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Receiving Ofice) 10 Application for Patent Under the

MULTI - MODE COVERAGE FOR AN AUTONOMOUS ROBOT 20 25

30 WO 02/101477 PCT/ US02/ 18450 METHOD AND SYSTEM FOR
MULTI - MODE COVERAGE FOR AN AUTONOMOUS ROBOT 5 CI TATI ON
OF PROVI SI ONAL APPLI CATI ON This PCT application clains
priority to U S. provisional application for patent
Serial Nunmber 60/297,718 filed June 12, 2001. FIELD OF
THE I NVENTION 10 This invention relates generally to
aut ononous vehi cl es or pCabaPPLIEATON € specifically
to nethods and nobil e robotic devices for covering a
specific area as mi gh(UBReceiying@ffies), or used as,
robotic cleaners or | awn nowers. BACKGROUND 15 For
pur poses of this description, exanples will focus on
the problens faced in the prior art as related to
robotic cleaning (, dusting, buffing, sweeping,
scrubbi ng, dry nopping or vacuum ng). The cl ai ned

i nvention, however, is limted only by the clains

t hensel ves, and one of skill in the art will recognize
the nyriad of uses for the present invention beyond

i ndoor, donestic cleaning. 20 Robotic engi neers have

| ong wor ked on devel opi ng an effective nmethod of

aut ononous cl eani ng. By way of introduction, the
performance of cleaning robots should concentrate on
t hr ee nedppliestiaf for Ratasd/ndanthe Rgtent €looperatipnr Bieatyand
percei ved effectiveness. Coverage is the percentage of
the avail abl e space visited by

METHOD AND SYSTEM FOR MULTI-MODE COVERAGE

FOR AN AUTONOMOUS ROBOT

15 METHOD AND SYSTBRCTFOBV2/18450
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the robot during a fixed cleaning tinme, and ideally, a
robot cl eaner woul d provide 25 100 percent coverage

w@bxyenddan infinite run tinme. Unfortunately, desiPeBEUSIR/18450

the prior art often | eave portions of the area
uncovered regardl ess of the anmount of tine the device
is allowed to conplete its tasks. Failure to achi eve
co 0 a can _result from nmechani

R QRN §¥ 5 TR w0 Mk 13 MO, Y ERASE BOR AN
may prevent it froﬂﬂf@ﬁ@lﬁ@)(‘f@k@@ Tareas -- or the
robot may becone trapped, unable to vary its 30
control to escape. Failure to achieve conplete
coverage can also result froman inadequate coverage
al gorithm CHEATION OFPROVISIONAL APPLECATION
instructions wused by the robot to control 1Its

nov e el PCAOAppl 1Bﬁ1dhlﬁlﬂﬁﬁ?iloﬁﬁy 10he.SPHRYRMnal Ayl Bor 2
WO 02/ 101477 PCT/U802/18 coverage is discussed as
Rt SeEak Nyaberro 0/ 2, ABilpd ins 12 8901\“ sited by the

robot during a finite cleaning tine. Due to

nmechani cal and/or algorithmc limtations, certain
areas w thin the avafFIBLhDSOBFHE INMENEIGNXSt emati cal |y

neglected. Sych systematic neglect is_a significant

i ni t G ghvepiion Wiﬂtﬁﬁ geradly fo awfopormews YRl Gles3 gploty fangd more
s‘fn'e@iﬁ@hlﬁgtorrﬁa%dss qﬁétﬁfe%ﬁ&tfc dvidel ?orcéo%'l{]ﬁé:% sﬂe@% area as
given i'n unit area cl eaned per eani ng
mighé be efqaired t)fg ot hsedraat wbatic vletmdns ot lienanesersf cl eaned
floor increases; coverage rate refers to the rate at

whi ch the robot covers the floor regardl ess of

whet her the floor was pregiheyshrodRpn or dirty. If
t he veIomty of the roboT IS Vv and the width of the

r obotFay pureashs ehisstoherititiom ¢eaiebeshoilidariseh tshc pkoblérokt faped

Y el Ry e A, B i

sehabin) \ﬂ@smbﬁplﬁg BEV&uMmiied) d Ot ¥lafBsdin®Bntidh, RoWbRs &6 limited
env r onnent a cleaning rate that decr eases

Y theeslatgns thransedissang cog Epleifdn th st will recpgnies thomysiad of
Jsem“or HdhiRsdr &}éﬁ@&iﬁ&;{om il BESlond: 6 Lighgh, oper at es

t he nor revis cl eaned
ar easRobitie enginleﬂ'a hadeking woiles] én @dvempim ¢ffeetive method of

equi val en gé' coverage rate, thus mnim zing
fﬁl?m’@ BULS &§ ]Ingp TRy ‘tfll’é‘é yetien.ghe peréorgpnes afsdeaningobots
Db coNOifiSite 5%&6%&&%}11@‘5 of Elﬁ:@@ésngmfe?atg% 519&1%1%%%

rate is a nmeasure of efficiency and
reresavedreffectivanesso Ul averazans ‘drm\percagmg@ of ihhtavgtafbﬁ gate visited by

t t d te th t i Ni .
R T S € ar e ite AR BentD Pt udiongyice
1W0gRr@t ER@Yage|g®RARM 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 -- ¢.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
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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A third netric of cleaning robot performance is the
percei ved effectiveness of the robot. This neasure is

woononer in the prior art. Deliberate novenent apdI/UusSo2/18450

certain patterned novenent is favored as users wl|
perceive a robot that contains deliberate novenent as
dovetagefif @istusval as?aBpéNEnlt&eQﬁ‘ﬂfer A48abl€ 'afe%%Md gttﬁe B durmg

percei ved effectiveness are the performance Criteria
dfigide eleaning Emsi Muego prashaniea dndiob akgorithmic difnitatiens, certain
5‘35&%81’] ; S k es CCO
%é e in %%QX\%%B@ %Plggre. Iﬁ q,ys%eﬁgéggl? NE ecieidz &jmﬁ sys?ematlc

Hfepboet i avigfisant dintieitivn 9 tHerpeivewr. obst acl es) and the
cost f the robotic conponents. Qther design criteria

SECAPEASHESOarrdeaeng ighot's perfasroangs e thmleamim@d
%?%ner i B e BhET PG o i@ LRIk @ LSRR M Talely which

the Shgécleadibfld@ iRabases; covaaps rasd tefdrs t®the rate at which the robot

1999, AKP Ltd
TR a Bt ol Sndhe hiloorvmbrs viopeir closogr st the
RS IR %J@%St ReaRd '?Féj'@mftﬁ’ ol Gt acH x%gmgg‘%reugm (also

cl eani ng robots. Each of these robot
aplad Wz@fk wirth) isrvgthen lewobot” eédvieigemate yis simpdr wh it its cleaning

d ar |ven limted energy reserves. W
r?%fsﬂé ﬁ%i‘fa |1‘P”§ ef ficient cleaning, where the

cl eanh Iﬁ@odt a2 nesliea irfa bﬁ@}zs &‘&iﬂ%rfﬁﬂﬁ‘or{ il Folodd env1r01gnent has
determnlstlc cl eanin shown in FIG 1 A
acleapingipieidabdecrases aﬁivg td the pehat’ sroversgé mtsamﬁmcmmyof

| rea di n
Py U LT B0 LA
alteady ¢lbened alpeis. H\he‘UptuanI cibsi/giiel{ag aicleahfngaB cWiRaRnt {o thats
been;, this in turn requires a positioning system

CEVPRES Ao Ay TaHRiiRg wineRessary Tepsated; clasinings oY ghespme spot. In
o?h%rtvﬁﬁhé’ ﬂ?&féﬁﬁ %tf@le‘éfﬁng Q?(Q ltc?c&%ra%%trﬁre iy thé'éétﬁe &F gf?i@feﬂgy and

m ght rély on scanning | aser raso
aproptiglicleasing ragamoukt mpzhama/erhgé foé tl@rgreaést %ent@ge oftther

ti nd involve
AR BE B Sl SR oo ! S
ageeiRilfch@Sclefctl0, Methods that rely on gl obal
positioning are tépl cally incapacitated by the failure

of arfythigkmetsic ofle anmgsobotqmrfmgnaycs iethe péfseided effectivehess of

AR e
pentast mobemient i€ Eavordd ds dayrs v@ﬁgﬁfdéﬁlembbﬁha%@_idnfsﬁieﬁﬁgate

W ndsor | ndustries, which used sonar, infrared
movement as more effective.

While coverage, cleaning rate and perceived effectiveness are the
performance 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
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




detectors, bunp sensors and hi gh-precision |aser
navi gation. RoboScrub's navigation systemrequired

w@by/ea#i’ng | arge bar code targets at various posPCT/URER/18450
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in the room 20 The requirenent that RoboScrub be able
to see at least four targets sinmultaneously was a
satgenmﬁtis havd bezpaenaleito baild paaﬂuhﬁﬁg arbdledpdnigivbotsh &aelh of these

t d.t . t
orhE 185 TR AIe: St bR BN GoRabe desighated area
Cgfvggqlﬁ{ﬂeg%e%grg&pﬁasa gl obal positioning strategy
simlar to RobotScrub. RoboKent di spenses with 25
Robot S&Y: euhéfer tmatuaalbeefﬁpwat tleadng, (ydere the mlaagmgyste equals the
but havin ent nus est |ts Ly .
C PR s B3 eSS R Seahey B8 Pl BBCE 1 & 3600 1 Btidhing o
I aagxmlmltlb\mﬁﬁnom ih B@&La WRY 8s Mplétél@%@véﬁﬁe 88 2 while
position correction by sonar ranging neasurenents is

s afgifiagaHredundant clepning: nP¢ipmministie Cleaning gegyrss e thgrebot know

ROBIRA e i G5 pBERTPAE okl s o bR Ll BBt it
aISuc)h a ﬁoﬁﬁc?mﬁé Systdne i-taqidsitionitlg. sy stem, Suft8b1$ hdcurRa e exible) |

5,650,702 (Azum )., Because of the limtations and
d feterminjstic cleagmeamight oo toarniag &sar wggerwﬁf@asonwdmducers

of b M ARTUAA: R0 B 0L BB RER I enpensive and

pivobie-wet @t-upspsdific tocthe paitivglai soomn genrthairiesToAso, methods that
nayi gat j on. net hod known .as dead reckonin

X iﬁ)g’al:m%ﬁ%@ gF fﬂ%%?ibfrm?@a?lﬁéecﬁb 3@1%%%%?11 of the
Oﬁoﬁﬁ&hnégyﬁém_ drive wheel (using for exanple optical
shaf t encodersg. The robot can then calculate its
expect Edegasinpleny usimgthitghly suihissicated (angi expandvdsomor

d
¢ IREhIBRRER: oo P s e Rloshed i o e oy
t D%nﬁﬁ% 0MisHile RébotidabndRaRHsok BiuSirRE.SviichiSRl sohf Biffafddl
even though that wheel is not driving the r obot

r d¢tgetpiseb W@p spisony adidgh-peecisipnlaser pavigation BobaScrips navigation

t
F}l%?pag éﬂﬂ\ré? %ﬁé&%@ﬁ?ﬁl béi% die {E]att &fs JQ} tf‘éﬁ M‘t‘ﬁ? koom
uithe kéqaibremehiothatr RmsimSafubehrwab&mtmes*ea at ]eadt folutrtaioes mlmlﬁlTHnEOusly
pat h no l nger copsists _of 10 t htI packed r , .as ]
cesvﬁﬁar%gal Gt fRereliamal OB st | RoRast é@ dotsaiyes impedio cleaning
1frde ofddGréRSul t of reliance on dead reckoning is
intTactabl e systematic neglect; in other words, areas
of t he Amnbther emplnoRobﬁI@n@dobﬁhlﬂe p thel Kernd fCaaporation, follows a

-determ t ot f
EA b ionR aigpy SRR OB ISRaly g Rsh Hibrses i
r Rek6ISchD’ Sdrd &@Eﬁ:ﬁ% ﬁsér%i@@ﬁlomng system but having done so RoboKent

must restrict itself only to areas with a simple rectangular geometry, e.g. long

hallways. 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
(Lee et al.), 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



15 heroic nmeasures to nmaxim ze the performance of its
dead reckoning system Cye nust begin at a
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| ocati on where the robot fixes its position and
orientation. Cye then keeps track of position as it
npsedo-aeryminisin dduningsp ah autbgoyes mvigation umtl&rd laiomtnyas dead
|n ts p03|$Aon and orjientation.increase.

miRekoBg Rearl feskonang ponsists of aeasiHipg thegrecdisge aH@’P af gach robot
U Bive GRe e ﬂﬁ%ﬁ@ﬁnﬁl@ olpﬁﬁﬁ%hﬁf@ éﬁco'dErSW The Q@oﬂ%‘tﬁéﬂ dhlculate
to ocate acal bratt on spot cal i bration spot
i #s expeettdgosition dk e env1roxﬁmet>¢cgem| axlelowmartlsg ppiphgel orientation.

