi nents, the robot nay be s'ly'3 t1% and
t hereby does not need a dom nant side; however, in a preferred enbodi nent, a
dom nant Si%(iZ?lﬂl?l }3 OCT 2006 WO 021191477 PCT/ US02118450 chosen for
reasons of COSPMAE primary direction of travel is as shRE/VHZEHE 2 by
arrow 40. In a preferred enbodi nent, two bunp sensors 12 & 13 are | ocated

forward of the wheels 20 relatiye t.o the direction .of forwar vement ,
Cown. by 6r r oWEah 6 ysanyifaeet AR SHmet Geeclio st n e ORI e e of
the robot 10 apdwidoe other bunp sensor 12 is |ocated on the non-dom nant

side of the robot 10. Wien both of these bunp sensors 12 & 13 are_ activated
si nul t aneousl y, t h& # piséuredembedimgat. sue bump sessers 1513 predopated formardsefsi t i on.

I th nmbogy ‘ s dE M I d.
n other emboghdeales zoq@%ﬁvé){o theWRLctibR O Mreitd m%@%%ntﬁi@?@@cfy%g%%ﬁbe use

Li kew se, any nunber unp sensors can be use the device into
any nunber Sof Grediumip ssesprrih isslocapwd dnethé dominpntesideraf ¢k rebttddiamd thte athee  bunp

sensors 12 & are JR. break am sensors. activat.ed ntact .bet ween the
robot 10 and éﬁmgﬁg?sgﬁﬂ%quB?aﬁeteareontr%%E%n"g?m@%ﬁ§bqﬂ§%g’fﬁgﬁ%qﬁsé@}mibﬁgﬁ di ng

mechani cal  suhdse beap afoBdRIE 13 bieachefriaiBultdabustis tiRGbb4ita répaigédance of
obj ect s touchi% the rqgbot or, between two petal plates in qE‘h,e bunper that

are conpressed °IEHht_th8 m%fiq%nl%‘éfh?%?é%bogglﬂ@&s QorWifE‘HeraiP W@lﬁ@mpobot to
sense proxi m tyndsA @RIbE Gl \Miﬁéeﬁée]g anygﬁh;ﬁ?deﬁta%ﬂ%naﬁn&ﬂgc{}gsg@]bﬁehﬁe &fille such as

capacitive sensors or a curtain of | g n e used. It is useful
to have a l9endly dayicedntnsoy sumbestof zadial negmentsl Whild io atppefered embodimeutieace has

been contacte r_| ) t al.so the angl.e relatiyve t he,robot at
whtch the 20 tebischPrERk R e M trel B b PRt S Ll AR E ™' ¢ e
robot is abl e rblsotdalagd hdbstiche othenBpddair s orsiche batdet Viatluding afeclidmécar | ght and

| eft bunmp switches 12 & 13, if both are activated. The robot js then able to
estimte the WY Sé’PdﬁﬁRa&WVEB?W%Ehﬁtdﬁgctﬁ%Paqﬂﬁm& Péle@‘isrt@’&luéﬁ%di ment

shown in FI G bt of BawREHRyoSRAES1ateSRhd er thab B ebRpFBSA IcemhetbuNPEr 44 at
the front of the robot with sensors 42 & 43 25 substantially at the two ends

of the bunifer Navegontgashseasarhevhighvadloavihe ofbot tecsehrgrppesimity to objects without
physically touching the object, such as capacitive sensors or a curtain of IR light, can
also be used.
It is useful to have a sensor or sensors that are not only able to t(?ll if a surface
has been contacted (or is nearby), but also the angle relative to the robot at which the
20  contact was made. In the case of a preferred embodiment, the robot is able to
calculate the time between the activation of the right and left bump switches 12 &
13, if both are activated. The robot is then able to estimate the angle at which contact
was made. In a preferred embodiment shown in FIG. 4A, the bump sensor comprises
a single mechanical bumper 44 at the front of the robot with sensors 42 & 43
25  substantially at the two ends of the bumper that sense the movement of the bumper.
When the bumper is compressed, the timing between the sensor events is used to
calculate the approximate angle at which the robot contacted the obstacle. When the
bumper is compressed from the right side, the right bump sensor detects the bump
first, followed by the lefi bump sensor, due to the compliance of the bumper and the
30  bump detector geometry. This way, the bump angle can be approximated with only

two bump sensors,

10



When the bunper is conpressed, the timng between the sensor events g guggd
to calculate the approximate angle at which the robot contacted the -
obstacl e. When the bunper is conpressed fromthe right side, the right bunp
sensor detects the bunp first, followed by the left bunp sensor, due to the
conpl i ance WP %¥HE4Bunper and the 30 bunp detector geomet r YCTHRIZEISHEY  t he
bunp angl e can be approximated with only two bunp sensors. 10 13 OCT 2096
WO 02/ 101477 PCT/ US02/ 18450 For exanple, in FIG 4A, bunp sensors 42 & 43 are
abl e to divide thdorfesampledngda: +hbusip sensory Bodtd3iam Dletodividgthens (1-wt) .

VWhen a bunp s = |V ; ~gal laqe before the,
ot her sensor %@%@ﬁ@gfgogh%eilﬁggtgmglts .eélg%g¢I e 'a%@%ggﬁgE%S ltalgfi ght bunp
sensor 43 is ativatedttbarobbhalaubdiestthertms before thiether seesds i dctivied Gf & atlhe | ef t
bunp sensor is activated. 1f .t is |less,than t1l. then the robgt . assunes
cont act occufﬁcgc?x?lﬁplltﬁe B%SF V.E{“i‘?mfp ﬁegsoérﬁ%éﬁ aé’ﬁv?tﬁ% eoﬁpg‘étcfﬂ%ﬁsmf% P¥nd | ess
than t2, 3heq)bdieretiobleft bampubmsr 4D RtaatatoRIf NBURS than S He@heMobdtl t 1S
greater than or equal to t2 é_i ncl.uding the case of where the |eft bunp
sensor 42 is #ovmexqontast ecqumed iy rpgign Iy Kt isgreaterithan orsAnalde b@nd leshian ¢ he robot

assumes the cohacthe ool hEsRhed Ebrft&:gmﬁ‘myaeinlré%j'&bv. l@u@gmate?ﬁfalﬁeféq e

activated si mﬂtqneou_sly, the robot assunes the contact was nade rom
strai ght aheat.t: (indlsding thesdseoeiwhisee the edt b sethsor 4@ is toe attivatedrat alh withian

arbitrarily large nunber of .regions.(for eat er precisi.on). depending on of
the timng usggmﬁaﬁﬂoﬁg’cﬁ&qﬂ?%r@%gﬁﬁﬁﬁe ©c %ﬂé % egﬁye)glr?,n hrn@téesensors
can be ustdl tbumg sdnsotk afetactibtedsinmltairghdy,ithe fobstessutheyrisionnRt wiksthaded of | ust
two dinensions as in the 15 _precegi ng, exa enbodi ment al so

le, A ferred
contains a walPUsErEBydNeEd. oFhignetogsmbe ‘i‘sﬁg?hegjéﬁé"oﬁ‘;%@%’rﬁgﬁﬁoe@ on the _
dom nant si deg@firatifielatRBRnbiCof rhfloRs B6rr&idr HEbcRING €t iBBing onloPfheWilihg f O | OW ng

fbc i
sensor is an IR sensor conposed of a emttgf and detector pair coflimted
so that a fi nised apdpemmetofolit mpect Asan exdension, ireetshusoexgpadeasedtosi ti on of 20

wheel it heoroat elfirene BB RREE RS A SR R 1
detectionlfs piecading &atipld. nches.

A preferred embodiment also contains a wall-following or wall-detecting
sensor 16 mounted on the dominant side of the robot 10. In a preferred embodiment,
the wall following sensor is an IR sensor composed of an emitter and detector pair
collimated so that a finite volume of intersection occurs at the expected position of

20  the wall. This focus point is approximately three inches ahead of the drive wheel in
the direction of robot forward motion. The radial range of wall detection is about
0.75 inches. |
A preferred embodiment also contains any number of IR cliff sensors 14 that
prevent the device from tumbling over stairs or other vertical drops. These cliff
25  sensors are of a construction similar to that of the wall following sensor but directed
to observe the floor rather than a wall. As an additional safety and sensing measure,
the robot 10 includes a wheel-drop sensor that is able to detect if one or more wheels
is unsupported by the floor. This wheel-drop sensor can therefore detect not only
cliffs but also various obstacles upon which the robot is able to drive, sach as lamps
30  bases, high floor transitions, piles of cords, etc.

Other embodiments may use other known sensors or combinations of sensors.
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A preferred enbodi mrent al so contains any nunber of 1R cliff sensors %Zbﬁ[.z@@
prevent the device fromtunbling over stairs or other vertical drop%.

cliff 25 sensors are of a construction simlar to that of the wall follow ng
sensor but to observe the floor rather than a O&

addi ti onal gdq(ﬁﬁwand sensing neasure, the robot 10 |nc\IAﬁ]L T§US%§/ el -drop
sensor that is abI e to detect if one or nore wheels 1is unsupported by the

floor. This wheel - p, Sensor. er.ef.or e d ect onl ffs but also
various obstacl es %B@h?’ wcst?llaﬁ El K 1§gr31511 ° ﬁ?@e ocl,’ﬂ%‘éfs | amps 30
bases, high f|pi'£férréd@.ﬁbddim&ﬁt$fﬂﬁuhﬁm@ﬁ I@ldrpist‘erred ﬁnbdﬂhhﬁit £htissbodent s may use

ot her known s conbi nati,ons _of .sensors. 2006 02/ 101477
PCT/ QS02/ 18450V PRGCXFCPORRCEIS0T4F Wi 3 BRARORE eaﬁ?ep%%{%w%meﬁ%& and

robot of a prafeL{ied ¢ rIpodl nent .
a W nbond \/\7/8X>§(Msgr |r%?6 %o@sﬁuﬁsfgbﬁpsdeﬁvﬁ?twog%%gﬁéﬂmw

conpati bl e 5w tlﬁcbﬁi@dm@ whieh isylividadrlos® formproegssarsperdsd 38/ MHgoltthes 256
byt es of RAM 4 ' i vi ded down
for a processor speed %*B%\gfsmémﬁgeﬁhaé&%ﬁ%%ﬁﬁgg?#% sadrr%a@sed for

triggering i ntgeneraptontpus signdloapwetassswaetiiog timeanthe lgenﬁrt%efmmfmhmﬁ gnal s as
wel |l as a watchd r. The Iowe bits of f are al so used as
appr oxi mat e raf"ﬁ‘dglg‘?m? ARPIGHEAE ‘i?&éﬂmpl?}efﬁw GIBEPF%;?E @n%?l]‘?é{?’oés ¥ also two
external i nt erdy RS twdhé:GdnmA iReHERY whithGaPksEd & éaiaﬁu@the QAGSder Pits HrofftREN t he 10

two drive wheels. The processor also has a UART which is used for testing and

debuggi ng the tepste edaels.oThpprogissenalsphes a UdRJowhish ifusedforigstingdocessor are
connect ed to t({%%u @s ol%@g I{&?g{gr _f t he robot and_ are the interface
0 i'n S 0

connecting it ernal the robot and its environnent. For
exanpl e, the wheel mled@pmnbemmmmmcmdomc'@d to the sensprsrand divtand the

™ o7 opr ocassor M HBanY B LTRE OB OIREgH MR Bl T BPRIARBAS o

robot. This idngirtmeiRgntt F@r Qfea;v}{eehﬁspl@i@dsaelc@m%teae@m ﬁWMﬁSSl ng
al gorithns and signal generafion. The RAMis used to store the active state

of the robbt, addhe brgsh metor RYEY sigmakip generitest eomcoutpuy potti Abe BRY en B€ance, and
the 1D of t he IQE%\“C%ESO&' 1 &Qﬁ{ors%re the coverage and control program for the robot. This

includes the behaviors (discussed below), sensor processing algorithms and signal

generation. The RAM is used to store the active state of the robot, such as the
average bump distance, run time and distance, and the ID of the behavior in control
20  and its current motor commands.

For purposes of understanding the movement of the robotic device, FIG. 4B
shows the orientation of the robot 10 centered about the x and y axes in a coordinate
plane; this coordinate system is attached to the robot. The directional movement of
the robot 10 can be understood to be the radius at which the robot 10 will move. In

25  order to rapidly turn away from the wail 100, the robot 10 should set a positive, small
velue of r (r; in FIG. 4B); in order to rapidly turn toward the wall, the robot should
set a negative, small value of t (r; in FIG. 4B). On the other hand, to make slight
turns, the robot should set larger absolute values for r — positive values to move left
(i.e. away from the wall, rs in FIG. 4B) and negative values to move right (i.e. toward

30  the wall, (rp in FIG. 4B). This coordinate scheme is used in the examples of control
discussed below. The microcontroller 22 conirolling differential speed at which the

individual wheel motors 21 are run, determines the turning radius.
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20 and its current notor conmands. For purposes of understandi ng tq%cﬂﬁvqer(ent
of the robotic device, FIG 4B shows the orientation of the robot b
centered about the x and y axes in a coordinate plane; this coordinate
systemis attached to the robot. The directional novenent of the robot 10
can be unde¥8%YYU4to be the radius at which the robot 10 REHUSHEHSEY | n 25
order to rapidly turn away fromthe wall 100, the robot 10 should set a

positive, snall Iue of 3.1 rder to tam t owar d
the wall, the rob s‘r?&ﬁpﬁm g"@f’d gg'ﬁf’lr?‘}’é’)[h@ﬁﬁ’rc u‘k/‘é’PﬁB“&Preus?r Iﬁpl’rt% FIG 4B).
On the ot heerlammplegami@emshrﬁg@tz a?kﬁfﬂﬁedeiﬂb@dﬁﬁﬁﬂincﬁﬂeyﬂhﬁbe%ﬁﬁplb arger

absol ute val ues far positive values to npve left (i.e. away fromthe

wal |, r4 in Priggns43 Gl}at&H@Wﬁ‘Fg&Pli tpanph theapproyinale, wzg oighe surfage torksvar d 30 t he
[ 1 2 t & | f
wa (r2 inghldzd, Lige O\F\/@t‘rédh SR OR Fess %Pl{?cg}ré 152b%1éd3“§1§{a1'1 A ﬁl@ﬁu@?ﬁ ; es o

control discussed The m crocontro contralling erenti al
speed at ®hi Elargeleorréspdind/respeativain taioome bHl Is1,20.8and 27 Frsquate tretars. nes t he

turni ng radius. %S%GPde%h% lt}%VFﬁ\le%XOZIBINM trlg%x,l;g SO /%rﬁpgxmen OF el n certain

enbodi nents, ‘the t xanpl e, as

shown in FI Gprathcmgﬂreeﬁﬂrrt&d/eﬁmmdndmoﬂsmlmdﬁmlhalaetcschmheeﬁoxbuttons 33
that allow the user to input th apprOgtgate si.ze of the surf ceto be
covered. In glepients pewn innihg geitpdenen 4 19 A PHEROS e gsiof  redi um

and 5 |argesu1%[ercﬁ§%ﬁ§‘9mfu%§%§é aeéeﬁyedtlﬁtﬁe%m%ﬁgtﬂé P]aten%(N& and 27.9 square

neters. mentioned above, the exenplary robot”is a preferred embodi nent
for pradfi cHﬁQGﬁﬁ%(YmmhﬁﬂO? A6t (K aboygshietdl. o AR98P55 Wiek), 5i3698R€(Yed), i s able to

Surpose. | ExanprgeTs 2o r (it st (R EkRnf L3 idad P the”
f ol | oW ng U a)arﬂ@p@m 38 NBG0 (KiBtrdmIDA,) 32987, M3k Qlo)ens)s 5,809, 88GMNakkdkidy ashi et

5 613, 261 ( kadRat 8 o3 5o EfpbeppBpdR Solimblonmly 681506 | ot rom o1

21 L 5078 el Golomaion e ek BRGbdlaBy Mtyee 5. 839, 156 (Park et al ),
5,926, 909 (M Gee), 6,038, 501 (Kawakam ), 6,076,226 (Reed), all of which are

her eby i déor por at 8H3. tﬁyShpté’B ersiple blogks representationied s arignnenesationg arodes
representatiqp, ﬁéwz‘,é:' Ein\éqjﬁ'étgﬂéd %Jdﬁﬁén?,na%h bg%?%f example only, operational

modes may include spot cleaning (where the user or robot designates a specific
region for cleaning), edge cleaning, and room cleaning. Each operational mode
comprises complex combinations of instructions and/or internal behaviors, discussed

20  below. These complexities, however, are generally hidden from the user. In one
embodiment, the user can select the particular operational mode by using an input
element, for example, a selector switch or push buiton. In other preferred
embodiments, as described below, the robot is able to autonomously cycle through
the operational modes.

25 The coverage robot of the instant invention uses these various operational
modes to effectively cover the area. While one of skill in the art may implement
these various operational modes in a variety of known architectures, a preferred
embodiment relies on behavior control. Here, behaviors are simply layers of comntrol
systems that all run in paraliel. The microconiroller 22 then runs a prioritized

30 arbitration scheme to resolve the dominant behavior for a given scenario. A

description of behavior contral can be found in Mobile Robots, supra, the text of

which is hereby incorporated by reference.
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of a device. In a preferred enbodi nent, and by way of exanple only
operational nodes may include spot cleaning (where the user or roﬂdtﬂu 2006
designates a speC|f|c region for cleaning), edge cleaning, and room

cl eani ng. ayg LAt i onal node conprises conpl ex. conbi nati ons of

i nstructions -an i nternal behaviors, discussed 20 bel o CT{TAYL8450

conpl exi ti es hovvever are generally h| dden fromthe user In one

enbodi nent r.can. sel ect the p by using an
i nput el erren f I 18 350Ah 1S miniug), 88{)%[ @f‘Pg‘“"{} h’tegﬂ%g ot her
preferred en‘@@@bﬁmee&ﬁnemd&ag@meﬁe E}ﬁir béHaAiok eéaarcula&s akl valu*e@faaﬁaonorrousl y
cycle through the operational nodes. e covera%} robot of the instant

G

i nventi on usediicHaag Qﬁé’i’h%@re@ﬁé?r&ﬁbéﬁ%ummsi‘@e ighigfigneithe over the
area. \Wile Oﬁﬁreﬁﬁag%léhédlor'(ﬁ'teﬁ bgﬂaﬂ'uéﬁé/thb @R&a%GEPE a@t\nﬁ&@a Lfaskantoper at i onal

nmodes in a varfety of known architectutes, a preferred odinent relies on
behavi or cént rco¢f.ﬁCJIelell; the tightness erdsmmde)vsnlapmfyhd pitel cnde commlledJ (Naggthabns t hat
all run in parallel. The microcontroller 22 then runs a prioritized 30

arbitration s@iens dogmil®e e/ ). TEhedaiedE A taDB\eiob@r byf thE equalib @B -$€enari o. A
description of behavior control can be found in Mbile Robots, ;%%ra t he

text of whi CRyHefe PRABDSstaeHeReA tRE cohbedufilve pRBESLT tHedspirdl. Gof eﬁ&lﬁbe
021101477 PCT/ USO2/ 18450 value of r is set at its mninmm_ positive value

(which will prlséuas & vedue fog skaid boehosenghet i lssmthan teadlthiof éhetalganing t he
spiraling behayl.ply Iﬁ“éé' &“Aﬁ&f’eﬁeﬁﬁﬁbé’cfrhnﬂﬁ%%fz?l d?sselfey@ﬁma%b%e? where 0

represents the angu ar turning since on 0 spiraltng
behavi or (16t e;mnéh@]fancBwaﬂﬂmndgoftlhthlafmenleMghéhdEWnere ais a constant 5

coefficient, the t nes t desired over| a he spir can
controlled. (Note F‘ﬁﬁtﬁ’ Sl?ogmﬂﬂ’tsﬁt&?rrﬂjé‘? GAgkp 1 SJOtEI fta“eﬁ%a9 a can be

chosen by the matge@ams@ﬂre sglral wﬂl d%ﬁél@te(hfﬂeﬁsdrﬁked1§{h§6eaﬂ@%e%hﬁéﬁﬁﬁltbf\0
consecutive passes of iral For effective cl eanl n a val ue for

shoul d be ¢ hoé@qwspelﬁhmot@ wé nd t9:dift oner (g dne trsurfaee dqpendanhighechilimpasd sm 30.
B A R e
enbodi nentls$, thheertaip cmbmdmelkts, th¢ mbbohay exil spiralnoedet afwy theardbdt hasteavelet a
specific distance (“maximum spiral distance™), such as 6.3 or 18.5 meters (step 240).
In a preferred embodiment, the robot uses multiple maxiraum spiral distances
depending on whether the robot is performing an initial spiral or a later spiral. If the
maximum spiral distance is reached without a bump, the robot gives control to a
20  different behavior, and the robot, for example, then continues to moveina
predominately straight line. (In a preferred embodiment, a STRAIGHT LINE
behavior is a low priority, default behavior that propels the robot in an approximate
straight line at a preset velocity of approximately 0.306 m/s when no other behaviors
are active.
25 In spiral mode, various actions can be taken when an obstacle is encountered.
For example, the robot could (a) seek to avoid the obstacle and continue the spiral in
the counter-clockwise direction, (b) seek to avoid the obstacle and continue the spiral
in the opposite direction (e.g. changing from counter-clockwise to clockwise), or (c)
change operational modes. Continuing the spiral in the opposite direction is known
30 asreflective spiraling and is represented in FIG. 6C, where the robot 10 reverses its

movement path 45 when it comes into contact with obstacle 101. In a preferred

15



node. Because the spiral will deteriorate after some distance, i.e‘i h@g
centerpoint of the spiral notion will tend to drift over tinme due % amFace
dependant wheel slippage and/or inaccuracies in the spiral approxinmation

al gorithm and cal cul ati on precision. 15 In certain enbodi nent &hg robot may
exit spiraWoddl4gfter the robot has traveled a specificpﬁpyggﬁ‘g (" maxi mum
spiral distance"), such as 6.3 or 18.5 neters (step 240). 1In a preferred

enbodi ment, the rohot .uses pujtiple xi mum spi ral distances depending on
whet her the robot B&OH“@FWBF 'Wg'lig?feﬁ‘f ¢rpbadimaestty the robpot’s micrpprocesigrald |t ¢ he

naxi mum spi r al cogirslt saifs@rd o @RAIREo Wehd Vit sihliiBdusly  ©epatis dditves control to
a 20 different behavior, and the robot, for exanple, then continues to nove

in a predon ridfuatian, seriegl ghthe robes will begizemiosme of B@resyasious behaviorsa FTRAI GHT