¢ D g R s SRR Wheshalap o T ipoee Sey g encoder

u of iR hebltegiSeRld WRE r&tBidd eRARhGIZThRMIWIREIR %bﬁdnvm%the
her exanples of this approach are disclosed in U

Peabehitelatye. to @emgmsis A% shoayiadfiG. &B, aslthy rebeti 1 eavisgeyaiput the
P e B D R AE e B Bt

Cumielia‘rﬂe frrusabt a&g@ﬁbmﬂtfaﬂ) dira€ibs.t kHeqfath ®o Toapetadnsists of
mogvement algorithmw || provi de acceptabl e covera

gfigkety Racked ¥qV\53a At camae fogthe Artsrmistiie spedaEsshavindp %IG- 1A)
I
R S L 5 AR AT B SRR s n ot
asosgxt aﬂaheoﬁ:thaﬂbagae nﬂibclh:med hi gh confi dence that the

random_. noti on, rgbot has,cl eaned 98% of

obst ac PEEEKEEPleSS PSeyrlo-delerapnistic g Sy istie Cyg refgt from

0 é&% d84a "51555 i
t?ﬁ%@ﬁgiz?ég%{’ as a{ldet eirilr%1 ni stnl déééraggdg{?h%étaga?ﬁééyfggéﬁeu%s
c hexoid mgasrmms Hamiagsimize ﬂlatg:rﬁlrnmm of aimiescpmehomm gystem. Cye

cove mtati of a ran ori.thm can,be.see
"B 66t 4 P sl Bl e EIRIRBH 501 ARNERA 1 G i3F Fhere
e tfeaobotrixes @@ PBSitibA End BEertORIN. | Ciethén Reé¥ph aaélk SMposhioafas it
chanbers. The coverage over tine of a random al gorithm
r gyes pvaxiien thatspein A Chmoseo yscarginty & ity pasitiapdt v
d fi

Orl?l?tg (?1? P%?e%?e d¢$slgp 41@3:?@&1'1125 | (e)[§ @ cgﬁﬂtaﬁ&ll 5% before this

c barobgiowsse l@ge that & vnﬂ lbe amtiklelq mcdldcama:‘ahbnanomp(& If a

di st.ant chanbers larly the robot is rmst ik

t Gt ef re?\éegfprglf&ieé Ratiseressive mbepkslippage; <§><>urs Yhen Cye
r

 AABE TP S A0j EIBEN S SPELY, O s it
eqgse dilpin mlatwetyrsrmihladmgimmrbymmtsa Dthezr h:ambplles of this approach

U R N 8980 M 0 Bl 2898

swpﬂl i es, however, usually guarantee that t he robot

W | h ave
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
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



insufficient time to clean all areas of a space
cluttered with obstacles. W refer to this phenonenon

w@8a2/the77r obot di ffusi on problem 15 As di scussedPCT/h802/18450

10

15

20

25

30

commercially available prior art has not been able to
produce an effective coverage algorithmfor an area of
uniasonmn apprxihatgly fAg timésed lombavedetéirdnistic toboawith the same
either has relied on sophisticated systens of nmarkers
oflepag gishaniym maying HtbeIMBPeELi | ity of the robot to

[ 00MS ht BordfRl it ARAAREH Ao BFATR SN boALLPARYG. 1B, An
use pseudo-determnistic control algorithnms can | eave
apbsigrlof in the repmeen c@teshis tHed of seainhenting ghearwbmdinto a collection

SUMVARY OF .THE I NVENTION It is an object of the .
pPé@@m\{’eﬁn ‘ioé’ﬁrag%o‘b"rr&\ﬂled%fl aragdam Zlgorithm gohf, iysycp a room is
ahh¥g s i@ el thné @é}ﬁi‘? bf %z_%}éfeﬁie% ih Bné@ cRinkbedlof b ¥oftined volume.
nodes in order to effectively cover 25 an area. It

I S
alnitg]ye e densithel gasashighest iy bachamberovimroitiisieeleasedosid lewest

r ' Sta- nsofr,,. & erate, in

n3hBbre bt o B iRy BEOFR i1 B oGpdyB iy clean he
f Chdnibwdr Phegoid stagtsnater fhin infor@distint ey, eady Bf thé p@cess.
invention tq provide a nobile robot that alternates
36TYEROBEN B8 -8a5 Ecachts cailbgiuahwith saval depsiyan @l chambers.

e . ' ' t ' Nt -0

;P iscRYE BHE 1t totel WA B o 5T i iions of
apprcited ppeensuppties] ihstvamereusudl Y\Gudi2itd€ thd¥ the robot will have

PCT/ \US02/ 18450 It | s an qgbject of the jnvention {o
pPEYHTERET URSHP cleap s GTeas o & Spagec ‘H@Re%t‘ﬁ]éh aostaclese W& refer to
dii§ ARGBNRALNEEMe DS A rRIorPRNBbIAE the average

di stance as an input to alternate between operational
nodes. Alstdiscussgds the sominercialy wilalle prineart hesemitibeen abde to

ti,m { di st t he. t 5t | '
B & RS RGP B Tuhd Pt b AT g Pl trn oy noted
ohbdksthadkidr aft @th@Viab gelRd bn!sdEhid@édedydiehhs OF nidfigers or beacons

robot, and to provide a_m ni num and maxi nrum di stance

f F hasdinited the ufilitysrfdherabet fogopmsivith simpke reptangudarggometries.
ohi for . _ . .
BB 8o PALELE SRR B0 S BRL LR e s
opptemhdtiondy neglsdtedn program able to run a plurality 10

of behaviors and using an arbiter to sel ect which

behavi or is given control over the

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
an area.

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
between obstacle following and bounce mode to ensure coverage.

It is an object of the invention to return to spot-coverage after the robot has

traveled a pre-determined distance.
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robot. It is still another object of the invention to
i ncorporate various escape prograns or behavior to

wa@bl/matrhe robot to avoid becom ng stuck. Final | BCT/U802/18450

is an object of the invention to provide one or nore
met hods for 15 controlling a nobile robot to benefit
fr om 1 ai 8bjeblist tRPirkehortdothradide B hadiis roblit261eas @dck the
herei n. BRI EF DESCRI PT| ON THE DRAW NGS These and
AYAregredistpen hatweengsbstagles pné yamthe jarcrage distaneg 49 anggput to

| ) 18f ce to the acconpanying
3?%%&%%?%&%&%’8‘1%%?@@% A-Dillustrate coverage
pat t elitris yeff anotiter objectr oflibd Biveitidre aptinize e distankct the rdbot
S fop-vi ew schemati c representati on of the basjc
gaﬁ%%m %bSEﬁCI"af%HﬁWB}g podepvr fupstien phthg figpagney of gbstacle

h f AV | g E - A :
R R S
dbtant&for dferasing ilobgacknfadlossinggrode.net hod of

deterni.ni ng, t he angl e at whi ch the_. raqbot .encounters

an ob?tlaal doreg o Bafera gm@ém%é%wwaﬂpﬂéo use a control
S¥ st kitd 198b 1 robot ith bR &S 6 SR ProfimBR b HRPA phurality
control system FIG 5 iS a schematicC representatio

of behawioppendiesiagman arhisercte seliect which behayviar is giver nomtonl ovatthe
FA G 6A is a schematic representation of the coverage
Baﬂ ‘ern for a preferred enbodinent of SPIRAL

behav iids stilf bfsth&fbjéct of Blelifvativs té BiRbveat /i@ eadapthe
coverage pattern for an alternative enbodi ment of
Brogranns greredayior to atlow theobae te ayoigbeemning suek.

PCT/ 84k ' g {.on. of

cover Mgt B S50 ISl SRS BRIty i methods fo
eottadiingn inodile SHoRAd bdieliafioar the Fhfousiobj&toarid dwasihgast

i]l ust({ati,on of the spot-coverage algorithmof a

piselogsd kaeiBnbodi nent of the invention; 5 FIGS. 8A & 8B
are schematic representations of the coverage pattern
for a preferred enbodi nent of operation in obstacle
foll owi ng node; BRIKF DESCRIBTTONQE A3E DRAWANGS i on

of the,obstac following algorithmof a.preferred .
erbod T Arguthe Treienor oteed maptios il FYcRpPeas it
kdfbidfidd Rith®Bec®inpAnying 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;

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;

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. 6C is a
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preferred algorithmfor determ ning when to exit
obstacle following node. 10 FIG 10 is a schematic

w0 eproesent ati on of the coverage pattern for a predBEUS@A8450
enbodi ment of BOUNCE behavior; FIG 11 is a flowchart
illustration of the room coverage al gorithmof a
selicghficreptesonitmibnrofilie efvetdae phttatt fod yeo andth&Qilteddiafive, 12B
are flowchart illustrations of an exenplary escape

exrbodupenfiob PP IRAlbehay 0, s 5 schematic representation of
the qque t | o QRRkiheR of

Si ng&g&bzzsgg{i?\gn%l%?%%é@!@? g?t}ff%gé’%-%ovg&atsgc ﬁ%ﬁat [ co ?
mrefprred enbadinent of the ventaver age pattern for a

pr ef d i ment of .the instant invention usjn

bbot JUFS: K0P R o et Shuree oAt Mo bl be fhG] for o
préiEired dmbaditheRE HESPREAton!i8 BHARES ‘f(ﬁldvﬂﬁ% gfodehe coverage
pattern for aﬁgreferred enbodi ment of the instant

i nverfillGoAAds h flgwsgturt illosteatiogof thendstesledotovingalgngittimef a

PO BB R SaRO T 2B By hLaMr TR IR an of

prefRirk@ alpBhitim foi desmpnedwhen iy @i citatixdbliowinganvd age
at an _effective coverage rate in_a room of unkpown

geondilfy 10 fsp schegmetioFepreseniation pLbp vaverags rasiern, op a prefered
t el :ny the inclusion of patterned or

e&&@g@?&%@o‘?@gﬁ%ﬁ%@%di tion, in a preferred

enbodilGe il is efl6wathan éllustradomgtherequicoesage algotthol of a

system abl e to prevent the robot from becom ng
Rrﬁﬁsqgsql Pﬁng@%meﬁt t%eWeHHRWQ\m environment. Wile the
Physigals. $5A4E 1 0B &R BbwERB: lifysthiahisofah@xkRpMRy éfdafdhe

art, the conponents of a preferred, exenplary
tehivddi;nent of the present invention is 8 WO 02/101477

PCT/ 18450 .described herein..A preferr .
erbod et AdH 2 SHET R ELREARUBROT Bif Pyt i pamobilp gobor
With 6M&@rsiﬂgw'@:[|séraﬁcﬁiwﬁﬂaé; IO Y 3B Ré & Schefiatidkdpréseatatio® 6t the
As shown in G 2, for -exanple, the nobile robot 10
asveragppattesn fearch rrafsaier embodiment afits insta dmvgntion ysing obstacle
t] c ' ectrical conmponents. These
@gﬁg]gr{ﬁeaﬁj{a%o%c %}Jé‘g%n\?g?slqgﬁé sensors, including two

bunp Blendaisa dchehalic réppeseh@don of thee ol anyapaitepofdriagreferred
of the robot, four, cliff sensors 14 | ocatt) ed oIn t he
qrpnskimenfafithe instaghigvention ysiqePPLERisEREe, O stacle following and

room coverage modes.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

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
unknown environment.