LI NE behavi orj sl Ok ] f : gﬁgy' 0 robot in
an appr oxi mat epdré%s?saél)g %a?{]#gﬁﬂéég%éfeﬁ gr"g?ﬁ‘" ve oc#%éen%pﬁg%%nb%gkg?ﬂb& 0.306 m's
when no ot Her widlHz\deseribed as @) aovdrage. beldvidrs, (S)pdscale bebaldors wa(3) oses/saetyi ons can
be taken when ,apn abstacle is encountered.. For e e, .the robot_ could (a)
seck to avol d FHEVSEs LoYPas ke ORIl deyiened o RIW tidotes RRPRB! ockwi se
di rection, (b)its@ekrab®op@tion ih BeeRihtBhmen BscafBdnBvirstaiesReial tehavied t he

opposite direction (g& changing from counter-clockw se to clockw se), or (c)
change oper at i BAkATe HERRIOES WIER NG efe SE5PT Bputs sugass thal Shedrbd mAYM8Et i on i s
known 30 as refd eldine seply’ alsl %ﬂ &sh b ; ere the
robot 10 reverse iat sg m\slfe@n‘gr?trbggat Ofigor&'ﬁg%%?t&ﬁ%onég%aniogé%gc%sae% W th
obstacl e 100L. Hetowaagsrvedtéenriedll e8pithBle@@F. 2006 WO 02/ 101477 PCT/ US02/ 18450 I n
ot her words, in a referqﬂe}% eg‘%ggaionent, the robot's m croprocessor and

control software run a n Y&ifavi or s si nul t aneousl y. Depending on the

situation, control WGSt ba45h00 theetdils bEeagh vLthe ipfeforied dPeratibhf moded: Byt
behavi ors. For purpos?@ of detailing the Sre erred. operation of the present
i nvention, the“H¥raEs: Wal Fgllgw)(pr Qlestagkefigliopa andiRogm Coygiags-age behavi ors, (2)

escape behaviors orgfaitidhaeiloddl §lot cobghgyi ors. Coverage behaviors are
primarily designed to allow the robot to perform its coverage operation in

an effici eht nmannerSpotsevepageivatandxempleasnst sloadngalldyesthe iser éo clednan are gi ven
priority when QneQlif{Phea, SARSRE: JIARN R rS5996 3h tld Wor WO hORRer BB MO
area that requires cleaning and selects the spot-cleaning operational mode. The robot
then moves in such a way that the immediate area within, for example, a defined
radius, is brought into contact with the cleaning head 30 or side brush 32 of the
20  robot.
In a preferred embodiment, the method of achieving spot cleaning is a control
algorithm providing outward spiral movement, or SPIRAL behavior, as shown in
FIG. 6A. In general, spiral movement is generated by increasing the turning radius
as a function of time. In a preferred embodiment, the robot 10 begins its spital in a
25  counter-clockwise direction, marked in FIG. 6A by movement line 45, in order to
keep the dominant side on the outward, leading-edge of the spiral. In another
embodiment, shown in FIG. 6B, spital movement of the robot 10 is generated inward
such that the radius of the turns continues to decrease. The inward spiral is shown as
movement line 45 in FIG. 6B. It is not necessary, however, to keep the dominant
30 side of the robot on the outside during spiral motion.
The method of spot cleaning used in a preferred embodiment — outward
spiraling — is set forth in FIG. 7. Once the spiraling is initiated (step 201) and the
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be operating freely. As a convention for this specification, behavi ors

di scussed 10 below are witten in all capital letters. 1. Coveragé BeHaiMbor s
FIGS. 6-14 show the details of each of the preferred operational nopdes: Spot
Coverage, Wall Follow (or Qbstacle Follow) and Room Coverage. Operational
Mode: Spot EOMRHEdE 15 Spot coverage or, for exanple, spotrcahsanisae al | ows
the user to clean an isolated dirty.area. The user places the robot 10 on
the floor near the center of the area that requires cleaning and selects the
spot - cl eani ng embediaieht) antetaiteden sﬂibezm,mmmottm@mtmwslehxﬁn@mae apondle t hat t he

I edi ate are for ex a defi radius, is brought into
contact with %ﬁ% E?%‘Qﬁ? @ﬁgg@ PSFRRAAT Efﬁrs]r{s 32 of the 20 robot. In a
preferred enmbodi m%léd}ﬂeﬁﬁ&é‘@ﬂb&fm@ﬁ@e@ﬂb@ﬁa éiﬂﬁlmﬁh&ﬁﬂir bt lcSvepageOnt r ol

al gorithm provi dleg?b outward spiral novenent, SPI RAL behavi or, as shown in

FIG 6A. In géméﬁ oupded area eaneised, m@@m@av@mtpﬁwﬁph@q he turning
radius assa f éxﬁﬁaﬁ’% ﬁakéEBheng? éfsff’?r ed enbodi nent, the robot 10 begins
r

its spiral in a CoUnt BF-CI o8 gction, marked in FIG 6A by novenent
line 45, in order Ogperakieng Mde: (Ydaﬂlﬁhstacle;Fadbmngthe outward, | eading-edge of

the spiral. In ano enbodi nent, shg I n. 6 |raI vepent of the
robot 10 is generaw]agfﬁ Or’slﬂgtff’ctaﬁ twn ‘?mrnﬁcf? e?ﬁ F‘HD %@Etl nues to
decrease. The usdaEldasPhly @e ddgemwaoﬁ%rﬂﬂ@ugdmmbbjlectsen&ﬁlamoﬁl Ghe6B. It is
not necessary, however, to keep the dom nant 30 side of the robot on the

out si de duri ngS%f;ﬂlﬁcaq thsehas A0 OIFH@ finor Aesd a pdgs e be cleanediang selecduthe gdge- pref er r ed

nbodi Yo I
Co i ni Crarcd CLPARe dpeRiafiiofld T Pha e il T Jiess iy S TAAIR, B0 1 Taas0
enbodi nent , ashakeliganhdcdeins afitaggas 2ROghttite comtbettwiiOthe xletsing paad 30lo€thei ng node

upon the flrst bstacl e encountered by a bunp sensor 12 or 13. Wile a
preferred enb nt describes a spiral notion for spot coverage, any

sel f-bounded ar ea Ta8 ntweme@f thetohotdDMga Ridin NI is khaWd RAFTIGOS.r REUGAEA pol ygon

the robot 10 is placed along with wall 100, with the robot’s dominant side next to the

15 wall. The robot then runs along the wall indefinitely following movement path 46.
Similarly, in FIG. 8B, the robot 10 is placed in the proximity of an obstacle 101, The
robot then follows the edge of the obstacle 101 indefinitely following movement path
47,

In a preferred embodiment, in the wall-following mode, the robot uses the

20  wall-following sensor 16 to position itself a set distance from the wall. The robot
then proceeds to travel along the perimeter of the wall. As shown in FIGS. 8A & 8B,
in a preferred embodiment, the robot 10 is not able to distinguish between a wall 100
and another solid obstacle 101.

The method used in a preferred embodiment for following the wall is detailed

25 inFIG. 9A and provides a smooth wall following operation even with a one-bit
sensor. (Here the one-bit sensor detecis only the presence of absence of the wall
within a particular volume rather than the distance between wall and sensor.) Other
methods of detecting a wall or object can be used such as bump sensing or sonar
Sensors. ‘

30 Once the wall-following operational mode, or WALL FOLLOWING
behavior of a preferred embodiment, is initiated (step 301), the robot first sets its
initial value for the steering atrg. The WALL-FOLLOWING behavior then initiates
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5 shapes such as squares, hexagons, ellipses, etc. Operational I\/bg g
Wal | / Qbstacle Follow ng Wall followng or, in the case of a cl eani! S]EFGB[@L
edge cleaning, allows the wuser to clean only the edges of a roomor the

edges of ohj .thin a room The wuser places the robo e floor
near an edg‘gst%%ﬁ%g-'cl eaned and sel ects the edge 10 cl eani %8}%8@213%%30%” node.
The robot 10 then noves in such a way that it follows the edge and cl eans

all areas broyght .i nto,contact  wt e cl eani e 30Q..0f the rpobot. The
oveaem of ¢ I8 it SRR B bl AN SRR PP AT ¥ e Biredion (e
robot 10 is pleeetibrafonthg Ritiafsaditkl pokdéh ofithd $enkdid 6ruabslatesinttotht BaRktn®i de next

to the 15 Walli{ The rotg%t then runs along _the wall indefinjitely foll ow ng
movenent pat hOUE: obigchwthin qpredetermyingd distance fige the prpgor®. e f¥Akky in the

proximty of porpbstet: lBeh]anﬂalr lth-EH QetefrARA whdieR ﬂ{e?éhﬁé%‘ﬁeﬁ z?ﬁax%ﬁgﬁ fm 4 he

obstacle 101 indefinitely follow ng novenent patt N referred
enmbodi nent$ i refletionfabiect withinwinge) treden-refiestiornlobiecmuside ¢fcang2D(steml | - f ol | owi ng

sensor 16 to I 14 it f set. di.stance f.r the.wall. T rqbot then

o oceeds ot Aot e Bore duhftiot F SR Fmeb i b R o dPRrben & oA
gB, in a pr ﬁirﬁtléeﬁ'ie@él@ditmﬁtnegditﬁfemhehnd.&cir@bdfl@lill addr eligtolyad teirightii sh

et ween a wa 10 d anot her. splid obstacle 101. The netho ed in a
preferred e%%?ﬂ?%ﬁ?'a?%?rogﬁq W%&‘Stﬂﬁe@%ﬂﬁ“f@e‘ﬂ’éﬁ%ﬁ qeedt (stggg].(ﬁ. %ft‘@re 9A and
provides a smpgddyt Wedn a fBlshiBWindch PRAEAINN a QYR RAMAdh, ﬂne%r-i%llémgensof; (Here
the one-bit sensor detects only the presence of absence of the wall wthin a

parti cul atOvobehasior thendletetnimes whethetitharahasebepe s Wwaesitionsftom aprtredlertinarto) Ot her
rochods,of ey L Pt Rlni PRAUGH, BSIREBE AV S5
FOLLOW NG  belhmsi positive valup aed the retsdt edibostr sitghitly léfs(stepi3BEpt ed (step 301), the
WALL- FOLLOW NG berEviFhenusphelheeed irsbstion csan. S6060- Wi tyne Doy
1' CT1 US02/ 1848&uces the absolute value of 1 (step 340) and begins the emit-detect sequence (step
15 310)anew. By decreasing the absolute value of r, the robot 10 begins to tum more
sharply in whatever direction it is currently heading. In a preferred embodiment, the
rate of decreasing the absolute value of r is a constant rate dependant on the distance
traveled.
The wall follower mode can be continued for a predetermined or random
20 time, a predetermined or random distance or until some additional criteria are met
(e.g. bump sensor is activated, etc.). In one embodiment, the robot continues to
follow the wall indefinitely. In a preferred embodiment, as shown in FIGS. 8C &
8D, minimum and maximum travel distances are determined, whereby the robot will
remain in WALL-FOLLOWING behavior until the robot has either traveled the
25 maximum distance (FIG. 8D) or traveled at least the minimum distance and
encountered an obstacle (FIG. 8C). This implementation of WALL-FOLLOWING
behavior ensures the robot spends an appropriate amount of time in WALL-
FOLLOWING behavior as compared to its other operational modes, thereby
decreasing systemic neglect and distributing coverage to all areas. By increasing
30  wall following, the robot is able to move in more spaces, but the robot is less

efficient at cleaning any one space. In addition, by tending to exit WALL-
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the emt-detect routine in the wall-follower sensor 16 (step 310) amﬁ 0
existence of a reflection for the IR transmtter portion of the‘g &6
translates into the existence of an object within a predeterm ned distance
fromthe sensor 16 The WALL- FOLLOW NG behavi or then det ?ﬂh’ﬁ&? X\Aaet her
there has DEBMYI ‘f7|7an5|t|on froma 5 reflection (object w range) to a
non-refl ection (object outside of range) (step 320) If there has been a

transition (j rds, t LS Jow o ut .of. range), the value of r is
et to | ts rBOLERNING Bibeviar 6 ohiae SirciBe BaiabPt pEEReS I BHERYE o e 11 ght
(step 325). dfetivesd then begins the emt-detect sequence again (step 310).
If there has not_been a transition froma reflection to a non-reflection,

the wal | - fol | owi nYCL8Bdendowrhart fHistraficnashavingdhis gabpdimentefdeterpigingeen a
transition fgam ﬂa%&ltrwfo.hﬁ% @W@fb%ﬂév?&t @Qr&b%’t ﬁ&t ﬁé%lnésfmé here has been

such a transition, the value o tort positive val ue and the
robot wil$ vexnimehi dj$tahop td> &fllow(the wpll 885) and ﬂneﬂﬂmmhndm@mcmfo fellowéhe t ype of

t t h bsol.ut I f
' (Step 340) "G VIR naef r HBile PR amde” PR BB P By

decrea5| ng tfhedﬁ‘.ﬁﬂéﬁie&obtilﬂlu@tr@feleﬂ,mtH&ﬁmb@@%FﬂQf@@ﬂis@&at@ﬂiaﬁﬂgmme sharply
I n whatever direction it is currently heading. In a greferred enbodi nent, the

rate of decr&Bithen thesobah switywal- fPélPWéngo’POdF (ﬁt§P§8Q9or]i% anever.die igéendant on
the di StancethaBHaV@{eg%SO)TéiﬁdQ@'léleés%éIP e gﬁ’ﬁ’@ﬁ%@r&iﬁt %%Sﬂ nHadnf or a

predeterm ned or ran tinme, a ra |stance or until
some addi® i ofrdlowing meds (step 385 )rdf dwr(leg@atebthﬁ@dﬁle(atspr%@)sand@nDb&i@ﬂ‘é@s etc.). In

one enbodi ne bo tinu fol | ow | | definitely. In a
preferred en%‘%a er%fl ,(Sqe sgrlsoﬁ’gt\{/}\ﬁrqbﬂFﬁl%ﬁfau'&hﬁmggB%ﬁ\%%pn%#r??’and maxi mum travel
di stances are det Ehcoraridlly, Weeoptinal disandecfopthe ook to trabinWALLWALL- FOLLOA' NG
behavi or unt|| ihe robot has_either traveled the 2 maX| mum di stance (FI G