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

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



sensor 16 nounted on the robot shell 15. In other
enbodi nents, as few as one sensor nmay be used in the
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sensor(s) nmay be of a variety of types including
sonar, tactile, electromagnetic, capacitive, etc. 10

BeleadtiRd Obres0SA Irrereﬁédibﬁbedmen%ﬁhe bfe@,%ﬁﬁ%ﬁbm su‘BEtanhally
t he present i nventi on uses Tg tact| e) sensors
nt

& CIrgulan Ephokif [sweeney eontmnprgowtm atyeass dysshown in REG.Q, fcrrf
S %Q?ﬁéﬁ ﬁfé Iﬁ@lg‘het J&Bm‘"ﬁi $ e%e (< ngﬂbﬂ Ay OIC 1n‘g§.{dg§]f1 cﬁ‘assm 11

sensors are

Aspbpartihg archhrfeabahi el@%i@ﬁl&oﬁ@nemﬁll Thesélcﬁﬁig)@ﬁéiﬁﬁmbﬁlde
her eb i ncor por at ed b){) reference. 15 A preferred
t

etBHAThEREOrSf Intlyding dyatbumpstsnsasni afn k3 logeted vt foryard portion
MQr YeSroBdt, f&? LB deMidd 14 n)%af@ﬁ%ﬁltﬁee : ggﬁ%ﬂgﬁg&g&/ a wall I following

i nexpensive | owend m crocontrol
r schear gé ab:hmtdsﬂam the yot®8 sloell b, hiarotlparsarbodmnents akftﬁl\ms o11® sensor

P ecisgd s Bieaefid L ch sHil e s pall Feeogmias b epesor) may
CIRTaRarieS\0fefhed @nrﬂ@rﬁﬁ% %nair Radtiid %’f’ec%]gl %l]ﬁetﬁo&[j)amtlve, etc.

cl eani ng héads 30. The 20 cl’eani ng hea ontain
a Regewsgof epgaesdraints, arprofgyed ewbhdisiens pithg esqsentnnmntlon uses

eI 0 r on.of var

A (STt S Ry S YRt e o
a|SSIQSOl‘5ﬂD4 austethe avadl-dH oWingSiensot 1 6ADMRRIIFANER RBOWUE aredescribed
preferred enbodi ment__of the robotic cl eani ng device

an Eovrdratat Apphcaipndd Sshl 09/768.d83.iwhielydisclasne isdhereby
ﬁic%n:]% fﬁﬁe% side, and a 25 front portion of
the r (g (1%8% etcdom nant side of the robot is the
Si de t Imprerferrrddeqmbmhaentmf therobordlac tontdihtva whyl €20, motors 21
gr %bsta ‘@%\/vpen t he ropot cleans, the area adjacent
t 6% ﬁ] pdensadet Yeji mleﬁpeéISWPé‘P‘érepééllcrocontmller 22,

e ahor arame DRIRYRSdl ol poier djie KPTAIIR: 4t st

prepgeyends arggvdllomovar lntth@aae hnd aretnobdigbussed intdetail hereln The

SRR e st R e et of o'y clspingigaado. The
S yIvaRing iheadffighttentbya R Qéanef) SB8HoR lﬂ'ﬁéﬂeﬁ‘ %?Bnéés A8ops,

however, .in a preferred enbodi nment, a dom na de is
9 elggrosiatiqaleths opeTruboRtion abvarih sleening slenentss oFhe epfbodiment

F @W&Iﬂﬁ@@aﬂﬁf %rdéﬁeﬁldgﬂm shravel is as shown in

arr ow reférred enbodi nent, two
bunmp s @{ssnelﬁlohﬂd &bd, a ﬁ)&ﬂ:@ﬂb&ﬁﬁbcﬁméﬁwf dhediobofidh €leaning device

els 20 relativ the direction of forward
‘éé:ﬁ;é]ﬁflsew rbsg ]i&ﬁ inigg a dominant side, non-dominant side, and a
front portion of the robot 10. The dominant side of the robot is the side that is kept

near or in contact with an object (or obstacle) when the robot cleans the area adjacent
to that object (or obstacle). In a preferred embodiment, as shown in FIG. 1, the
dominant side of the robot 10 is the right-hand side relative to the primary direction
of travel, although in other embodiments the dominant side may be the left-hand
side. In still other embodiments, the robot may be symmetric and thereby does not

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



5 One bunp sensor 13 is |ocated on the dom nant side
of the robot 10 and the other bunp sensor 12 is
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both of these bunp sensors 12 & 13 are activated

si mul t aneously, the robot 10 recognizes an obstacle

| ShobdiEfok F@ROnIBTTO. Ohe priny BRtectmyddiarelis as stowreindilG. 2 by
fewer individual bunp sensors can be used. Likew se,
a#PWaAkber of bunp sensors can be used to divide 10

the deﬂl’ refe 8 oq;un{qaéézh%rs SRR ALY 105’2\%& @rward of
in a pre Fred ment the ‘bunp sensors 12

athe whidels Q@a-klaﬁeam the drectRnand tfomwetré thoygmeinn staorn lbseamere AO.

the _robot 10 b tac] e,. othe of
cQne Byémg Sgnypor ,‘lﬁ qulg > tdgﬁ?lﬁ%ﬂt s1c%\ﬂtf¥lgeﬁ§]§ota%03anﬁscﬁe other
C@Fg;g Eéﬂs&elfﬁqé&"t&i Sk ndBIREtindr Side dP &l roBHCIH). OWhen both of

ts touching the robot or between two netal

pllha$eelmmp1 sdrisers Han% a8 atcertivated sivartaneensby thatobentiegognizes an
t h J
R

ORInS6rs ca® HS Hséﬂs TGREVASS, tahny QuSBBSEIAING sedsar tarabaugef td Bivide
light, can also be used. It is useful to have. a

sénsismcg inte @ny susberafiradipksegmentisn Whilgine Rreferred |em|bpd1glent the
f
* Bl G2 R u EbAL Bt s QPR by ity PR the

Cﬂﬂbbﬁ@(l) al@sn OBsiele, lothelr In@ee af eensdrs @apbe figxdy adluding mechanical
enbodi nent, the, robot é#I$Ietto cal cul ate

bewifehes and e2naeitive SER9FS Bt doiRet theqiRpaciaBey %ffcttb %ﬁﬁgﬁﬂng the
S A &P6Y cdnact.

¢ B el mell pe e Bl A ML coB Rl oo
wma-cohmcasqns@’s ewhlehl aléuwcuhb mbnt tosshserproxinfityo objkctstwithout

P B O Do SO §h P o & b gt Hlight, can
sggquQ&aﬁlly at the two ends of the bunper that sense

he novenent of the bunper. Wen the bunper is

conpr edsiedseihie haverh nensorovssasors Hit gEmnd phly \Pb}ﬁ'f@ telkif a surface

d t l.ate th
BB sntak LR oG U 9 R efeR G2l IR bhich e
C QOMaESHRUNAde0 N the cided T ;ﬁd:féﬂed élhbodlmght, ﬂ’mm’po&e aklerto
detects the bunp first, followed b t ﬁ b ft bu

s erisulate the dmedetwieendBeastivation obther ugmpswighest? &
b ligplf %S{hea% 9§t1\gi?e%ne¢1ﬂé?oP&hk ﬁw.e\‘i'%%le th RS REERL Oeeatcvﬁﬁch contact

proxi na unp Sensors.
0%9.& @ﬂdHU LPeprdfstat érﬁucﬁﬁmeﬂmhoemanﬁ[@ 4 A rthéb@np 4¢gsor comprises

pomalrmerhaicat pomte: A i gheeoy il fensSiBlE 43
bUIRRRAHG 2t 112 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 left bump sensor, due to the compliance of the bumper and the
bump detector geometry. This way, the bump angle can be approximated with only

two bump sensors.

10



activated, the robot calculates the tine before the,
ot her sensor is activated (if at all). For exanple,

wohsmisite ri ght bunp sensor 43 is activated, thePCDDBI2/18450
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nmeasures the time 5 (t) before the left bunp sensor 42

is activated. If t is less than t1l, then the robot

as s UNEBorGRAmAL, irECH 4 Buin seB@rOAR B3 drit ableits dBrid&ather

than or equal to tl and |ess than_t2, then the robot
AoEviard Portim efthe 1pbot el sixirpgipa{loRDv When abunap spnseftier

¢ . : _ ;

| aRPaBl E8H ot chiyhes MERUHODR hPSURRRALH io DR Rt ol
tHre ekampleqohen dreaibht btingrsehdoe 48 abativated e sotict eneasures the time

SHUISE SRR P Bt Bt S5
CRMAE coNgt BBASred ifi RBG Al Bhis ?r@@c&dt-haﬂ— Bt ﬁdﬁ?&{kf snd:fégs than

be used the divide the bunper 1nto an arbitrar
| tarthen thembleot asfumesgiontast Wasomady imatgion Pr.df i & gregter than or equal

ependi.ng on of th i m sed and anet of th e
D6 o @neiatad e cast 8huhiR P pdi i fBS-FEITRH forfered St within
Cehb GiktleahEnitd?6d)OtHR b6t dsBurhby B OB bTLRSd InNSEIBAWVI. If the
of just two dinensions as in the 15 preceding
ERPIASOIA 2 acttivpied girawlirnapusby: tthestobet asswmes ihs cantact was made

-f ol ' . -det ect | S I n on

CRun b eleRd; Shisdfedod i R Byl 246 %
edibodtiElatge nuntter Watdgidm|(fop Wrdager pestsidn)i depaitlind oS 6Ntho timing
conposed of an emtter and detector pair collinated
swsed pad gePmethy @fthe Bugper. ghs amedensian, thspe sRsers sampe pied to

. e ¢ . L. o ST
SREELE LS e B e e fOs ol 0. 340 Pl iqrs e n the
t precedlingeedaigide.of robot forward notion. The radi al

range of |1 detection .is about 0,75 inches. .

pr ef or R OU BB ERARAIeRl Y30 eoNEia? ﬁgvagrﬁ%?_ﬂﬂw vl dggpcting
SSE%{I' 1361881 It tHeMRninkl SR thd@pIEM. 08 af fr&fred embodiment,

ing over stalrs or other vertical drops. These _
cthe fvfallZbllgwimgoessoaisaniR sensormpesed offensiopittenand detecketpair

of .t he 1. folldow ng sensor but direct to observ
im0 ot A s R ero o S Bt e SR Plton of
afe wallN TROfoeBaPINELs apploRirh £E89tthrkd indhes steRa8 ofithe drive wheel in
wheel -drop sensor that is able to detect if one or

ntbe dirpgtiosl of robey forveud pratioad Thy radid rangsnf walkdetection is about
W?flr{cﬂré’p sensor can therefore detect not only
cl'iT€"BUt al so vari ous obstacl es upon whi ch the robot

i s abl & prefefted vboditrht alSo bamias 36y hasks of MR glifffsensors 14 that
transitions, piles of_ cords, etc. her ,%ﬁ’oodi msrnts .
nREgV s Ehelaase ko MM RIERERYEE Sighs oyt drops. These cliff

SRHSHE Sre of hcohRrRetonh (il & kL YRR/ \ﬂeﬁf‘fbﬂowing 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, such as lamps
bases, high floor transitions, piles of cords, etc.

Other embodiments may use other known sensors or combinations of sensors.
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FIG 3 shows a hardware bl ock diagram of the
controller and robot of a preferred enbodi nent of the

wo nyenyizon. In a preferred enbodi ment, a W nbondPCT/US02/18450
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W8XXX series processor is used. It is a
m crocontrol l er conpatible with the MCS- 51 famly

with 3B 8nHhbas amafdi»@@e bIbcR dp@tdns of BeGohiydles aafl réRdMof a
and 16K of ROM It is clocked at 40MHz which is

dpr@fea@é CHPRAIREH 0§ﬂ1§r1m5@§9@r Iy peederesd egntwdyppnt, 3 Winbepd
gS{?ﬁ? r6dbs W §s RGY 1f ik n{&ﬂo%&?& Jifg c&%é?[{ﬁlé*%fx the MCS-

use proc SS Ssensors an enera out pu

a5] felily with a6 weterhidagpdse T porTsf,l 856 byesofmm mm of ROM. It

6 inked AR xS Eos By O ace RSP ol Mg It has
t I, t i Gk
R ERERVAREL hidtREd ‘fb%%ggiéghgm'i‘rgéxgﬁqt\y/ 2%\/3\1#2 g»lriéﬁ’éﬁ%%r& h&d

encoder inputs fromthe .
pravertsoutpal Sgnafsss wllm'waﬂah«bdg tigeny SEw 1t>wnsttbé;ts wof thg fast timer

and . debu t he obo ra /1O .
pUPElsodee ‘? %se %’PH’& Jeesyy 8@}%%&%6@8(1 b?ShaVlorS There
S£0 RO Iwd el iRl %térrulsté “thh&l 4@ ﬁéhtd 18 %th@feethé Bfcodet BHHBERAOM the
connecting it to the internal state t he robot and

i tvep digvevivhestsrehhe PI'F@ﬁSS@@éWdlaé a WABTwﬂédl iscsepfos dessing gnd
a t port 15 and the brush notor
P%Ea égﬂ aﬁ L%go{g%oﬁlgﬂ&%\ on an out put port. The ROM on

the nThe Dgrmmﬁ?me m&:r(o}ﬁeébsﬁdi aBé QBB tcthe eé@m amid@notors
cont roI (gr am for the robot. This .includes t

e iertase coRpecting i do thejpisasd §®Wg)f the robot and ts
a
AT AT T B 0 R e
aarel thg brushnpotdi BWaMiciznal ig rgeneramd an dn dugtiapere, ThaBOMen the

| D.of the behavior in control 0,and its curr.en
Y BPPIOERA S5edHgSigsE wSregs anfh i) BTy Kgiffae robot. This

NRYRIABH he Bohdi6rs[(@ROISED BNW S, Sensbt gé)cgsgbnug?ﬂ?ﬁg hinb &nd 51gna1

orientation of the robot 10 Cdenter X and
agersrationa The RAIniaussd tplssme thetaetive staiorodithearobots ylsm@mthes

AR5, BBl B bR P GER Bl B ncom
Wik duRnt 8lRRIr chhntnds. nove. I n 25 order to rapidly

turn away fromthe wall 100, the robot 10 should set a
posi t | ber pusneses of yadagstansting the maoviemen ¢f thg mybotic dewieeldiiG. 4B

t 9:}0%%9 LMG&Y% éﬂﬂ@ (%o'f IT? c%%lje_dl_ a{xﬁﬁ HE%? 8.12%? Q}Q%jlﬂ a c%gltdmate

a negative, ue o

oplagg; this rcdordﬁrmtaws&nsisl @ﬂa&hedtw mobbm eTheab@tticiad uiodement of
i@\?él ar er absol ute val ues for_r - pQ

sitive valu
g capbe gnderiegd £¢ bitheadigat Whlplatheﬁom @0 m@)move In
pﬁgﬁél lﬁeﬂlﬁf I
\;\nagﬁ% I, (r dl n é%}i%?ﬁ tf}ﬁ}(@llcl gg :}(%\F %Oz})?) é 120 mss?qt% ﬂogﬁge small
| valuhef eainifles 4BD, incmdar(od» rapitily turs sewiard éheowall, Therobot should
\Tm% ' oﬂggﬁéfreoérlngl va ue GPr r{ 1%' h‘d” ngSi I)];lef‘ﬁee gt‘ilerahanap&)enqake slight

turns, the robot should set larger absolute values for r — positive values to move left

(i.e. away from the wall, 14 in FIG. 4B) and negative values to move right (i.e. toward
the wall, (r; in FIG. 4B). This coordinate scheme is used in the examples of control
discussed below. The microcontroller 22 controlling differential speed at which the

individual wheel motors 21 are run, determines the turning radius.

12
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i ndi vi dual wheel notors 21 are run, deternines the
turning radius. 12 WO 02/101477 PCT/ US02/ 18450 Al so,

w0 m/tast7ai N enbodi nents, the robot may include oOPEI/U802/18450

nore user inputs. For exanple, as shown in FIG 2, a
preferred enbodi nent includes three sinple buttons 33
t hat Alsopin delninuaabodimentathe rddoe map prcdxdenatesr siare usdr inputs.

BBl SE R DR E I D RIS
%L'htgfng 8% (&R ISRRAD ek %&Hﬁ%‘{s ﬂh}éfgk rokndt® SI7E oPthe Shirfdoe 16 ®eS

27.9 square neters. i oned above, the
envergdl dnp prefboed embadiprest, ¢hase Huttorisdahaheshtsnfadly” “medium,” and

racticing the instant, i nvention o) f skill. in
A8, b Dol b bvERa o o ' BRI bt metehs
art tas mitiﬁﬁecﬁaﬂo%,%e E%mf;la@%b&tqy h plefBéd&iBodiment for
Exanpl es of suitable designs include those described

practiqieg thelingantigvagtion, sgtaagtof skifgn thecartiis bk, tg 2hoose from

(PR ARSI 5l s o
{uiiable, debighd thehfilb thisewiekaibed & thelfpllowing IAS ZRafents Nos:

Par anj pe)., .5,781,960 (Kilstromet al.), 5,787,545
200 2R st 5 00 (skeramiiat . 50855 (BisD AR (Yoo),
150820 SRR R 0S8 b e
(Hmmiav&wm/(mnem% SIRTEIG (cmais)g\sssilé,%:ormmshi),
SR8 s GRERC L0 e eiesi hhY SR RE B0 o/l 250

QRAN LR o@wm%h &%E@b& ARk porsBdl 8¢ réfBéntdlc! ude spot

cl eanin ere the user or robot designates a

speci FIG 5 shogisarsithple ockanpresgntationgd thd euioup gperatiehal modes

FBise” B e BBk APy PBRE" sRARRE o poraiona

hebéesingy fclille SposdaahinO(viRkoOMe uddts oo ApdiLxdds £specific
however, are generally hidden fromthe user. In one

helgening ) edgpsdeaning, and reom clepng aFaghcqpegational mode

gﬁ%g?&gble%% NS ?fgiﬁ%&ﬁﬂy%ndéﬁtlt Pl ibﬁlﬁ%{i?%rdiscussed

selector sw or pus
beletve Mhesk complexitias; hbeevasard @gsneralhehiddel fram théreser.ohgne

is ahle tg autononously cycl|le through .the er ati onal
srBhetment theniseg wﬁe@&ﬁwﬁmw}% optratiprd e OF A EREPARPUL
Heent RESRaM gé, Qﬁle(létgﬁéﬁiftdlp&%ushlﬂ}?@&ﬁ ThQuid pRGErse! ¥

cover the area. [ one of “ski In the art may
empodments, as dessbadadrel oushopdonisiableao antemously aycle through

ari ety of k(g(fvm architectures, a preferred
é’ﬁt?gﬁf Al MedeSes on behavi or control . Here, behaviors
are STAPEYveratabBotdf teOMEM 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 control
systems that all run in parallel. The microcontroller 22 then runs a prioritized
arbitration scheme to resolve the dominant behavior for a given scenario. A

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

which is hereby incorporated by reference.
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22 then runs a prioritized 30 arbitration schene to
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description of behavior control can be found in Mbile
Robots, su ra, the text of which is hereby

| e X idb&tcht BY nfigih@me l]ﬁ)@ltlv& $aMO(@Rich Gkl roduce the tightest
PCT/ US02/ 18450 . val ue of is.set at its ﬂq
easkiblacounterdeckwips BEDWhe| Spgala&a}?f‘élaiﬂﬁé r@?@ﬁ@é@t‘f ¢ value of ras a

DAARS G € SRHEY FepP M I okl SRR lon of e,
Ospireling belthviczistes 2d)s By huelng m]gmd:cp.latlblm r miaBgwhem@ds & henstant
initiation of the s i or 210 B
e Jahineororesirgho VB PF 1 PabChidihspRplg: (Note that
coef ficient, the tight ness or deS| red overlap of the (¢
Sisrmmit normalized to2 ). oThewalug e eant heaghosen hysthagguationa="—>"1;
normalized to 2 it). The value of a can be chosen by
t Where QUis theodistance Bbtwden twottdnsecttivSpishes afithe sp‘n‘zda For effective

bet ween two consecuti ve passes of th iral
eflpang.ieralyg feaﬁish@ﬂd ke ¢hosga thag is I&S%*ﬁa%ﬁ@ ﬂt%@@%ﬂemng
t %@&faﬁﬁ“snjl §§S ?1'% dérﬁ:% Jﬁ&iﬁn&ft a{{?ﬁué: b@@fy s@&cteﬁ%ﬁﬂm&%en
30. I'na pre

nment, a val ue of I's
seheshdland ivai—thmsls bé theewdth dﬂih@nleamag heaint). tvvo thirds
of the.width of the cl anln

th S
enmbodi Hﬁb gr em ninS'Bt&tt ¢ ch)@g gacﬁisétsttgiiagﬁs@gget ‘g%vceéed in spiral
L ERYe! Bdodule ﬁf%' gﬁ'ﬁl wiTDE€eri 3RS atSesonktedishdedl.e Whé benterpoint of

deteriorate after sone distance, i1.e. the centerp0| nt
ofhe sphrel mpiiomivilhtend éndsift et time deatodyurfee derendant el fippage

to surface depe eel sli

| Ao A R R PR i o SisP B g e sefeuteton precjsion
Cﬁi Ead éfPodin@fitsSthe Robot Mdyrex@epirall odsdrtdl itiesobst hak raveled a
robot may exit Spl ral node_after the robot

t FRegiflcedistances(Farexiem gpisal abgance asahrag it 3 o }8345 meters (step 240).
d
7} R A T B PR Bl
mapeidingsd whdtheli thé ahoess ped'enﬁmgla_ngnmal sitiat bea latdnepiral. If the
;(é}g?(tgmlnasgleréf Qgta%m ngaﬁ Fﬁa ?ﬁ%"idpwg? I%‘ 4 alﬂ ggrp otlrgg'g%[ggatrol toa

\ %f?e%ﬁt b%h%uiﬁqp and {2 1660 ﬁ ectﬁgﬁ EQtiduls & MBve in a
diffe eha t he

rent vior, and t for exanpl e,
c predbmiesely straightlinen (n a preéejrmh etmdmdluyem a8 IGHTrIeINE

S e SehE By T b g BBy

r %ﬁéhﬁ l'iheaeﬁ aFRECO¥ BB EyEOf aphbFokirfielyl 0.565 @fs ®hélf @S&ther behaviors
vel ocity of approximately 0.306 s when no ot her

befreactives are active.
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 (¢)
change operational modes. Continuing the spiral in the opposite direction is known
as reflective 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
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25 In spiral node, various actions can be taken when
an obstacle is encountered. For exanple, the robot
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spiral in the counter-clockw se direction, (b) seek

to avoid the obstacle and continue the spiral in the
opposi tka c!iherﬁmrﬂg fin é@reli‘err?i&ﬁgd))dimeﬁtr, ?{B) robotr’]s microprocessor and
count er- ¢l ockwi se to clockw se), or. (c change

0 p“é’Pi‘Pf %%}Jaﬁ’afﬁﬁl&b%meb‘mqf haydors sanwimneaysly. nDeneading on the
ORPREIidE BhtrSIFtR rdb i | GGk | haN:hRg

and 1s re presented i Et @%ﬂ@%%gn %ﬁe?rﬁ‘%% lrvé"g% e@%lb&‘ For
r ppEpeses of detailing Wlermraferged bherdtiombLthe ipkesemrinseritiohpthe behaviors
contact . with obstacle 101.,In a eferreqdq 15 WO

OO e onngs behayiosi(B SisBpeibchayipraot ) userisafty
prighevioad CuvRage MBRdviork A r%lﬁﬁ&‘il?%eﬁ%ﬁéc?ﬁra‘ﬂﬁmg kotidPeh perform
control software run a nunber of behaviors

silihfoveises apsrptiomayaaffisignionaniee Esdape dehavinrs ewrspeaal behaviors

f M ' t '
L Ry R, 0820 P B ot
o fheerapetaving dfeelyh €A i eERBhtibFOR ik %bciﬁd&ﬁoﬂ@%ﬁwigr)‘sﬁﬁs%ussed

wi.ll be describped as, (1) coverage behaviors,
eg@ifb’éall?e%@?wl]diap{@)le@@érl safety behavi ors.