SD) or traveFSHLQWING behayiqr s funeHomodreomysierand e AN kPt size.obst acl e
(FIG 80). TH SprefPled eBBb&LICAH tHimiiidkn i mEMh NG dﬁ’ﬁﬂ&‘é'tcpfenﬁﬂﬁﬂr es the robot

spends an ap ro riate amount of time in WALL- FOLLON NG behavi or as conpared
to its other -HOLS W INGD awsset haned ugion thekpproxinita gooy siea therohelyl ect  and

L1 DU B Rinin ySEE ety B Sl e, e
cl eani ng any2wipewh@rasels tlhmwﬁlddmﬂth@worktdemcﬁm of thg rotat exd p 1s\ﬂ9iprobabﬂ1ty
that the robot will enter WALL-FOLLOWING behavior in a given interaction with
an obstacle. By way of example, in a preferred embodiment, w is approximately
20  between 15 cm and 25 cm, and p is 0.095 (where the robot encounters 6 to 15
obstacles, or an average of 10.5 obstacles, before entering an obstacle following
mode). The minimum distance is then set randomly as a distance between
approximately 115 cm and 350 cm; the maximum distance is then set randomly as a
distance between approximately 170 cm and 520 cm. In certain embodiments the
25  ratio between the minimum distance to the maximum distance is 2:3. For the sake of
perceived efficiency, the robot’s initial operation in a obstacle following mode can be
set to be longer than its later operations in obstacle following mode. In addition,
usérs may place the robot along the longest wall when starting the robot, which
improves actual as well as perceived coverage.
30 The distance that the robot {ravels in wall following mode can also be set by

the robot depending on the number and frequency of objects encountered (as

determined by other sensors), which is a measure of room “clutter.” If more objects
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17 13 OCT 2006 WD 02/101477 PCT/ US02/ 18450 FOLLOW NG behavi or after obstacle
detection, the robot increases its perceived effectiveness. FIG j@BUGTSZ[]’@(S
flowchart illustration showi ng this enbodi nent of determining when to exit
VWALL- FOLLOW NG behavi or. The robot first determnes the 5 ﬂhﬂb@ﬂs i stance to
fol I ow t he WRMIUH7 ) and the nmaxinum distance to fol | ow E (dma) .
Waile in wall (or obstacle) followi ng node, the control systemtracks the

di stance the robot has traveled in that node (dwF). If dwF is greater than
dm (step 350)areeneynierad, theisolot ssouldswalbifollowddr agreater distamre(in oxlpr RELY . | f,

however, dwF i | . p 360),
t he robot remjﬁlﬁdsﬁfﬁe\?v%elg?&fge ?l (8){"1?gjﬁigg%ﬂg’ggfe%gt)ﬁggg‘fé.sen%#]ﬁgrr 7| s(rgﬁrogat er

t han dm " ( st epwdala)wadirfdllew lesb it @rdérao inst overcowenthe redges(of tieyspacédn favohef r obot
exits wall-follow d step 380). Theoretically, the,.optinmal distance
for the robot E%Sﬁﬁ?@ﬂ?ﬁ@“ﬁﬁ%wie@féﬁ{m N@ggﬂ%}wﬁkaﬁgw&gf%&ﬂ?&ﬂl%?? room si ze
and confi gu at bomciadel toMetw thé Fdot to ol e Statl 4 168 GP R MtandcRrilg Ni Mum and
maxi mum di stances . to remain in 15 WALL- FOLLON NG are set based upon the

appr oxi mat e r ohinifia} eriqdjhere st WAL RQLL.QWENG bebavinshag eonsishent , where by the
average mnimmtr s B | el ff e work

el ement of the rob%@ﬁ%ﬁ%@%ﬁ%@%ﬂ%?ﬁ*@ﬁg’? ﬁgltléa?%ggﬁ%%t wr ﬁOd‘%airi:ter

VAL L- FOLLOW NGhb ettat ivons moreathayi, ¥arexampler 2idtdegreesvnrtdis uaablofodoamtd the wBl) way of
exanple, in a preferred. enbodi ent, I S xj matel.y 20 between 15 cm and
25 cm andp is 0(5.(%‘@%6 f)mgheemg?\tg%? hﬁﬂ%ﬁ aetﬂ@ggﬁ@r‘%’gﬁeﬁ ‘fo*mt%’ﬁ'gtwei@ es, or an
average of 140. fplehsicasbes, before entering an obstacle following node). The
m ni mum di stance is_then set randonmy as a di stance between _ approxi mately

115 cmand 350 cm Tferiaemborinmnis: whewthe VARR QI&OWEA bphayionds sstiveli st ance
bet ween appr O?(bﬂ%ﬁjegs Q‘E\gn ,%@Rﬂﬂ.l‘?a%emorlbgco sta@ﬂivré. ?Hpﬁ.gi(%ﬁﬂéﬁv{o?e 25 ratio
| e : 3. For the sake of

bet ween the m nimum di stancte to t maxi mum di stance Is
per cei ved ef f i tirethyrobpheountdpoidckwisaid alighn thgmbatt withnthie rwall. dihe rebot @whyd | owi ng

node can be set to be |onger than.its |ater erations in abstacle follow ng
mode. In addi t P POERE SHEly i eotins ool BrliRg MRS o088 Sl when
starting the rake Aféiths turned through its minimum angle, the robot monitors its wall

sensor and if it detects a wall and then the wall detection goes away, the robot stops

turning. This is because at the end of the wall follower range, the robot is well
aligned to start WALL-FOLLOWING. If the robot has not seen its wall detector go
on and then off by the time it reaches its maximum angle, it stops anyway. This
20  prevents the robot from turning around in circles when the wall is out of range of its
wall sensor. When the most recent bump is within the side 60 degrees of the bumper
on the dominant side, the minimum angle is set to 14 degrees and the maximum
angle is 19 degrees. Otherwise, if the bump is within 30 degrees of the front of the
bumper on the dominant side or on the non-dominant side, the minimum angle is 20
25  degrees and the maximum angle is 44 degrees. When the ALIGN behavior has
completed turning, it cedes control to the WALL-FOLLOWING behavior
Operational Mode: Room Coverage
The third operational mode is here called room-coverage or room cleaning
mode, which allows the user to clean any area bounded by walls, stairs, obstacles or
30 other barriers. To exercise this option, the user places the robot on the floor and
selects room-cleaning mode. The robot them moves about the room cleaning all

areas that it is able to reach.
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I nproves actual as well as perceived coverage. 30 The distance that the robot
travels in wall follow ng node can al so be set by the robot depend»;isngﬂpﬂmg he
nunber and frequency of objects encountered (as determ ned by ot her
sensors), which is a neasure of room"clutter.” If nore objects 18 13 OCT
2006 WO 021W§fﬂW4BCTI US02118450 are encountered, the rob8CTHRSRAE*Ral |
follow for a greater distance in order to get into all the areas of the
floor. Conversely, if few obstacles are encountered, the robot would wall
foll ow | ess in ordel aprefesred gpbpdimsple thetmpthaknfesrfomming thegpera slepming avor of

passes through . Qi &l g di st ance
can also 5 be Pﬁ%ﬁuﬁy§g@9%%aﬁ%@%g@%ﬂg%%@%t I(iaAf\/\(gJIITR]gd”?onger or
shorter di st anbehagiori Ag showmsin FiGt i /thquebotold tvaivels entilrecburdl tenfe@1L@M/NG behavi or
has control. | .eferred odi nmen he.r obot so .

wal | - fol | ow ngqﬁgsa%%??teé [’%%0’5%%38?%?{1.9?%%‘“:%%?%‘ Y ¥ or 5%?2(?&590 degr ees
and i s unabbe tand amlaiontifke toRhvel, A@ﬁm?lbjnﬂﬁkﬂleﬂrpaﬂﬁs@ﬁﬁvﬂﬁm. tees lindr ned a
total of 360 degrees since entering wall 10 follow ng node. In certain

enbodi nent s, V\ﬁ_ﬂ the WALL- FOLLOA' NG behavior is active and there is a bunp,
the ALI GN behavi or @ﬁ&ﬂ@&%ﬂaﬁ%k%doﬁ%u&'e'b%ﬁ\gﬁétﬁ{rrﬁxih‘lﬂiggltot. g%ew&@t

counter-clockwi se to align the robot wth t \ ero l'ways turns a
m ni num angl e 18 centiugs Heforwvard mdvement{step §@bnintiba bump sanyer l@sindfor bdhisy snal | 15
turns. After i t UL t h, i m.nLoum angl e .the robot nmonitors its
wal |  sensor ancfﬁgfedi(#eﬁggogb?glgg&%wa‘ﬁﬂag‘l‘f‘ﬂ%ﬁs %h%c\a/%?qle{:@gee% 8hn goes away,

t he robot d0opdiredtiohnbazgd o hidstetBinkbarparsshicl bunfieseasud oo fenkdre hivad Beedt ol | ower
range, the robot i ned to star LONNG, If the, robot has

|| [ i WAL - F(
not seen its waf Va?fét@em 8%039'&9‘1@‘6%%0%% EW&%V%F%“N&H@WWF W its

maxi num angl e, chéoss {RRSWAHRKIRY withtH ﬁat?éacag%veexaﬁge, LG a5 9D 270 Rk Ni Ng
around in circles when the wal'l is out of range of its wall sénsor. Wen the
nost recent bufigative totherrbiect the rehol en@ouigegr dbe angle ofibe pbipgtdhe robet hiake domi nant

S0, L AR kel ML RRSSR ARG AR BR R,
bunper on tife damprembrssiThe rabot Gientiiias twat-morticadings. Ih derefednel emmbodimem,angl e i s
20 the turn is either clockwise or counterclockwise depending on which direction
requires the least movement to achieve the new heading. In other embodiments, the
turn is accompanied by movement forward in order to increase the robot’s coverage
efficiency.
20 The statistics of the heading choice made by the robot can be distributed
uniformly across the allowed headings, i.e. there is an equivalent chance for any
heading within the acceptable range. Alternately we can choose statistics based on a
Gaussian or other distribution designed to preferentially drive the robot
perpendicularly away from a wall.
25 In other embodiments, the robot could change directions at random or
predetermined times and not based upon external sensor activity. Alternatively, the
robot could continuously make small angle corrections based on long range sensors
to avoid even contacting an object and, thereby cover the surface area with curved
paths
30 In a preferred embodiment, the robot stays in room-cleaning mode until a

certain number of bounce interactions are reached, usually between 6 and 13.

2. Escape Behaviors
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25 degrees and the maxi mum angle is 44 degrees. \Wen the ALI GN behayiger Ji@gs
conpleted turning, it cedes control to the WALL- FOLLOWN NG behavi or
Operational Mde: Room Coverage The third operational node is here called
room coverage or room cleaning node, which allows the usg 2fkRRN any area
bounded byﬁ%??g’ qtairs, obstacles or 30 other barriers. 'ﬁ[ggﬂexerm se this
option, the user places the robot on the floor and sel ects roomcleaning

node. The robot th noves about t.he room cl eani n aII reas, t hat |t is able
Lo reach. 1013 COTLISBORES S0 aon be BEo DS TanaIF T torgvay

enbodi ment, t heedBidyRevent ofigipbed HifdH dobmr{gQ@lrﬂfQﬁeﬂa’#éH ﬁﬂmeﬂlﬂ%,ha'%{géﬁerdls a BOUNCE
behavior in conbination with the STRAI GHT LI NE. behavior. As shown in FIG

10, the robot °l#sef sareets apdbehavigraralied eseinsfehapors avg dspigneddoiget the 1abolat ed by
contact with a&t@?ﬁl%%lﬁat% @in 8x¥Ghd cadQ sﬁ{ﬂ%errgp&toiﬁi@lttl@@é?erﬁnﬂédﬁﬂs and

continues to travel. A sanple novenent path is shown in FIG 11 as line 48.
The al gorithm ¢agrotrescrgeniarderde dbaddewhaher ite give an éssapdbehavist monmamcrm r obot

10 ti t t t 12 d/ 13
s “activat ed DEvERE Bl O B PRisato B et o BB L b e ange of
new 10 direct |@6@ebﬂﬁﬁdoﬂ&e@d@lel)eﬂm etiittodscaife bohdvidt 1bwaﬁa1ﬁed?sor or sensors

have been activated (ste i g&?termnatlonlsthnnade wth sonme
random cal cul ati on BHWag plen the fekp B sifugtonsi Ll pstrate siiyations ®dstes8| e r ange,
-such as 90 to ZibhedRURESS née‘ﬂle@fdr‘éﬁﬂcﬁofél@anﬂ@t@ﬁét ah{l&n %ﬁﬁ?@ﬁnamﬂ&er ed. The
angl e of the object the robot has bunped is determ ned as described above
using the 1meﬁg‘lﬂbetween the right and left 15 burrp sensors. The robot then
turns to its new headi Iti.&% ﬁ)r%ég{; rbgp e&}z nent Q‘ﬁrﬁ eéther

; ifuati n obot de tuatlorri \g]iler lglrlt cﬁ? s?%

pen e

cl ockwi se or counterclo kWI se g on ion S the
| east nmovenment to achieve %fh&eﬂanplhﬁﬂldgmg:otmmbrﬁeﬁbadﬁmpﬁiﬁssﬂmtm turn is

acconpani ed by novenent forward in der, to_inc ease t he hot'.s coverage
efficiency. 20 The stati st{ﬂ&a@fnptfﬁ’e&ﬁé%bﬁ’? nEReEAbSt “l‘fil PRRECTHHbt can be
di stributed behaviors to get out of the srcuatlon,

15 (ii) Situation 2. The robot is physically stuck — for example, the robot
is wedged under a couch or against a wall, tangled in cords or
carpet tassels, or stuck on a pile of electrical cords with its wheels
spinning. The robot performs large panic turn behaviors and turns
off relevant motors to escape from the obstruction;

20 (iii) Situation 3. The robot is in a small, confined area -- for example,
the robot is between the legs of a chair or in the open area under a
dresser, or in a small area created by placing a lamp close to the
corner of a room. The robot edge follows using its bumper and/or
performs panic turn behaviors to escape from the area; and

25 (iv) Situation 4. The robot has been stuck and cannot free itself — for
example, the robot is in one of the cases in category (ii), above,
and has not been able to free itself with any of its panic behaviors.
In this case, the robot stops operation and signals to the user for
help. This preserves'battery life and prevents damage to floors or

30 furniture.

In order to detect the need for each escape situation, various sensors are used.

For example:
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uniformy across the allowed headings, i.e. there is an equival ent_ chance for
any heading within the acceptable range. Alternately we can chdask T 7l
statistics based on a Gaussian or other distribution designed to
preferentially drive the robot perpendicularly away from 1. 25 In other
enbodi ment s¥ OPHY ¥ Bbot coul d change directions at random BET},[\%?%Wéstoer m ned

ti mes and not based upon external sensor activity. Alternatively, the robot
coul d continuously nmake, snall .angl rectjons based qn | ong.range sensors
to avoi d even contacti ﬁb gﬁiﬂ@ﬂf”égt ?&Qﬁ’gﬁeﬂttﬁ% ‘@E‘%/O %&mﬁh@%‘ﬂ?%ﬁ Tfea Wi th
curved paths 30 In a pref gedsBldemb Q6438 Bpplict e the @616¥ans ind¥s id aduce@m ¢l eani ng
node until a certain nunber of bounce interactions are reached, usually
between 6 and 13. |i 2. EsWhseeveethisis brmpepipe, estaiapiergoigbleyidngsased 477

PCTI US02118450 There are sihfle Sirkial bad e irek R md Bl ERCR DL Whi | ©
trying to cover an area that prevent or rnpede 1t fromcovering all of the
area efficbently. A gener alftheitdbkvdirisscaboue s loxnidirdsbdldand tts sbopk bftheescape
behavi ors are designed to t. t he.rohot ut .of these situatipns in
extreme cases to shut the &gebﬁpo%we’ r?‘fcaipgrf?fgisegﬂ@r?gﬂmit?m%’e%é’hq{%%escape.
In order to decide whet her odlp répete tikbe @84PRAIIGMBEhHoRWHRA tHelerBag t he
various behaviors on the robot, the robot determnes the faollowing: (1) is an

escape behavi or needed; (25ctyrped tegerogd sigentedhgiareshold ppdn- (b3 LiSnt ed? By

way of exanple, the foll O\A%hggi§5%@§i(ﬁ&§lg},gllvhﬁgm@&,ﬁi€ﬁk§ﬁ hRAvhehgr e an

escape behavior is needed for an indoor eani ng robot and an appropriate
behavior 180 to run: (i) Swhecltdraprevent iTheteatalant 1siedecdsteadidy eventiinen where it

m ght get stuck - for exagple, i gh spot. i.n ar pet or l.anp base
that acts Ilike a ranp for %3arv%gﬁtc.goﬁ'ﬁ‘;e%ni18Blgﬁegtﬁ‘gﬂd.(ﬁ‘ﬁsw(ﬂgﬁa%ﬁﬁheg%ﬁ? c" turn
behaviors to get out of theb®kehukeitol (mdaning theréShdve dbérodeveral wikel dropot i s
physically stuck - for exanple, the robot  iIs ldégr%d under a g&uc,h or agai nst

a wal |, tangled in cords ofecently), therobot performs's arge panic turn behaviors
depending on the wheel drop level.
15 (ii) Situation 2. (a) When the brush stall rate rises above a high

threshold and the slope is positive, the robot turns off the brush
for 13 seconds and performs large panic turn behaviors at 1, 3,
and 7 seconds. At the end of the 13 seconds, the brush is turned
back on. (b) When the drive stall rate rises above a medium

20 threshold and the slope is positive, the robot performs large panic
turn behaviors continnously. (¢) When the drive stall rate rises
above a high threshold, the robot turns off all of the motors for 15
seconds. At the end of the 15 seconds, the motors are turned back
on. (d) When the bumper of the robot is held in constantly for 5

25 seconds (as in a side wedging situation), the robot performs a
large panic turn behavior. It repeats the panic turn behavior every
5 seconds until the bumper is released. (¢) When the robot has
gotten no bumps for a distance of 20 feet, it assumes that it might
be stuck with its wheels spinning. To free itself, it performs a

30 spiral. Ifhas still not gotten a bump for 10 feet after the end of

" the spiral, performs a large panic turn behavior. It continues this

every 10 feet until it gets a bump. ‘
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carpet tassels, or stuck on a pile of electrical cords with its wheels

spi nning. The robot perfornms |arge panic turn behaviors and turns 13867 2006

rel evant notors to escape fromthe obstruction; 20 (iii) Situation 3. The
robot is inyio§mid;y confined area - for exanple, the robot is between the
legs of a chair or in the open area under a dresser, or i hRCHUSRdFM¥area
created by placing a Iarrp close to the corner of a room The robot edge
follows using its burTP and/or perforns panic turn behaviors to escape from

the area; and 25 (iv) (i)t Sitnation 34 (2)TWaen ths gverngesdistaras bstwrer bamas Blanot free
itself-for exanple, the g {5&%16&{11:&1181&%9}?303? rﬁcﬁﬁﬁ%d%enfo‘ﬁ %ﬁ& (i),
r any I'ts

above, and has not been able to ee Itse anl behavi ors.
In this case, the robot sktslpanmepteay tomscapa drosi the adfined atdae (h)sWhed the  hel p.

This preserves battery life an ev anmm |loors or 30 furniture.
In order to detect the neaévgrafgggl gagg%geggzgeéggx@g?ﬂkﬁgg av%{?'?%us sensors are
used. Fof exanple: 21 13thEd§Kol&,JtBQ%bog@ [ai@?&niacaiﬁlﬂ;‘éﬁaﬁd@:ﬁ&&e{nt)

br us

Situation 1. (a) Wen the_brysh, or h curre ri se above a

threshol d, the voltage ap$ tit goay éﬁ"r"é’PéblémeW oméher pkfrea. Whenever

this i s happening, a gypl Mﬁbﬁﬂ%lwﬁ%ﬂ%&ulsmﬁars%@m%@andy&ﬁm&m@urre_nt E
bel ow the threshold, the stall rate is reduced. the stall level rises

above a | ow threshpl d andsevprel ineprecently mhdthe baush Staél rpteds hlghendiﬂihe r obot
performs small panic tur ”ﬂgﬁmﬁéﬁﬁfﬁg{g&{b&gﬂs Lgp tﬁih%a ggll% hpam c turn

behavi ors when the |evel O Zéro an rise reshol d
again. (B) Likew se, thestdlddSandth’lﬁeﬁ)rsdm(an bﬁ"sa}eralm&béoenwmhhe s increased
when a 10 wheel drop even ected. a i s. regduced. st adll over tine.
When a wheel drop event ‘i“ ‘gﬁf@ EWHE*{‘ the gloge fs RpsHiye, tag mbof hutsypove a

threshol d (meaning there h@ve)bgaem sH\Eir! wilRele SpRR continuously for
: greater than 2 seconds, the robot shuts off. (d) When many
wheel drop events occur in a short time, the robot shuts off. (€)

15 ‘When any of the cliff sensors sense a cliff continuously for 10

seconds, the robot shuts off. (f) When the bump sensor is
constantly depressed for a certain amount of time, for example 10
seconds, it is likely that the robot is wedged, and the robot shuts
off.

20 As a descriptive example, FIGS. 12A & 12B illustrate the analysis used in a
preferred embodiment for identifying the need for an escape behavior relative to a
stalled brush motor, as described above in Sitnations 1, 2 and 4, Each time the brush
current exceeds a given limit for the brush motor (step 402), a rate register is
incremented by 1 (step 404); if no limit is detected, the rate register is decremented

25 by 1 (step 406). A separate slope register stores the recent values for a recent time
period such as 120 cycles. If the rate is above 600 (where 600 corresponds to one
second of constant stall) (step 414) and the slope is positive (step 416), then the robot
will run an escape behavior (step 420) if the escape behavior is enabled (step 418).
The escape behaviors are disabled after running (step 428) until the rate has returned

30  to zero (step 422), re-enabled (step 424) and risen to 600 again. This is done to avoid
the escape behavior being triggered constantly at rates above 600.
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recently), the robot perfornms small or |arge panic turn behaviors ?fendlng
on the wheel drop level. 15 (ii) Situation 2. (a) Wen the brush st aliCT bite
ri ses above a high threshold and the slope is positive, the robot turns off
the brush for 13 seconds and perforns |arge panic turn behaviors at 1, 3,
and 7 secon®®.024p14fhe end of the 13 seconds, the brush i s RAOVGRe1845aCck on.
(b) When the drive stall rate rises above a nmedium 20 threshold and the sl ope
is positive, the robot perforns |arge panic turn behaviors continuously. (c)
When the drive stalif, hnateeerrﬂhseﬂe1saibovee24e§)0m¢tgi14]t(1)aﬁ$ﬁﬁlsmpeﬁmsiti®b@tept urns off

all of the notagr econds. he end.of. the 15 s the notors
are turned bac ﬁ(}{h IOPBS alsﬂg’“ﬂﬁ EFSCB? eﬂ@“f”@bﬁf’ ﬁg(?ggﬁnl%?)nstantly
for 5 25 secorﬁsfeﬁa@emaocﬁn@mdﬁmwéﬁ&moﬁmmﬁﬁﬂ Isteptdn@), P dvergs forns a
| arge panic turn behavi or. repeats the_ panic.turn behavi or every 5

seconds unti| fEMEREHEY alpéedﬁ@%@élmo%ﬁ &R (step 438b dhe Sﬁ@lstlm@l?tsﬁten no bunps
for a distanc t Its wheels
spi nni ng. %2 ﬁF@E4|tse %p??éb ?MF§%$4E%%S?Em§hFﬁ% Qﬁmﬁﬁ t||¥$%ot gotten a
bunp for 10 feﬁtorzaiﬁ(mpﬁﬁe)andMS@hndstﬂs‘epé@i)rsaicpﬂpdnﬁshshutqffl'éhegc@n‘palnl c turn
behavior. It cont| es this e ntil t 22 13 OCT
20Cfi WO 02/ 1315P %@@Fﬁ%ﬁ% gét gf?qc?m%(%{?ﬁt%&# é‘%(zf %’:&'t *HE"%0er age
di stance bet wegni bwﬂspé‘ecf)ﬁd {s&ps b$4)0\l\flavdl QCTid3 ags@htm thiashol ORRD 498), fer M8 edge

followng using. its bunmp try to escacge fromithe confined area. (b) Wen

the average dioBptf§aLss 5%9%@@%@#5&3?)a|111 additigr thegobetmay take additigpdis hol d, t he
0001 et R 0ok 0810k il 18 RADAULA ch i B e 1300 holoL ey bel e

be able to escape fromthe confined area Sr'tuatio (a) Wen t
brush has st al predenhdaindgedn thamoterd of f several tines recently and the br ush
stall rate Is high RY geferred embodiment of the robot has four escape behaviors: TURN,
EDGE, WHEEL DROP and SLOW.
TURN. The robot turns in place in a random direction, starting at a
15 higher velocity (approximately twice of its normal turning velocity) and
decreasing to a lower velocity (approximately one-half of its normal turning
velocity). Varying the velocity may aid the robot in escaping from various
sitvations. The angle that the robot should turn can be random or a function
of the degree of escape needed or both. In a preferred embodiment, in low
20 panic situations the robot turns anywhere from 45 to 90 degrees, and in high
panic situations the robot turns anywhere from 90 to 270 degrees.