Cover age be %‘P&g% hﬁvﬁﬂ marily designed to allow the
robot to perform®its coverage operation in an

ef fi ci elGSmérideshowthe dgteilbehach of thedrefep®6pathtional modes: Spot

o SR il FetioR B Boriagie Hohew) i RoamCotsraeene
oper at igerkicHal iodbS SRoCEBNERSd O Tor this

speci fi cati on, behawsgrs di scussed 10 bel ow are

wr i t t erSpioh ceveragsayj foakexdreple sspet cledningoNewsthe uBattaelean an

Fl. -14 show.t he details of h of the preferred

o Seed St ARG alhs SaepBleBeschs Erhef 16 Sudbs hmr{% e i of the
Ogdarthhtareqitds@danHpthnRRERLEWEH R0 leatiiB Bl ABR ng&gf The robot

Spot Coverage 15 Spot coverage or, for exanple,
cteearmAgesinsagsa wak thes the immediaia areavithisdbaexaehndé, rtdefined

58, SRR o R AP0 415 T P

sebleatt s t he spot-cl eani ng operational node. The robot

t hen mives itgqs ch a way that the i mmediate area
wi t hi n,Redgye aﬁﬂﬁmé?dlaleabm%athosi atipghieving spat eleghing is a control

SRR Rl AL ES SHLRL 5l

mélGooAofin gaterayspigl spuemeitds pémgated bpincesatinglthe tuming radius

gé& g\rﬂu%)c?{gng)g%\é#guﬁ %i R%e%lel\r,\r’gé gmggéi{naelnt, rti?evr% otnltd be%rinssl’zl sﬁﬁgl ina
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, spiral 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
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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FIG 6A. In general, spiral novenent is generated by
increasing the turning radius as a function of tine.
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spiral in a 25 counter-cl.ockwi se direction, marked in
FIG 6A by novenment line 45, in order to Kkeep the

daabstamknt bl @etailed MatLitaE robgddiexis splgelahingeode upon the
sgi ral. I n another enbodi nent, shown in FIG 6B,
S

ist abstaade enaonntestd yhbyBp smsenl3 & hbner at ed i nwar d
such t{al refe%%ﬂ%glbgﬁinﬁéﬁ? déééfigﬁs '{EM%dHeﬂ H&€®n 6 spot caverage,
decr ease. Imward spiral I's shown as novenent |ine
ABnyi selffddBndédBareh can be nsed, mehdipebuy nohliméedto, regalakedygon
the dom nant 30 side of tﬂe robot on the outside
dshapesushias sAuareh NEFREOTHS IHRSEHEH:- of spot cl eani ng used

in a pb?&l%ﬁi'bﬁ% PR NVBbstaclENMRng SPiraling - is
set for In FIG 7. Once the spiraling is initiated
(step 30d) fodlosvingher, inlthe WeQd/axispning by edpxleirgpallows the

enbodi nent, as, detailed in st 20, :

CR TE5% oo Sl o B BB A el hoom. T
e{&L Eb[Hc@é a1 tB¥ota OBH Me FVBSRar AR e@e tdde (Wahbdadd selects the edge-
preferred enbodi nent describes a spiral nmotion for

s plsaning vperatjenal made. JdefrolysdAdleen mewRs 18 spchway gt it follows

o 4 2 el iy il PR b R o IR BER e
Masint. VIl | / Gbstacle Following Wll following or, in

the ©udae meyeancabol WAPSDAAG RGRAR 0 & BB FIG D In FIG. 8,
?:t}%grt%bgtf 1(Pf§jp?%ctgﬁ Fng Riifh Rall ?@(ﬂlvg e rbi5RTs dAhBRAR stdB glext to the

0 on r near an ‘edge to be cleaned an
S @i tRhetrbbotahigerubl alving aind wall ddefinitély fizllowing exovament path 46.

C Sootiad e PG ADARe rapdL LS GsdR tleibnimicdap Aftpn 161. The
t E&;oqlt YollgwH BRAd3E of fhetdgﬁtacl%(mmindefi'ﬂﬁel@%ﬁ&g(ﬁﬁ% nffvement path

the robot 10 in a room 110 is shown in Fl . I'n FIG
8A7. the robot 10 is placed along with wall 100, wth

the rohot's dom nant ..si de.ngxt t he . I

r obot ﬁﬁér?r?tg’ﬁg& Sﬁngﬂ‘an}eﬂgl o Hg%’i ierfil%l 12110 EQ@’fto‘? ]fo-é\t/;\n{a%sges the
MVENRNbwRR fendé 16J0Pokitioh Ytself B sétldmtaif, frdnf thervodlbt THeGobot
is placed in the proximty of an obstacle 101. The

r dhest proereds totravshglons dhapryineser afithe waL: Asishowpin FIGS. 8A & 8B,
ARG K O AP PR Blimhissves gt 0
I ehansthessdlidebstacle 101.

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

in FIG. 9A and provides a smooth wall following operation even with a one-bit
sensor. (Here the one-bit sensor detects 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.

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 at ro. The WALL-FOLLOWING behavior then initiates

16



20 wal | -foll owi ng sensor 16 to position itself a set
di stance fromthe wall. The robot then proceeds to
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FIGS. 8A & 8B, in a preferred enbodi nent, the robot
10 is not able to distinguish between a wall 100 and

aho - daedtirfutbleSh @6 wall @lllowki Ger¥Bi h@(bté{ﬁﬂfd)) | Tﬂ‘h@emstence ofa
preferred enbodi nent for foll owi ng the wall
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aE@bh@éWRNG blalmwml then &mtérhmesavlmhidr ithoeuré Aas hexeh artEankitbh &om a
n f he g] st apnce between wal | . and nsor.
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TR R T e
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emt-detect routine in the wall-foll ower sensor
(hqhéwos thepn. detrmaings vdrethee thewst has beer repsitiom frﬁmrnomkreﬂq:cmon to

eﬁgcsthnt (%%h 3@85 %Eré) fl st‘t;(l:%? 30 {r%nsﬁuotrgllr, egi\lt %ﬁ :ésnste?to its

e ex1s an o

ohmsitmemvf: rvametahe tliﬁﬂb@tfwﬂﬁveeﬂ' Sliph V}ﬁlléft ERPLIAHNG
behavi or then determ nes whet her ere has been

trans i k01 tB7 2bsepes of cither pe e pmsiqronjeat thajval hifqﬂqvaﬁg;bghavmr
A RS A0 AR PN e ERTARL! Bl i

t 31]&)) antw. Bsf deomvasing thefabsangehluetdfe, the adbhod 101begms © taat more
negtlve valueadthero ot |1

sﬁﬁaﬁﬁ %teY‘FF 1o it 13 St é?%‘)dlngF h@ FR3BiGtred ﬁ%‘ﬁ"dlmem the

b d’ﬁiet:féﬁsﬁ@tﬂe ARSI vaRRAIENS & cHRIM rdtS H@;&naélg)on tﬁéc dlstance

there has not been a transition froma reflection
arawsteds ef | ection, the vval | -fol |l owi ng 10 behavi or then
det er ni.nes he th as beenggot r angett i an

non-r ef e8¢ (f“éer e Icéﬁ E F SptHLe PP 9rera’iﬁ%°§n

bi@as, sSpreletdrmiihed sl fah@in disiicy of ilebme adaltﬁ)ﬁal drRerid fre met
npst _positive value and the robot will veer slightly

| @2 bpapsgnsps by activated ic. h bbeme empodisnericthe t‘%}}% cetinues to
AP BHATsh L Sl LA T pigBese
e8ﬁ),t mihéhent amglagadmuen ek fistahbes3ito fetatmeined, Byhereby the robot will

TN U AT A

| Datitin® Bisthcd GG, 8D of Bavt1dd £1&4f Y nFHROGH Tnce bE
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
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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rate of decreasing the absolute value of r is a

constant rate dependant on the distance traveled. The
wowi/101§01 | ower node can be continued for a PCT/US02/18450

predeterm ned or random 20 tine, a predeterm ned or

random di stance or until sone additional criteria are

PELLOVEING bEhaRiorseesestdcke @tédtioal 8d rott @nc?reaséﬂtﬂﬁh@celved

enbadi ment, the robot continues to follow the viall

sHfrgEyIeRs- er In a preferred enbodi nent, as shown in
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travel eqg the X1 mum n Fl D) or travele

GG (ol AL (ehod SRR e AR Grleaaa follow the
che

WA icfi &_W]’ﬁlé}n\%@ or bP&tsclb el 18%68 éirﬂé&lér)o eg{ongrgle%/atem tracks
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robot 1s able to nove in nore spaces, but the robot is

follgwinganede(siant38a). Hldeais ergatanthan dsm@@@éé()) anrel an obstacle is

BBl Bl BB bl srinkfa P Geeotty e

det ecTheorstichllg thobgtimalniistaasdsr the SolRRRE Ghwd dh WALL-

&Q:éi e FIG 9B.is a flowchart illustration
Wg%haéf% &7 Faostionpl @Qﬂb&l?ﬁ ?ﬂdr@ igArEHOR gngsobpt size.

M%Lﬂrefgge&% PaNd Rfinim Lp? al R tﬁ{e £ 8 aﬂg%sﬁg :i‘?%@eﬁﬁ in

he 5 m ni num di st’ance to and
Wﬁﬂﬁlm@mbawdmm the dppsoximatelrodrd sizeathg robots
t he

i.ledn || or obst acl e ol | owm ng node,
i ] o o RpaBRE: W b SRR RBMR B Y glistance s
I/pvwh&d v 1 tﬁé"@ldﬂ‘i’@f‘&e (oM blenddhnt BMhe kS faﬁ@ % tlfe'i)%bablhty
dmax(step 350), then the robot exits wal I oW ng

thejdbe roboepilbsnyr WALDE @M@WTNG\Méha‘QOI msasglvemmteractwn with

eRs 1S | max( st.ep_360.
A Tstadfst oy R o AR 1 7 e RN ATRI RS R Giiately
188&en 15F cmhaﬂd DS cai gt pisGO%l(vdere ﬂfétr@libt%ﬁgdurﬁéig 6@6‘15
c‘%gst acle is encountered (step 370), .the robot exits

jarles. QT8 RV eigesptt)-? ebwpe %@yfore TR ehatacle follpwing
(N\bﬁ%& 1 alsga‘%e Esﬂﬁ?ﬂ %??éndtoﬁﬂ# 5@{ 8 sta!n@e Mé%vle dn

avior s a tfunctron of roomsize an
appm‘mganebrt T1drenanad 8 Sbhah; the neaximlum cﬁstp)maeflﬁ the@@et randomly as a

cﬁgo o%:pg%et:en atpgreoxgrr]n ”t'efml%%rﬁ? anngi%(io cm 911 getrt%?rf eel?lbct)d(iments the

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,
users may place the robot along the longest wall when starting the robot, which
improves actual as well as perceived coverage.