EDGE. The robot follows the edge using its bump sensor until (a) the
robot turns 60 degrees without a bump or (b) the robot cumulatively has
turned mote than 170 degrees since the EDGE behavior initiated. The EDGE

25 behavior may be useful if the average bump distance is low (but not so low as
to cause a panic behavior). The EDGE behavior allows the robot to fit
through the smallest openings physically possible for the robot and so can
allow the robot to escape from confined areas.

WHEEL DROP. The robot back drives wheels briefly, then stops

30 them. The back driving of the wheels helps to minimize false positive wheel
drops by giving the wheels a small kick in the opposite direction. If the

wheel drop is gone within 2 seconds, the robot continues normnal operation.
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slope is positive, the robot shuts off. (b) Wen the drive has 10 stalled
and the notors turned off several tines recently and the drive stall [ﬁt@ S
hi gh and the slope is positive, the robot shuts off. (c) Wen any 0
wheel s are o%ﬁg 7conti nuously for greater than 2 seconds, the robot shuts
off. (d) Wh wheel drop events occur in a short ti METYR 8ot shut s
off. (e) 15 When any of the cliff sensors sense a cliff continuously for 10

seconds, the robot shu f f en the, sensor tantly
depressed for a certai ﬁigﬁ{g Iﬁa(%‘%ee%ﬁ%mr@#% | goes pifs 'E‘%H%H O3 ¢ |s li kely
that the robot is dua6haedpeeadtl 0B m/OREY7% b tts nowdal sped) M52 distha&Lstl pti ve
exanple, FIGS. 12A & 12B illustrate the analysis used in a preferred

embodi nent for i déhimepd fgn farepshegyup Writspermpalsagrd: behavi or relative to a
stall ed brush not %adcﬁﬁoﬁ’f%scﬁé LReh: ﬁépéh‘éﬁm}sfhnﬁ'tﬁéﬁéﬁfz%% ior€, tRibAr arfeACh time

the brush current exceeds gl ve ror mot or (step 402), a
rate regi st ermlght contagix sitﬁtmmhbdhywmrs(rda‘@qbtod@eﬂe)ty of tisabnhtyi i Hor exdnsplejef@ct ed, t he

rate register cremented 25 b st.ep, 406 rage sl ope, regi ster
fores the r Ui AOEHETEpiTe G ShmipkRhnb apdhr oSSR RSB BYL o2 *1 T ¢ ne
rate is abova)fﬁoﬁrhém@elﬁﬁmﬁfaetd‘e@ercfeaﬁmffﬂﬁvoﬁdane@@spcﬁ@@mﬂmftakwstant stal 1)

(step 414) and the slope is positive (step 416 t hen the robot run an
escape behaviBym epgageegegpg@}celqveqq%totggr@g}@eéqug.ﬁgt@?%thpgo 315’%’@0%1%%@18) The

escape behaviggipthahbdlind %ﬂg@xdseﬁie%%{e di&'i”'ih Qgréfé-}&%nfb%ﬁ)méﬁ@tthé ciife rate has

returned 30 to zero (ste re- enabl ed risen to 600 again.
This is ddhe dets:ctsm)ﬁﬂctnt doeenemﬁfea dmmoperbmtwgmpdﬁgdepéﬁr constantly at

ate i o anove dggiele s e Tl adhhg ST VAR U ) e T

robot will rehaviepeallew fesdlifbfoliesingpe behaviors, shown in FIG 12B. In a
preferred enbodi nent, the brush nmotor will shut off (step 430), the "lever"
is increnented by a predeterm ned amount (50 to 90) (step 430), the stall

time is set 5 (St efhedd@lidudMpeBiiOfHl the BRRDpeRtionI hiRRcIRAbebiBddémiear med at |
second (Slt ep 445), 4

above; we now turn to the preferred mode of switching between the various modes.

In order to achieve the optimal coverage and cleaning efficiency, a preferred
embodiment uses a control program that gives priority to various coverage behaviors.
(Escape behaviors, if needed, are always given a higher priority.) For example, the
robot 10 may use the wall following mode for a specified or random time period and

20  then switch operational modes to the room cleaning. By switching between
operational modes, the robotic device of the present invention is able to increase
coverage, cleaning efficiency and perceived effectiveness.

By way of example, FIGS. 13A & 13B show a mobile robot 10 in a “dog
bone” shaped environment in which two rooms 115 & 116 of roughly equal

25  dimensions are connected by a narrow passageway 105. (This example illustrates the
robot diffusion problem discussed earlier.) This arrangement is a simplified version
of typical domestic environments, where the “dog bone” may be generated by the
arrangements of obstacles within the room. In FIG. 13A, the path of robot 10 is
traced as line 54 as robot 10 operates on in random bounce mode. The robot 10 is

30  unable to move from room 116 into 115 during the limited run because the robot’s

random behavior did not happen to lead the robot through passageway 105, This
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seconds (step 450) and 7 seconds (step 455) since the brush shut off. The
control systemthen restarts the brush at 13 seconds (steps 440 &L€@§LZWE
Level is decrenmented by | every second (steps 444). If level reac '

naxinun1thrg§nﬁhgmg§tep 435), the robot ceases all operabkﬁﬁgﬁaae 437). In
R

addition, the robot may take additional. 10 actions when lls are
detected, such as limting the voltage to the notor to prevent damage to the

nmotor. A preferred, enbodj ment of .t he robot  has ur .escape hehavipors: TURN,

EDce " WHERL - DREEHH AR i CoTERE S s bRt e R T PSR e oo o

direction, stablhd¥hnier of tihes the bRt 10/ &b&es {tyowRpAROXi Mmately twice of its

normal turning vel oci ti/% and decreasing to a lower velocity G&agprom mat el y
faphat

one-hal f of its nodigl 13Bshovighe mayeseent 9f a proferrpd aybedimenieq smay aid the
bot i ' ' ' ' t shoul d
orn cin bor e DB APIODLLAUS S BOURE el O ' o1

turn can be ra tron escape n ed or both. In
a preferred enbotie nabwt foliowslpath B0 eqeh tie the tobatt 1(asotriters notatit1 00 thembahywher e

from45 to 90 rees, i n. high ni c. si,tuations the robot tur anywher e
from 90 to 27ddiees Besbesdind sl vt o Rdm: IBFRyHPELtum
sensor until (tag pdthe9 id ARk thekoBst 10QpeRME AEFaNIITdMilg RofdIE¥D 1:PElel ), t he robot
cunul atively has turned nore than 170 degrees since the EDGE behavi or

initiated. Thelltpogethod ppatidesictratlyinsrageed porerage, plpng with aitenrdaglengrasss i st ance i s
| ow (but not SGed 0¥ 38 SE L& behavior). The EDGE behavi or allows
the robot to fi? ;ghro&gnﬂgfhgvsn%%cggét%%beni ngs physically possible for the
robot and ¥b can dihaly, & pefersd embpdimestefjghe presamt twerftiondsl detaitedsn FIBHEEL DROP.

The robot back, drives els briefly hen stops 30 1 he The b driving of
The wheel s nol 16 Wik ATRES SomiacBhanhodet 7 aed B8 e Pert B ConfPAipoitite  he vincel s
a smal | Kick idevicBe0opgias id pidi medd (nfemédt 1inb85), Ihe edflediispirsl aaaa igv t hin 2

seconds, the robot continues normal operation. 24 13 OCT '006 W) 02/101477
PCT/ US02/ 18450sef.dhg deviicecopfirauss injaniral Bedeungil p predglerainedpr igadom gemberofe robo

sl ows reflective events has occurred. If a standard spiral is used (as shown in FIG. 14), the :
15  device should continue until any bump sensor event. In a preferred embodiment, the
device immediately enters wall following mode after the triggering event.

In a preferred embodiment, the device then switches between wall following
mode (movement lines 51) and random bounce modes (movement lines 48) based on
bump sensor events or the completion of the wall following algorithm. In one

20 embodiment, the device does not return to spiral mode; in other embodiments,
however, the device can enter spiral mode based on a predetermined or random
event.

In a preferred embodiment, the robot keeps a record of the average distance
traveled between bumps. The robot then calculates an average bump distance (ABD)

25  using the following formula: (3/4 x ABD) + (1/4 x most recent distance between
bumps): If the ABD is a above a predetermined threshold, the robot will again give
priotity to the SPIRAL behavior. In still other embodiments, the robot may have a
minimum number of bump events before the SPIRAL behavior will again be given
priority. In other embodiments, the robot may enter SPIRAL behavior if it travels a

30 maximum distance, for example 20 feet, without a bump event.

In addition, the robot can also have conditions upon which to stop all

operations. For example, for a given room size, which can be manually selected, a
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down to speed of 0.235 nms (or 77%of its normal speed) for a disigﬂgﬁyﬁﬁ
0.5m and then ranps back up to its normal speed. In addition to t age
behavi ors and the escape behaviors, the robot also 5 mght contain

addi ti onal ' related to safety or usability. For I if a cliff
IS detected& B?H%@?€ than a predeterm ned anmount of tine,%?ﬂgﬁwﬁgﬁ%'nay shut
off. When a cliff is first detected, a cliff avoi dance response behavi or
takes inmedi at.e. precedence over all other behavior r.ot ating .the, robot away
from the ol | f EHMEHER AOY FACAHELFn 0 B g rod e ph et PR Bt of or r e
enbodi ment, t hWhe tht midGnaetiee bh@heeMatunt 088ndHave Besireché OISO N
operational nodes. |n_other _enbodinents, the robot could use an_al gorithm

simlar to thebwapf ddkaviss Hihe marawmbime basherntpaskad, therohot syt offi ng. The

i ndi vi dual operati hembdt ' . hhed 15
above; we nOM/turnQ?gBth preP%ﬁ?gﬁ%ﬁ%@%ﬂ%@@é&?ﬁ%ﬁ?og é?ﬁggﬁﬂfﬁé{%gfious

nmodes. | nSor denstd BErlekauples dwemofs dontb] coulddreaged mredangesnmilignef f i ci ency, a

preferred enbodinent ,uses_ a cont.rol rprogram t.hat qi L or .t 0 ri ous

cover age beha&?%@EQHm g%%%@“%%ﬂ%ﬁi%ﬁ%T%Ffa%@&%@Hﬁ“ﬁ%@“@#&g§@léﬁégﬁxa hi gher
priority.) Forbeaxaimplset tht bperaticniabdeld? thpyvitthihghatyasa oden| oo msigcdyade for a
specified or randomtinme period and 20 then switch gPerati%§§I nodes to the

room cl eani ng.SVh §0ile bR s tB eetiels vl 9& Flttedn airogrp érdllovy the rebeb3 OE devi ce of
the present in HR chbveridd fodrhrh ASieed <6 ?ﬁgﬁ}; cl eaning efficiency and
per cei ved effegﬁﬁéénegs.1€§gw%y of?ﬁggnp.efgg%%g. 13A & 13B show a nobile
robot 10 i¥® a "dog Otsodekillgh theeut withseeagnize that pertipng eflihe instapigovantion ang 116 of
roughly equal i i . e : 105. (T is
xanpl & 1 1 st PR R e iRER Lol R RUdBRaRARR DA LT
arrangement i scepesofitid inkéretibn\shodli be detedmihedbycthat ashendst dldmeand theinbepal s, where
the "dog bone" nay, be nerated by the arrangenents of obstacles within the
BENBICRcraet Fiap P