The distance that the robot travels 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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where wis the width of the work el ement of the robot
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e rtamsn tAeftee dt, haks rnme@ﬂ@@ugmw Hind@ln 4n3ld, e hBst Iﬁoﬁfo‘%ﬁitﬁvau
di st ance #r}légr er to get into all the areas of

f 156B30r agd Hhib feteetya Vrarﬂ Fngvihesnibe yealladetestion eﬂ@cﬁmfeﬁ]e arobot stops
t nﬁmﬁ )0Fhis YWOBH d%é@rlt jthe e‘ﬁhlo‘f\%e! walb fdlﬂ) ava§1lrgettge r(gagg gse\gell

over - cover the e the space 1 n
t Faligogghtot stet MLB-IFOIIL@W@NGD df the rébotilak hb#deen its wall detector go

|1 - di st | 5b | uded t
i b B G i esher Homasimum apegh ploss assyt his
V\Aﬁéﬁéﬁ%&héi ¥WHoR Gron fuPnih®hioufl 1@8%1%%@ walg qut of range of its
Sref 8fred

LL- FOLLOW NG behavi of has contro a
erfrdbiseneort  Wherethe oibast raveyt tammsm&m theedide 6(b¢1égms g the bumper
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orangle it he de@bed. MdsSWisy, HEGe %ufn%t@'wnﬁfn ?@@eg‘i’@&ro?ﬂ?e front of the
S|nce enterlng wal | 10fo|ovv|n8mn Incertain
fanbs

hemthe dogpiasntisitle onanithemmn- tetheominisum angle is 20
anEgr‘é@s 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
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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The robot always turns a mninmmangle to avoid
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Coverage The third operational node is here call ed

r tdativedo dhenghieasithe vobat eniconmiered. T @aglew therpbigat Skgobeidas
oé{si%lgéﬁ? 1 Ccie?ﬁ% %@yag?fﬁgcq‘lbgg %r 8‘&edu£1¥ W libdn ﬁét@e%% |th§ right and left

I ers. O exer I Se

optunpRendofie Tierobpl theefurhd® itsqtedt haadinghelf 4 prefersd@mbodiment,
sel ects, room cl eani ng node. The robot them npves_abqut

t e Bbimeihermpekyvisg or coypieralogkydse depending gp avhich digsgtipn
1 e

oresbien Hethhf ol BACLLONAD ol TP Erpbodiments, he
bélravs mon@ameawmehmh’afurward in ocdemive metdasmtheirobotisiveverage
STRALGHT LI NE behavior. As shown in FIG 10, the
r SHYEFY travel s until a bunp sensor 12 and/or 13 is
act i vatgd shisGNUIaR hé’&dh{g i RRRARMUyahd boPEarfbebttibuted

100. The robot 10 then turns and c¢ontinues to
t mmfelrmlyAcmnﬁie@llnwé ﬂneadmg&am there dhawequivalet chaneg fersany

T AT By e
f @adish SOBERNtribeEQPdbibhkd thbicferntBllglrive feabbdf

and/or 13 is
perpendicularly away from a wall.

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

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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been activated (step 420). A determnation is then
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paths 30 In a Pr&9srd bade dissushermeanshe walljgngled Hyeprdsor

room cl eani ng gRE& thi3ks! ordtuck ltaahg dﬂf&ﬁfcgpg%gg%gﬁ?ti wheels

interactions are reached, usua et ween
Escape Behavi ofpinog.\iThomboOpetimBCELepaR¢ hitd Behavidie aed turns

are sever al siégg%é&nig}o?ﬁgioo%g@gﬁ - nec?unt gtréoq\(\hi l e
trying to cover >t from
covering al(ii)o$itiationa! efhe@bbdtGé BIY infall, QoSG Rba -- F0r@3mple,

of sensors and behaviors called escape behaviors are
desi gned to gethefpRotivpriweentlie legs of hehair of inuthe ppersareunder a

(0, XL T oSt f I s SBRA S o 0

whet her to gi verser ifacape. TaBayio?ed@y follbivk YisiadB™E Bumper and/or
performs panic turn behaviors to escape from the area; and

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

For example:
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the various behaviors on the robot, the robot
determnes the following: (1) is an escape behavior

woeEtad?7 (2) if yes, which escape behavior is  PCT/US02/18450
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warrant ed? By way of exanple, the follow ng situations
illustrate situations where an escape behavior is

needed for (ign Bfidevn Cl @WH thobRkh ansdabBridppu®@tirke ebove a
i) Situation 1. The robot

behavior 10 tq run;_ (i ( .
detects a situHEpHel Yoliage appjied to)dhe releyant matog igreduced.
exampl e, a i 0kaRQYelsd: AALBRLE O ot B Al AP RHEased.
that acts I|ike a ranp for & Bbot e robo

perfornms smal | Whgarthe Curkant s bddekaivd threshold, the tstablutited$ reduced.
the situation; i) Situation 2, The robot |

physical |y st e gﬁﬂb#ﬂ&iﬁﬁiﬂ@?w AW 515%%*10&0 @dvs@aa@ae of the

under a couch g 8gRsak, fe\tBdt Epleg&gﬁfgé &ehil ]?an?@ﬁﬁ?bél{aviors. It

carpet tassels, or stuck on a p el ectrical cords
with its wheel snlygppeats thege siidl panfedurpleabfvionswhery the level has

pani c turn behaviors and turns of el evant not .10,
escape fromt héet'é%a FUEEP Bﬂé 15 t(Oitf“"f %@SP@M% @.rﬁ]’kﬁglse’
robot is in a gudls.a R bipdewd] Rariable HichaX atdaBed when a
the robot is between the legs of a chair or in the

open area undehgel dipp gyt is dntedted andgpredduced seadily xeridme.
by placing a | C t r r T '
robot edge fol W\%sn Au‘gllﬁ%éh?qps&%ﬁtn%éﬁf &gﬁg%}i ‘alep\gﬁ oflrr?g Tevel is

pani ¢ turn behabbwaySthitaheldqarRanihs tieré heyedieen sevaud wieel drops
(iv) Situation 4. The robot has been stuck and, cannot .
free itself - feentpythsgekot perarmypeall pilargs ngpic tm hehaviors

cases in cat eggé&’%ﬁ@iﬂgﬁf’yn‘%?%%eldr%%@ s not been able

to free itself its panic behaviors. In
t hi s case, (ibhe Sitoftidin 3t @pVienehabiush st dats irgesadtxve @ high

t he user for el p. . Thi reserves, battery life a
prevents darragg“?%om ?)‘Eﬁf%‘gé pequﬁlrvﬁi F_él?OtlthéPgdéPe brush
to detect the pged deLbnRanA p@ﬁ&%ﬁ’sela%ﬁdﬁfc'tgﬂhbe‘ﬁﬁﬁb&% 1,3,
sensors are used. For exanple: 21 02/ 101477

PCT/ US02/ 184502an4 7 pe@indsiatii the end of the Mssnondsethioburesh isturned
oot a' v hetlhoh o VR BehP SRk el Mot Sl

applied to the ?
threshold and the slope is positive, the robot performs large panic

—

turn behaviors continuously. (c) 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
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
spiral. If has 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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Whenever this is happening, a stall rate variable is
i ncreased. Wen the current is below the threshol d,

wobridéal | rate is reduced. 5 If the stall | evel PCT/E8R/18450

above a low threshold and the slope of the rate is
positive, the robot perfornms small panic turn

pehavi or 3iip! i3 68 CHEn IR Erap R tark@Bbiivdoh blmps falls

behavi or has  Tretu to zero and
risen to the beloves kol chregald) the(topotipekfonins edge foHewingiusing

a wheel drop.level variable whigh is i sed ef~a

10 wheel dr optsgwgmer fostry i GSERRSAT 4PS "SO“% % m Wiin the
steadi |y over, %faﬁ@dmtéﬂb@ﬂet@vewﬁ%péjfaﬂﬁ beNeNd vér§' low
detected and t drop level "is above a

t hreshol d ( nehresmgidtthe rcdaoh perforsdargs @a@pa‘m\mb@rwrért@ pyent

o belavi oness BB o DS ST Wsetpediosh deRgaied g

(i) Sityghi Eindtiod) ( ert 1he batishHas Staﬁédl allidab@nrtumeé off
above a hlgh threshold and the slope is posltlve hﬁg
robot turns oeverehiémpy rmm Iyfagd thebrsh éﬁaéats Band,

| arge panic ty 51%31@8&{{{/9&&@011%1&%&& turne 1Ak

the end of t Hx econds back
on. (b) Wen gidiRddind ke sibtird tur@ddeoff sesesal tilbws eecanﬂxedidﬁhﬁ

20 threshol d and the slope.is positive, ther
performs | ar gEiysaialbrate 1@5‘?’8 13? glpge @d?ﬁ’ﬂ“ﬂﬁntﬁg Fopot ghys

Wien the dri V(?ffsédgl WhER (Sf ?%vheél@‘ai’eedr@ ppedddntinuously for

t hreshol d, the robot tur all of the notors for
15 seconds. gﬁ:batbiﬂamﬂdemndshhemﬁmsmqﬁf (DhWhep tesny

are turned bac .the, b er .of

is held in coff quéﬁ{qpya(vf%{s °§°‘E§n§‘e9@8‘ﬁ e e rloh‘;{ZShg&g) & ©
wedgi ng si t uafyieR hny bi'ie cRE¥enddRs §AREB CBIT coatigpupigioc 0
turn behavior. It repeats t he pani c_turn behavi or

every 5 secosmgndmthelrobq’féhbf@@ﬁ%r(ﬂ Whea|tha Bwap seuspr is

Wien th bot h t
20 feet . i1 accuudy PRASR kSR A8k of VRN Byl 10

wheel s spi nni g@ondsitfis ﬁEelyﬂmkHe robdt ipevetigedyanditt@Gobot shuts
spiral. If has _still not gotten a bunp for 10 feet
after the endodf the spiral, performs a |arge panic

t ;Jr Se?g 4 %X%c? tivt %}é&ﬁﬁﬂ%' TGRS 15 A1 # 128 BENraktht 8Rilydifdeld ina
preferred embodlment for identifying the need for an escape behavior relative to a
stalled brush motor, as described above in Situations 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
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 bebavior is enabled (step 418).
The escape behaviors are disabled after running (step 428) until the rate has returned
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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When the average di stance between bunps falls below a

‘WO omonénreshol d, the robot performs edge fol | owi nBCTIEB02Y8450
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its bunper to try to escape fromthe confined area.
(b) When the average di stance between bunps falls

bel ow g %EH¥vdrome 2atk i £700400 th 4199 ahd ﬂﬁrsi(ﬁfe% posHi@step

panlcturn behaworsto ori ent it so that it 2_/}
béﬂ e thebreb@lblvél o a@@@faplesef ofasragedebayipisngpvar iad’] (213») Ina

cartate GBI S RGeS 105 B e

r @ﬁ&erh@nt&i sﬁ a %Péﬁeiéﬂﬁme&'aﬁﬁﬁnt S0RO SV} (st 430N ahe sthidtime is set
shuts of f. When the drive has 10 stalled and the

mbsten @@u@ﬂﬁb@p@mﬁ behwyior 4step #bds pretemedyt A seconrdsien #42: 4
ol i ) 18 B0 A9 S g e g e con

dsppae dhdimﬁthﬂyﬂwﬂdrushfat 13 sedomds Esteptskid0 &2 44Bc diegtsl,is ibemented
robaot shuts off. many = wheel _drop

B revR SeoeRbisient Hﬂ@ I el e m&)%mamrthree@)% {step 435), the
V&bt %Qé/se?%ll BP@raﬁé)% sftegxS ofnsa et obbt hay take ?ddl%(%tsal

cont 1 nuously e robot shut’s of
Waethortshehenuneptamestal braré deteaztad;sstldnad ymitigrthe welthge do thg motor to

certaip anou t of t{?{rrre for exanple 10 seconds, it is
IipFi%Vie ‘ilaﬁ%\acgetﬂéherl?}B i s wedged, and the robot shuts

of f. ?é‘ef %ﬁﬁdd@ﬁlbﬂ%ﬁmb@has%@%sc%e&aﬁaﬁ TURN,

|Ilustra the analysis used in a preferred
erEMEMiEEIoDRQ%md$WNQ the need for an escape

behavi or rel
descri bed ab@@@qs rhg‘ r%b | ons ﬂla@é aa%g&% 1reﬁﬁ?n starting at a

t he br UsibherGildcam (a@@ﬁﬁﬁ&l;atv@ce/emd dtidal fulming Relobity)sihd
notor (step 402), a rate reglster is. increnented by, 1
(step Adegyeasing 103 lower vielocity denraeimgtely pre-half %@qrg%?mng

is decr&gfg&{aﬁ

register st ﬁ@@éé&%&ﬁggﬁgg}d tthrr §§R?I§a§§§n ﬁ i‘ﬁ%gnvanous

peri od statiomss "ﬂl%(hrxgiecthetsthe tdbot Heuldtuen can lxbimudort 00 a function
(where 6 orresponds to . ope ec nd o cqnst ant )

CIOrTS Qe fires s S trads Grhots i erbd Shirpgnent, in low

416), E[[gl%];ib $iRRLAPAE robMtlthrnk bh‘i&v@dér@ﬁﬁﬁ‘ﬁ% 10&IDalLRes, and in high

(step t he escape behavior is enabl ed (step
418). [eéc amaapes the melat durss amavheirs Gibmd taf78degigeshi ng

(51 4200 bl 15 LS B8 T O S i

agai n. rbBbstukss 6PMErded witdufla bump or (b) the robot cumulatively has
turned more than 170 degrees since the EDGE behavior initiated. The EDGE
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

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 normal operation.
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the escape behavi or being triggered constantly at
rates above 600. 23 WO 02/ 101477 PCT/ US02/ 18450 |f,
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slope is positive (step 412), the robot will run a
speci al set of escape behaviors, shown in FIG 12B. In

a preferrgdoanhoth whedl dréphe awliffdetambogoesioft, thelabotsfows
(step 430), the "level" is _incremented b .

by G enmth sered b5 6 (i B0y ol soed fosa dtapep of
time i : nheedehavi or (step

452) iozhgr%}e\? ghregr%zgdﬁg% 6%@3‘]8522% n?%‘?éélpb&a , 4 seconds

( st epIdtaditiantd the seveoagtehatiers andHe escapsebehheiots; theljobot also

shut off,. The.control., systemthen restarts the brush.
Ay sOuain GG bEfGvier it S GERaP U, o EHrnaimB R o
bierls @MEEYd BRGANE el AReddd hined dmei oF tifRatiesba may shut
maxi num t hreshol d (step 43_5%, the robot ceases all

offe Vihérom cliFisefirst@atycted, 3 voidsnge reponse behavingjakegk e

addi ti onal action certai :
BB R MR BRI P BhE o By g s i
RAGMAB kolstA KB déndeP sdrles RO CRff, Tfa preféredd @abeiimont thertiffof

t he robot has four escape behavi ors:

s f'l;g)ﬁ%l EDGCE, :
VielestiorDRERt deRs 1SL camse TIgRMRSe TR ePsahenal g Inpthitace in
?;mnbgﬁﬁr?emtéj ltl’ieiex%%{)f)&ulc%%ra}ﬂ a@@)rﬁﬁm%rmﬁg’r ) H '\%ll-Y(ﬁlo@\ﬁh% y

approxinately twce of rts nornmal turning velocity
debbvislaoratiasi fogcliff falldwingr vel ocity (approxi mately
one-half of its normal turning velocity). Varying the
velocity may aid the robot in escaping fromvarious

Si tuaty riﬁdivil_ﬁﬁ% tfontddhe TR dpRRonsNAdA haybeenGREcribed
be randomor a function of the dgg(ee of escape

mbevkg dveorovb atrh to the peefprred modedf gregtweer] the [vatipysgnodes.

pani c ;situyations t robot, turns an ) t

B0 o outet o Rierie e GROSgeV k28 BRLREHE: RGP gpfetered
R AEH WREY £cdnt@IhRgrdnd thal Bivde pri 68ty to khiidus coheragobataviors.
follows the edge using its bunp sensor until t he

r(Bespe bahaors Of neasied care aivays given apuighsT Broyily)) }(‘"%r)eexﬁﬁlﬁlﬁ the

AR L DB TR PR S5 35EE iP5
bBenisiteH operational dudssag ehdxoom désiey ddy switdhimg bdiweemot
T8 TP Bn EREOESB5IEe 05 T HreseRhERIP R & e
R e e, o
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
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 envitonments, 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
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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WHEEL DROP. The robot back drives wheels briefly, then
stops 30 them The back driving of the wheels helps to

wonziiorze fal se positive wheel drops by giving PEEUS02/18450
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wheels a small kick in the opposite direction. If the
wheel drop is gone within 2 seconds, the robot

CORIHOAYES R U T ABE F e tiYMa1 Grd #fdMdchhing rate decreased due
PR G S i RE R aa\f\lh?éebqﬁ drop or a ciiff

dat the nombgoeftinés the rolet 1 B lootssesl itsvasvipath- t o speed of

0. 235 77%of it | . '

o 0. B el Pmst Aot ey epalindntbEbEA .

| GheRel thodbbleychs befveh BBUNERMIOVALAEOLDO VEsGib¢haviors.
behaviors, the robot also 5 mght contain additjona

bélsahe tobst fodloas @ath ¥, saghetime the raBetii0 qnoguntessia vl ghe robot
: Trr o A .
o A RS 90y el s

| thefpatls99 detwhichalk rodot10 dferavoindadlt Slloedppnode betiahdal S1.

takes i medi ate precedence over all other _beha
r dhineifod REovidsis GroatiiAycreasefh e ¥raags alppe “@ﬁhﬁtt}en%f

r : iff. In a preferred
egg%%ﬁggﬁ%?ﬂgﬁéngﬁgigﬁ?%ggg§%btion event does not
cause ¥Ficdlyngpreferrasipantaidirertiof thedmssent inventiay is detailed in FIG.

enhodi ts, the robot coul.d use al gorithmsim.lar

C 43¢ e agh Rl 5Pt BUGPRLPnebRRLGA UF et dRIPGRFPBTS ERpRqimens the

f akviewh Qeﬁgiﬂ‘ﬁl égﬁ‘ﬂl Modé BhoRRRma1ihe ﬂ%)?fIf b R&fldchiv@ Spiral pattern is
operational nodés has been described 15 above; we now

t used, the devicepopfiewasd spivd enage valil 2 predeigrhiveder rrngdpa number of

vard ous nod | n_or t chi eve .t ' .

v S AR T s Rt T r SEp B SIFS 1) DEadB WBn in FIG. 14), the
ebeidé BRAld USRMmue uaaNidyHunil @AEG BveRRtIn giprefrrpd eabodisent, the
to various coverage behavi ors. Escape behaviors, if

ndeviee immediatgiyentsrsgrateiollawiegnade gfisr dhe Eripgsrigggvent.

exanpl t . . : j :
For o dpaufiekfbodhellfdRSice Mt Giterc b bl dall Rt owing
s whdde{nvemehi 1amal5 1 askmniean bbenceanodes| (e@mement lides 48) based on
swi t chi ng between operational_.  nod he rabot.jc
ddympesensorenents pethe comPIRHORWL die Wl Entfosin A2ty o one

C QYR 109 a6 s ein/&fler embodiments,

o o et e ARy D0 ok e RSP O ey,

a howleivére theatevice tan entenspicib modb based anrrepredetenninedberrandom

in which two roons 115 & 116 of roughly equal 25

diel’f_EWsi ons are connected by a narrow passageway 105.

(This gxambRrbd bhdbidicat thd@bot €RES a dofdiof 16 apéray distance

di scussed 'earlier.) This arrangenent is a sinplifjed
v éraveled between bumps. The robot then calculates an average bump distance (ABD)

iors, )
mcreases 1n

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
priority to the SPIRAL behavior. In still other embodiments, the robot may havea
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
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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of typical donestic environnents, where the "dog bone"
may be generated by the arrangenents of obstacles

wowytier7t he room In FIG 13A the path of robotPAQDUB®/18450

10

traced as line 54 as robot 10 operates on in random
bounce node. The robot 10 is 30 unable to nove from

I Rkh® ahdin@x fhdin G 118 abd @t hihdTh hBMn(uMtREGEHSRe ihiRlected.

robot's random behavi or di d not happen to |ead the

r Sdsn theminighin s 58 fhg miggsunistgnceinvabeepreaghed the robot

PGT[ USH2 . had. I

AR ARG, P SR MRS i gon

t he nudifebust, 4 mamsl therdl dhodelcbling beswes opératienahmpdesican also

F| G 13B shows the novenent _of preferred enbadj nent
oPe H¥sdottor gxamplges EHIOtE AR B%‘t‘ﬁ&’\?dlls%fgt o IBEReE
pgﬁﬁ%&ﬂ o lagtﬁr %@a?ﬁt@‘ttgéﬁrse,% HeitdhRodROPEn {hglskaﬁ%e}f could

e robot 10 encounters a wa
t beusedttotset the bperation medevat thefsertchingibstvarnenaigsaFot ipstance, a

OB (L e Bk P sbbe Ty et bies R 0 GHATe So Iiplig o more
NBSiRopYife kaRghaohSdrithm Witl 1iﬁ§1fﬁh@a1smgoaﬂiﬁ@s greatly

i ncreased coverage, along with attendant "increases in
cl eani Rperodskillandheat wall wesdgriré et partinesef the (nskinhvestion can

a, preferred enbodi t of the present inveniion i.s
a3 <BipnB RS Vi es for iRl pset M ey SRriifgy oo
MeERS ol nS@dion shodldeeleimafbdeyinshpiatied élhigns Hhd\thalegal
10 bggins in spiral node (novenent line 45). If a

r equisdlentycrathsr then byshe evamnles givieed, t he devi ce
continues in spiral node until a predeterm ned or
random nunber of reflective events has occurred. If a
standard spiral is used (as showmn in FIG 14), the 15
devi ce should continue until any bunp sensor event. In
a preferred enbodi nent, the device imediately enters
wal | follow ng node after the triggering event. In a
preferred enbodi nent, the device then sw tches between
wall follow ng node (novenent |ines 51) and random
bounce nodes (novenent |ines 48) based on bunp sensor
events or the conpletion of the wall follow ng
algorithm In one 20 enbodi nent, the device does not
return to spiral node; in other enbodi nents, however
the device can enter spiral node based on a
predeterm ned or random event. In a preferred

enbodi nent, the robot keeps a record of the average

di stance travel ed between bunps. The robot then
cal cul ates an average bunp di stance (ABD)
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25 using the following formula: (3/4 x ABD) + (1/4 x
nost recent distance between bunps). If the ABDis a

wa@hnwa4a predeterm ned threshol d, the robot w || PEESR/18450

give priority to the SPIRAL behavior. In still other
enbodi nents, the robot may have a m ni num nunber of

bunp events before the SPI RAL behavior will again be
given priority. In other enbodinents, the robot nay

ent elWSBlalRAL behavior if it travels a 30 maxi num

d| stance, . for exanple 20 feet, w thout a bunp event.
Lin ad’ﬂmpbgﬁmtioﬁ%mﬁg‘ﬁ%’f‘gcan al so have conditions upon
whi CK trﬁea?fs‘f@rIﬁb{/mﬁ%@ﬂoﬁb’d&%asﬂﬁceexanp' e, for a

gi ven ‘room si ze can be nanuafly sel ected, a 26
VO 028)1010bscRARISORAUBABO  ni ni mum and maxi mum run

tine are set a, mn

vhen @R SbRh et LA b tack FuE B

sg%@paﬁ@gw@ﬁféaﬁmr hveig; shuts off. Likewi se, if t he
maxi numti ne has been reached, the robot shut ecl)l

cour @) said pemd Systen corfiigwedt tosonerte thsgobrirha lprality of @

oper a a
PRl AR PO RoTE Rt Bingp BB Chngd Rlode TREcle

f@mmg ingdtRl wihaelgssaid robehamiely aljadehkievansibstaglesanidt acppunce

mount ed on_the shell itsel ould. b d t th
e RO B S e SRR BUFSHBIEH A fLpbeiicte
h|@§g1?daﬁﬁterlﬁ afWbitgdecoul d be used to set the level of

i n

roomto allow the robot a nore
appropriate coverage algorithmwith Iimted sensing

bi | Wi
% hat '%qbe%a?b"o%ecw@xnsﬁge%wﬁ o e Sk BEBRNEE,
c%Hﬁ pl_éfﬁtlé'fﬁétﬁiﬁ shi8spét-d6etagt Ynodk, s plasasic bpabties
cl eanln scope of the invention should be

mw@«mwe@bswlqﬁ@aowm@@m@ sgidRounseImodei r | egal

equi val ents, rather than by the exanples given. 27 WO
02/ 101477 PCT/US02/ 18450 W claim 1. A nobile robot
L ONprA sidtble rb&)t aoe@imgfto claim 2 ingvitittesaid bati-coverageamode
surface; 5 liﬁﬁan obstacl e detection sensor; (c) and
couwises Bibsentalbnsnisbmey ety connected to said
obstacl e detection sensor and said neans for noving;