room In FIG Y tiSAFFRIRISS BYent raced as |ine 54 as robot 10
operates on in random bounce node. The robot 10 is 30 unable to nove from
room 116 into 115 during the limted run because the robot's random behavi or
did not happen to | ead the robot through passageway 105. This 25 2006
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13 ON WD 02/101477 PCT/ US02/ 18450 nethod | eaves the coverage far |ess than
optimal and the cleaning rate decreased due to the nunber of tines the robot
10 crosses its own path. FIG 13B shows the novenent of a preferreﬁ 0CT. 2006
enbodi ment of robot 10, whereby the robot cycles between BOUNCE a%l Q/\Alz_q_
FOLLOW NG behaviors. 5 As the robot follows path 99, each tine the robot 10
encounters a wall 100, the robot follows the wall for a distance equal to
twi ce theCLADMS' s di aneter. The portions of the path 99 in which the robot
10 operates in wall follow ng node are | abeled 51. This nethod provides
greatly increased coverage, along with attendant increases in cleaning rate
and per cei vedaghbsifl lo¥&NQeristg: Fi nal |y, a preferred embodi ment of the
present invention is detailed in FIG 14, in which all three operational
nmodes ar e(a)sedcontrpllablgvafeelsropdrabledo diaverihs robhieovedesindace10 begins in spiral
node (n’DVﬁ) nt Iig ‘ii%é |f a reflective spiral pattern is wused, the device
continues'¥n sBi PR BECHIN F0% pr edet er mi ned or random nunber of

reflecti "@3 eveRida Bt §Erh @feratiel P cSHRBLATEsSPbPRACIE GetbSRA RSO ARPWN 1 N
FIG 14), the 15 device should continue until any bunp sensor event. In a

pr ef er r edsaedrbodioteble whebls; device i mmediately enters wall followi ng node

after the griggerin vent. In.a preferr enhodi nent , .t he.device then
swit ches %t\t weg%h‘{W&%PF?Y&F%W‘%“%&Bé’P%fﬁ%&BﬁgﬁPgﬂ Ehglélf%'ﬂ oL ORFHORAL m bounce
nodes  ( ND@AB Hnd!th BRACHBItwRasBE pRalitt WIthoIB B PRYERHy O VpetaliBnd diglcgt | On of
the wall following algorithm In one 20 enbodi nent, the device does not

return tocamprisalg: gupel-covarage hmde émpbithserdirgbot trayelsve a self-beunilsdiacea, mn ent er
spiral node, bas on_a predet erm ned . or . rando eyent. In ref erred
enbod ment g B RBAC BN P ot nr Al SseRhE s e e BhShFeq

bet ween baasbouhbemiodd &t whitBAh< RibetirRleRSuBStaditel a8 e didbforivedyoieif ahABD) 25
using the followng formula: (3/4 x ABD) + (1/4 x nost recent distance

bet ween bengpsiicredfobstaele ABMErEia the riboydoes npt edentthe absiede-fHloaghgmpde upen r obot

will again give tri orth]tary% ﬁ?‘gt tlhe SPI RAL behavior. In still other enbodi nments,
t he robot “Yr&Yy°© Cg{}geﬁm i2Ri°MIAT Runber  of bunp events before the SPI RAL
behavior will again be given priority. In other enbodi nents, the robot may
enter SPIRAL behavior if it travels a

2. The mobile robot of claim 1, where the robot encounters a plurality of obstacles

before entering the obstacle-following mode.

3. The mobile robot of claim 1, wherein said control system is further configured to

operate the robot to enable obstacle-following on a dominant side of the robot.
4. The mobile robot of claim 1, wherein said obstacle detection sensor is a bumper.

5. The mobile robot of claim 1, wherein the self-bounded area in spot-coverage

mode is a spiral motion.
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30 maxi mum di stance, for exanple 20 fect, without a bunp event. In ﬂﬁﬂt]t 5[@51
the robot can al so have conditions upon which to stop all operations. ™ Fb
exanple, for a given roomsize, which can be nanually selected, a 26 13 0GT
7066 WD 02/101477 PCT/ US02/ 18450 m ni num and maxi mumrun tine are set and a
mnimumtotal distance is selected. Wen the mnimumtinme and the m ni num

di stance ave lmaemobi@ach@df tikigh T, Whefein thduéirotided aleh kBpbSRVerhfe hélR i§@Xi Mum
ti me has beer reached, the robot shuts off. OF course, a nmnual control for

sel ect i ng "FUHRYYRYRPEL i onal nodes can also 5 be used. For exanple, a
remote control coul d be used to change or influence operational nodes or
behavi ors.” Li ké @88‘1%02%0? gﬁ‘%d‘i}i"?@ﬂ’ tB‘ﬁCOE‘H& SKHRM 15 IPPeRYLYe TR Bk e rd8t fised t o
set the opa&paist AthdEERCedettdiRdn SWMsbGIHiRthBENBE DI BRIRIodEY actiist ance, a
switch could be used to set the level of clutter in a roomto allow the robot
a nore appropriate coverage algorithmwith limted sensing ability. 10 One
of skill in the art will recognize that portions of the instant invention can
be used i éﬁf%ﬁ%%ﬁ@%&ﬁ%‘oéga“f]drW]éer?}jdrsﬁ'étoﬁm%ﬁe Pt PISEEsOpEUTRIES k| eani ng.
The scopeucfe skitigr.i nvention shoul d be determ ned by the appended clains and
their legal equivalents, rather than by the exanples given. 27 13 OCT 2006
CLAIMS 1. A nobile robot conprising: (a) controllable wheels operable to nove

the robot 0X&fobfe SMbRERing VAR, FRSERGHR 8L RLltRRSERSP FurthbChmPALs @
control system operatively connected t0 said obstacl e detection sensor and

sai d cont PBIF &8F% wheel s; (d) said control system configured to operate the
robot in a plurality of operational nobdes and to switch between the
plurality of nodes, said plurality of operational nodes conprising: a

spot - coverldgBemintide fahoigkieting i dpin dboberehyaoidlobstick fallewing moduennptisesr ea, an
obst acl e- fagérlé%\g% ggwga%c}ez?shvg}h&anﬁ@g Haili OO Ae HbAUEL AunBGHndF Al fandeQra3Ded

encount ere i
such that the robot turns toward said obstacle until the obstacle detection sensor detects an

obstacle, and decreasing the turning radius of the robot as a function of distance traveled such that
the robot turns away from said obstacle until the obstacle detection system no longer detects an

obstacle.

11. The mobile robot according to claim 1, whereby the robot operates in obstacle following
mode for a distance greater than twice the work width of the robot and less than approximately

ten times the work width of the robot.

12. The mobile robot according to claim 11, whereby the robot operates in obstacle following
mode for a distance greater than twice the work width of the robot and less than five times the

work width of the robot.

13. The mobile robot according to claim 1, further comprising a means for manually selecting an

operational mode.
14. A mobile robot comprising:

(a) means for moving the robot over a surface;
(b) an obstacle detection sensor;
(c) and a control system operatively connected to said obstacle detection sensor and said

means for moving;
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and a bounce node in which the robot travels substantially in a di rep{'p]@nm%
away froman encountered obstacle, wherein the robot does not enter

obst acl e-fol |l owi ng node upon every encounter with an obstacle. 2. The nobile
robot of claim1, where the robot encounters a plurality of obstacles before
entering the obstacle-follow ng node. 3. The nobile robot of claiml1, wherein

sai d control syt &MdoBsysttith BéHfi el b BpeRe th@ro%@ﬁf@bl@réli}!ﬁofé}@éﬁdn@l enabl e
obstacl e-following on a dom nant side of the robot. 4. e nobil e robot of

cl ai m 1, meish.eind (& aglert dtosm aepes depbiraliy e swdsnin kel tingimgseponse B signws mobi | e
bot of ' i sel f - LW de |
o ral CmsEh T by AMTEELR iR g iR B B3 oo 3ROl BRI et e n (e

sel f - boundegrigihga i n spot-coverage node is a regular polygon shape. 7. The
nmobi |l e robot of claim 1, wherein the control systemis responsive to turn the

robot in res@BrbEagle flluvingsrode mbetrby seidirebotdianele pdiapent éo pmebstacle for
obst acl e'afﬂ‘?%&%%"gf%gﬁaﬁﬂe'tﬁe sk YEh §fth@‘ro%?gﬁclie robot according to claim1,

wher eby sal etection sensor conprises a tactile sensor. 9. A

mobi | e robot adeansd megdd ehekby MeGobotharebyulsaintiap i adirectidatagal if@m sensor
further conprises an IR sensor. 10. The nobile robot according to claim1,
wher eby €8i08stagie alen WepyIeiRg HyehigE: conpri ses  al ternating between

cuch tnat 1 ho ¥ SHG0 P FEHRER sl LA 88 Mol R ol ek BUBVAR: corton

sensor det®Rktasican predbisiminke numbek ciaenwagitergetide. t urni ng radi us of the robot
as a function of distance traveled such that the robot turns away from said
obstacle until the obstacle detection systemno |onger detects an obstacle.
1. 1. The l3obi lfemobidotobat ewetiingtodaiol b, mhereimprad ptegdetetpined bombepelr at es i n
obstacl e fol [O\{,\Ii n%. node for. a gli st ance greater than twi ce the work wi dth of
“the robot™4RG™¢ 8 EOHFFFaﬁng(BBlryo%W%eﬁy ten times the work width of the
robot. 12. The nobile robot according to claim1,1, whereby the robot

operates liGUAQJ?@&iﬁCrbﬁ%:fa%erqug claRde, $RkreR ﬁiﬁ;%@&rﬁﬁ&?ﬁ&ﬁbé%@@e&w ce the
work width of the robot and”less than five tines the

interactions is between approximately 5 and approximately 15.

17. A mobile robot according to claim 14, wherein said control system is configured to
alternate into said bounce mode after the robot travels a predetermined distance in said

obstacle following mode.

18. A mobile robot according to claim 14, wherein said control system is configured to
alternate into said bounce mode upon either the robot has traveled a maximum distance or

the robot has traveled a minimum distance and an obstacle has been encountered.

19. A mobile robot according to claim 18, wherein said minimum distance is at least 115

cm.

20. A mobile robot according to claim 19, wherein said maximum distance is less than

520 cm.

21. A mobile robot according to claim 14, wherein the control system alternates
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s

work wi dth of the robot. 13. The nobile robot according to claim1l1, further
conprising a means for nanually selecting an operational node. 14. Ajnphihe
robot conprising: (a) means for noving the robot over a surface; (b) an
obstacl e detection sensor; (c) and a control system operatively connected to
sai d obstacl e detection sensor and said neans for noving; 29 13 OCT 2006

said cont gl 5yst SIBEOALEIUE Al JiGu RRSTALRALDSaTORRY, 1 @ plural ity of
oper at i onal 'nodes, and to selec romanong’the pliurality of nodes in real
time in regpongembbilsiodhoaddnprpemper at ed by the obstacl e detection sensor, said

plurality of operational nodes conprising: an obstacle follow ng node

wher eby sai d r@bQhedns BahsviAs RGPt dver Afurfiest acl e for a distance at |east
twice the work width of the robot and a bounce node whereby the robot travels

substanti al | y il aa abisteeletdetsatiomesnsén, om an obstacl e after encountering an
obstacl e; wherehy sajd control system i onfigured to alternate into said
obstacle follo Br‘?lg‘:Orl b s{(}p} %I?Gr%ﬁlvﬁiye@é]fl‘é%?fﬁ‘?esﬁmﬂih@%ﬁe cgefecggﬂég}sog Mbr act i ons.
15. A nobishig réfetovaaCabsisnghd 0 cl ai m 14, wherein said. predeterm ned nunber
of sensor interactions is randomy determ ned. 16. A nobile robot according

to claim 14, widerimsadientyl spieranintanéiguredribeperate therebot in 4 plutalificef ons is

bet ween approxi matel,y 5 .and approximtely 15 17, A nobi,l obat _according to
ol ai' m 14 Orare i s, w8 < bRl et et B sl R u o sl
bounce moggdafiiRteis iR roBRGtavkiadpkentdo R EBKRACEE, Ahi 8 BoBh&lBb&Ewhdemahé _
obstacle follow ng node. 18. A nobile robot according to claim 14, wherein

sai d cont rehot sypuelepmbstangelhf ingudieagtipn away fremram abstagleqtisnerropoignoe theode upon
ei t her thebro ot has travel ed a nmaxi num di stance or the robot has travel ed
a. nininuﬁlg? Pance and an obstacl e has been encountered. 19. A nobile robot

according to chkaiRbaPel sytemeegSattHerdontigthet & stanaeints sal obsage 115
following mode after a predetermined number of sensor interactions; and
(d) a means for determining a level of clutter associated with the surface over

which the robot moves.

23. A mobile robot according to claim 22, wherein said means for determining the

level of clutter comprises tracking the number of interactions with obstacles over time.
24. A mobile robot according to claim 23, further comprising a means for imputing
the approximate area of the surface, wherein said means for determining the level of

clutter further relates to the approximate area of the surface.

25. A mobile robot according to claim 23, wherein the level of clutter is correlated to

the frequency at which the controller alternates operational modes.

26. A mobile robot according to claim 22, wherein the level of clutter is positively

correlated to a minimum obstacle following distance.

27. A mobile robot comprising:

(a) means for moving the robot over a surface;
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cm 20. A nobile robot according to claim11.9, wherein said maxi rrum@i@t[amﬁe
is less than 520 cm 2 1. A nobile robot according to claim 14, wherein the
control systemalternates 30 13 OCT 2006 operational nodes based on the
di stance travel ed by said robot. 22. A nobile robot conprising: (a) neans for
novi ng the robot over a surface; (b) an obstacle detection sensor; (c) a

control systenmpparodbiaveldécefnentfdatp said obstacle detection sensor and
sai d robot noving nmeans; and wherein said control systemis configured to

oper at e the robo dontral gystgmadrieratively conpentat fosaisl obstadlesietestipnl spplsoraidi t y  of
oper ati onal. nut???s i ncl udi ngg@ln 1g)bs.t acle following node wherein the robot
travel s aﬁ?lgé%. TS ES T HE ¥ "8Rd a bounce node wherein the robot travels
substantial l'y kfddosttdl8¢étemns @amguferdqab?&a&hﬁé AfboeirAd plafalBNeOsPkfIonAY the
obstacl e; said control systembeing further configured to alternate into said

obst acl e nfoges, Gewd miuratiig et aperational proddeinghudingsnh absteblerfoléwingnsede wirreinact i ons;
and (d) a,neans .for, determ.nin Level of clutter assocjated with the
surface oVroPQyiaY ﬁlstaﬁ@c?r%%ffm ﬁ%%aecé‘?’ aﬁ%?%ﬂu%tfp‘i’% W@%S’fﬁlé%ﬁog’%ﬁrﬂ&%t oclaim
22, wher ekiibssatisllyBa§irdclion deh @ FFhNANEbstdR aflef¥@loufferial Wd QistaeRAPr i ses
tracki ng the nunber of interactions with obstacles over tine. 24. A mobile

robot accor di népif éoriradispstes beingrfuriber configured iajteanate tnte sgidpbstagleit i ng  t he
appr oxi mat.g, ar.ea_of. the surface.. erein said nmeans for determni,ng.the |evel
of ™" ot SIS ke bR SRR Sin i oF R BRR R nE e Jubkib e
nobi | e 1 ot coaGedydietaltePhalésteive:, salth®leRitidnilBode8 basedafpot laUAdKesf skBsor
correlated to the frequency at which the controller alternates operational

nodes. 26InpAt.nobi |l e robot according to claim22, wherein the level of clutter
is positively correlated to a m nimum obstacle follow ng di stance. 27. A
nobi | e robot conpri sing:

28. A mobile robot according to claim 1, wherein said control system further
comprises memory wherein an operational system program is stored, said operational
system program comprising a plurality of behaviors and an arbiter to select which

behavior is given control over the means for moving,

29. A mobile robot according to claim 28, further comprising an escape behavior.
30. A mobile robot according to claim 29, wherein said obstacle detection sensor
comprises a tactile sensor, and wherein said escape behavior comprises operating in said

obstacle following mode.

31. A mobile robot according to claim 29, wherein said escape behavior is triggered

by the rate of a motor stall event.

32. A mobile robot according to claim 31, wherein said escape behavior is triggered

by an increase in said rate of a motor stall event.

33. A mobile robot according to claim 29, wherein said escape behavior is triggered

by the duration of sensor input.

32



(a) nmeans for noving, the robot over a surface; 311 S OCT 2006 (ﬁﬁ %
obstacl e detection sensor; and (c) a control system operatively con E @E to
sai d obstacl e detection sensor and said robot noving neans; and wherein said
control systemis configured to operate the robot in a plurality of
operational nodes, said plurality of operational nodes including an obstacle
foll ow ng node wherein the robot travels adjacent to an obstacle, and a
bounce node wherein the robot travels substantially in a direction away from
an obst acl® affﬁé‘?o%lﬁé@lQMtaé‘quﬁ@gtt%éla@bg?aa‘ﬁlﬂ@em§&hdcﬁs@;@ﬁthebwl@y€§¥@ﬂsb‘é| ng
further Q%Bt |§§Hﬁb lternate into said obstacle follow ng node after a
predeternlne sensor interactions; and further wherein the contro
systen1a|ternates bet ween sai d operational modes based upon a | ack of sensor
input. 28._ A mpbile robot according to claim1l, wherein said control system

further %rrpr‘f‘é‘é%’ﬂﬁéﬁliﬁt?%%%lt?lcﬁﬂn é%ew%ﬁrﬁﬂaﬁaud %WFMWWQIS Higgetedst or ed,

sai d oper £ program conprising a plurality of behaviors and an
arbiter t%ﬁéﬁlmg('?ts ﬁﬂﬁtbehaw or is given control over the nmeans for noving.

29. A nDblle r obot accordlng to claim28, further conprising an escape
behavi or. A mobi |l e robot, according to claim29, wherein said obstacle
det ect i on3(éens%rrml’(%]ér‘f‘bli’qt%%orﬁmgé%ﬁlﬁl%1 JHEBer compiisinger dithdeester. escape

beh bi |
oot accurar it B Saudfis Rufthild SRALACKE Sl Mol URER e lionPes by

t he rate oflifi notor staII event. 32. A nobile robot according to claim 31,
wherein said escape behavior is triggered by an increase in said rate of a
notor stall event. 33. A nobile robot according to claim?29, wherein said
escape b Vi 0K phdbilelrd B0risiRy: the duration of sensor input. 32 13 oCT 2006
34. A nng?ﬁe robotlaccorgb rls]'gclalrnzg wherein said escape behavi or

conpri ses (a) means for moving the robot over a surface;

(b) an obstacle detection sensor;

(c) and a control system operatively connected to said obstacle detection sensor
and said means for moving;

said control system configured to operate the robot in a plurality of modes, said
plurality of modes comprising: an obstacle following mode whereby said robot travels
adjacent to an obstacle, and a bounce mode whereby the robot travels substantially in a
direction away from an obstacle after encountering the obstacle;

whereby said control system is configured to alternate into said obstacle following
mode after a predetermined number of sensor interactions, and further comprising:

a wheel drop sensor, whereby said robot utilizes the rate of wheel drop sensor

events as input to said control system.

38. A method of controlling a mobile-robot equipped with a sensor for detecting an
obstacle, said method comprising the steps of:

(2) moving in a spiral running motion;

(b) discontinuing said spiral running motion after the earlier of sensing an
obstacle or traveling a predetermined distance;

(c) running in a substantially forward direction until an obstacle is detected;
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shutting off the robot, 35. A nobile robot according to claim 30, m@ﬁgﬁ&q 0
sai d escape behavior is triggered by a |lack of sensor input. 36. A 'Ig
robot according to claim 14, further conprising a cliff detector, whereby
said control systemis configured to reduce the robot's velocity upon
detection of a cliff. 37. A nobile robot conprising: (a) means for noving

the robot over (@ yfHinz3a8 rundif) al%ﬁ% aRsdcacted JhehOs o8BS Lt ledsEiwitd the @
control system operatively conhnected to said obstacle detection sensor and

sai d nmeanwoflowidtibof thg rotgdi d control system configured to operate the robot in
a plurality of

Fol | owt ng. modc ORGP By Gtior? B <clelBreTR i b 3 ol BdRe®ian,

bounce nodgedddgsfidy the robot travels substantially in a direction away from
an obstacle after encountering the obstacle; whereby said control systemis
configured to ) thersaticerepeatingsaidstabeiruaniag flohg ewiiegted wbstaclaanésaid step

predeter m ped .nunber .of .sensor, interactions, and further conprising: a wheel
drop sens%ﬁt,u%?‘g%frg%tge ?gS%Faﬁ?ﬁ??C?eZes the rate of wheel drop sensor

events as i NpuivhéRinSélabg&an nidlen@}Sdre Beled&d infeMBih®h REpdsedid flyldfng a
nmobi | e-robot equi pped with a sensor for detecting an obstacle, said nethod

conpri si nepledeted dsppocoer signgls gangratesl bnthg sepsior.al runni ng notion; (b)
di scontinuing said spiral running notion after the earlier of sensing an
obstacle or traveling a predeterm ned distance; (c) running in a

substanti adly The ubile-ddHoesteb@il MBihol adddbrdiRg taelhien BS, Aah&WUoRPrisind3ne 3 OCT
2006 (d) turning and running along the detected obstacle for a distance at

| east twi 8fep Pheepaming the sritah remingaotiebaiter a(psydeterpmngdgnuapleey of WL $¥8NKet ect ed
obstacle and running in a substantially forward direction; and

40.  The mobile-robot steering method according to claim 38, whereby the robot runs

along said obstacle for at least a minimum distance but less than a maximum distance.

41.  The mobile-robot steering method according to claim 40, whereby said obstacle

sensor comprises an IR sensor able to detect said boundary.

42, The mobile-robot steering method according to claim 41, whereby said obstacle

sensor further comprises a tactile sensor.

43. A mobile robot comprising:

(2) means for moving the robot over a surface;

(b) an obstacle detection sensor;

(c) a cliff sensor; and

(d) a control system operatively connected to said obstacle detection sensor, said
cliff sensor, and said means for moving;

said control system configured to operate the robot in a plurality of operational
modes, said plurality of operational modes comprising:

a spot-coverage mode whereby the robot operates in an isolated area,
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(f) thereafter repeating said step of running along a detected obstaglﬁmﬁ%ﬂ%
said step of turning away fromthe detected obstacle, wherein chang Q
novenent are selected in real time in response to any of cal cul ated di stance
or signals generated by the sensor. 39. The nobil e-robot steering nmethod
according to claim 38, further conprising the step of repeating the spiral
runni ng not i onardBseiclefolbRERIREdE WREeBy e Fobf trarisaljaUeR s obsthble fdine
nobi | e-robot steering method according to claim 38, whereby the robot runs

al ong sai #diglsecmatileas BYIC%ltheIWStW@hrﬁfgh@rﬁQh?@ﬁ%i ahewcgmodeskhierelyfhc a maxi num
di st ance. ' ts: ' ' -3l m 40, whereb
sai d obstgéﬁgugggﬁggghggﬁgﬁﬁgggégﬁﬁ{ éﬁ%%?gggﬁéﬁ?%ﬂ%g%EéInégl lﬁl’%oundary. Y
42. The nottdcke r obot steering nmethod according to claim4l, whereby said
obstacle sensor further conprises a tactile sensor. 43. A nobile robot
conprising: (a) neans for noving the robot over a surface; (b) an obstacle
detection sensor; (c) acliff sensor; and (d) a control system operatively
connected to said obstacle detection sensor, said cliff sensor, and said
means for noving; said control systemconfigured to operate the robot in a
plurality of operational nodes, said plurality of operational nodes
conprising: a spot-coverage node whereby the robot operates in an isolated
area, 34 13 OCT 2006 an obstacle foll ow ng node whereby said robot travels
adj acent to an obstacle for a distance at |east twice the work width of the
robot, and a bounce node whereby the robot travels substantially in a
direction away from an obstacle after encountering the obstacle. 35
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