4. A mobile robot according to claim 2 in which the control system is

configured to return to spot-coverage mode after a predetermined traveling distance.

5. A mobile robot according to claim 2 in which the control system is

configured to return to spot-coverage mode after a predetermined elapsed time.

6. A mobile robot according to claim 2 in which the control system is
configured to return to spot-coverage mode if the average distance between obstacle

interactions is above a predetermined threshold.

7. A mobile robot according to claim 1, whereby said obstacle detection sensor

comprises a tactile sensor.
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(d) said control systemconfigured to operate the
robot in a plurality of nodes, said plurality of

worozleg4onpri si ng: a spot-coverage node, an obstRCT/ES02/18450

10

15

20

25

30

10 foll ow ng node whereby said robot travel s adjacent
to an obstacle, and a bounce node whereby the robot
travel s substantially in a direction away from an

ohst acl e fter encouptering an obstacle, 2. bile
r8bot AcREPEs °¥ %C"@?‘ﬁﬁ‘%ﬁol"l’i“ﬁl (ot Rareyzsell %F?Féd{é?emon Sensor
SYSHRMLOS ﬁgés%ﬂ Sgﬁgoﬁd to operate first in said

spot - cover age no en alternate operatl on between
sai d obstacle foI | owi ng m)de and sai d bounce node. 3.

A, nob di [
S35t - cdhe il s aciusie 1 ebird dpufaisPy St GPusifs fiowing
MRURAER Binpriddy ﬂterrﬁuﬁg BetvReh AB@bashLOE GirfifholradiGs 8f the ZoBoBas a

whi ch the control systemis configured to return to

s @mctlo@ vé d@@@cmwlqi‘ ueh ﬂwt preagboteitirms rte‘aandrsaxdthswgle until the
PR fereetion ot deBis BB C Bl deffhetie s iy g ot e

S l%ﬁot 69N Gilirgion BPdRtaAtd ﬁave@ecps"ueﬂ e £He robet et psed ﬁbmld
A nobi |.e robot according to claim2 in which the

c GH%WJF ugikthe gpstacle defgetiop yatgmy v Joagerdgtects an obstacle.
spot-coverage node if the average di stance between
obstacle interactions is above a predeterm ned

t A0eshdhd mdfleZobok annh'ding to olanh laoherety tig mbotaipafamSin

{ 2B AR Tos s BFATGrIEHPBR Dese ETHeRls WAl of the robo

MaRY | &8s (RRAbpR&ER%IE 6 tiReSTHRIRE witdhedtahy robst. d
obstacl e de ect| on Sensor further conprises an IR

sensor 5 9. The nobile robot accord| ng to claiml,

ailfer noits ARk et Ped el eV B T G i peresp n

t f@ﬁstaab BdllAFind mdde M6 d @ibtapte EestbaihaR twhica R wekkShidth of the robot
that the robot turns toward said obstacle until the

olgnd s thapdivedimesrihe wdowidie pbthegolat- obst acl e, and
decreasing the turning radius of the robot as a
function of distance travel ed such that the robot
tuens dhayndbilerobatiadcdrlinglis thirhd , finthiel corhprisibs & aches for

det ectjon _system no Ionqer detects an obstacl e.
manually selecting an operational mode.

13. 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;

(d) 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 1‘01")012 travels

substantially in a direction away from an obstacle after encountering an obstacle;
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10. The nobile robot according to claim1l1, whereby the
robot operates in obstacle follow ng node for a

walhztastie greater than twice the work wi dth of tPE&r/US02/18450
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robot and | ess than approximately ten tinmes the work

width of the robot. 15 11. The nobile robot according

to cl ai@) WereBl84ig QMnﬁ'&es?lgt@qu c D 4t a%ﬁ{oai%]deobstacle
f S R e

followi ng node for a distance gredater than

woelowingmodst aftene presfetarminedchunges of femsorfinteeactin®es t he

work width of the robot. 20 12. The nobil e robot

according to claiml1, further conprising a neans for

neldual | A nsile¢bbdiGcestdRRes elairR N3] whnies: saﬂ@pre&éc%ﬁhéaenumber of
robot conprising: (a) means for noving the robot over

a SSRior Arteractions is pandgmlnBefermained.det ect i on sensor; (c)

and a control system operatively connected to said

obstacl e detection sensor and said neans for noving;

(db. saiAl nwbiit rebot aycireing ¢® olairg UB SRhéreinCRRY Rb&etéfned number of
nodes, said plurality of

r obot ng a tlE)I ur,aLl ty of I é

no g EBHBFHEEISAY) detigen RRra%INAtely PlapdipproriserteliHér eby
said 30 robot travels adjacent to an obstacle, and a
bounce node whereby the robot travels substantially in
a 16i r ech mohilawehot beamiliag totlatm ¢ B ewhdrtiarsarinioatol Sisichis

an _obstacle;. 2 02/.101477 PCT/ USQ2/ 18450 (e) )
wﬁ’é’?@ e§ tﬁ %}teé%aﬁ? p saig bpwpgejmao QI?rTQEOtttEﬁVﬁl(StaéF%ﬁt@mlned
| diaaiif sBSbas1e folloNihoWdag, node after a

predet erm ned nunber of Sensor interactions. 14. A

nmobi |l e robot according to claim 13, wherein said

priedet j er of 5 .sensor jnteracgtions is

r égd 0 m‘;’_\[/ {Hg g ﬁg F m_% &t .O_r(%g.g tOCIFER, i? =¢W]?e6%18153’§&88F81i Hgtemgs
cleanfiguted todleigitdintabad BoadRtiesd8 uiRH «RHERRE rd¥ot haBRRRled a
i nteracti i)lns i s between approxi mately 5 and

a gpgeeps thejxpbephassrayelsi laeningivem distanse dndgn pbstacle has

Chatinkduntdhgr ei n said control systemis configured
to alternate into said bounce node after the robot

travel s a predeterm ned distance in said obstacle

fgkl oW nlg]l Hlfde. 17. Aar,m)bi l.e. robot according to claim
133 whér BRRUSIbgT acsording tosg/aims h.j véherein sgd mpigiem distance is at
alidagf N3&t@ni Nt o sai d bounce node upon either the robot

has traveled a

19. A mobile robot according to claim 18, wherein said maximum distance is less
than 520 cm.

20. A mobile robot according to claim 13, wherein the control system alternates

operational modes based on the distance traveled by said robot.

21. A mobile robot according to claim 13, further comprising a means for

determining the level of clutter.
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maxi mum di st ance or the robot has traveled a nini nrum
di stance and an obstacl e has been encountered. 18. A

worntiiodie77r obot according to claim 17, wherein saiBCT/US02/18450

m ni mum di stance is at 20 least 115 cm 19. A nobile
robot according to claim18, wherein said nmaxi num
di2st arcmobge ratws acednding 5@ Clam2 1 A8h&Bin séidnméxins dorr deltartmining

c to claim13, wherein the control syst
3¢ Bl Sl fofofhes i RE SR Mha of Gerpiori Sl Rstacles over
ttinge/el ed by said robot. 21. A nobile robot according

to claim 13, further conprising a neans for
determining the level of clutter. 30 30 WD 02/ 101477

R /U02/ 45 22. A bile bot,accordi ng to ¢ m
%T Figbile oy BRonhul R ptofin P2 i en BT Dol Afefosder
ptuﬁ th@@. dx&fiste iAW itOsvrfaBe, WHEREH sl nhddng F@WetePRfhing

wth stacles over time. 5 23. A nobile robot

é’é‘?:l?i"%il ofglutisr Eyrtherrelgtes to the ppprosimase sk A§the suefaees f or
i mputing the approxi nmate area of the surface, wherein
said neans for determining the |level of clutter

f24r t hex n’ro%ilatrﬂibt tccdrdiag 3@ platnx R P kerdihahe Rivel dfelutter is
surface. A nobil e robot according to claim 22,

wAEelsted tp me fredpencyyit whigh therconptolley altgmates gpeigtipnal mades.

frequency at which the controller alternates
operational nodes. 25. A nobile robot according to
&Bai mAmobilh estwit actonding daweﬂairmﬂl,c\k/h&reiarthé kvelpdittier &l y

corr.el ated m ni, foll aw di st ance.
Pasigigely &o%%?qdetoﬁlbeo@gu Of&?%‘?ge ]{Ogo ‘ﬁ? i@“% wher ei n
the control systemalternates between operational

nodes based upon a lack of sensor input. 27. A nobile
28bot Zavwbildirohpt aecordiag mo dlainnhdrwhereingheicantrol system alternates

o%\éé}’ Zml ; ur logﬁg?%%n%?%%r%ﬁpl go cé?vocfvmlgsro(reélﬂ%u oper at i onal

20 systen1progran1conpr|5|ng a plurality of behaviors
and an arbiter to sel ect which behavior is given
c26’ nt r &} MOPER rohed apgosting toelaim i wherengsaideeanigl systenpiwther

BEEedA hHT SOMAL S, 38
zﬁstemﬁmgam cHaipdishps platatitydef hbviory MdnaEbiter to select which

behavior is given control over the means for moving.

28. A mobile robot according to claim 27, further comprising an escape behavior.
29. A mobile robot according to claim 28, wherein said obstacle detection sensor
comprises a tactile sensor, and wherein said escape behavior comprises operating in

said obstacle following mode.

30. A mobile robot according to claim 28, wherein said escape behavior is

triggered by the rate of a motor stall event.
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conprises a tactile sensor, and wherein said escape
behavi or conprises operating in said obstacle

W0 od/100%d7ng node. 30. A nobil e robot accordi ng toPCI/EBIR18450
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28, wherein said escape behavior is 30 triggered by
the rate of a notor stall event. 31 WO 02/101477

PEIT/ USA24 3810 botSdecoringDigi digim! 30) heet i@l bdtdpd Betaldk 1§
30, mhgrein,said escape behavior is triggered by an

i Rizeeted dyian ingpapein pad ste ot amair siglbgvenbyent . 32. A
nobi |l e robot according to claim 28, wherein said
escape behavior is 5 triggered by the duration of
s&hsor Aimghite roBGt acéondiry toelaimiRBt wherin dhidgschge bdhavior is

28, wher ei aid escape hehavior conprises shutting
d&¢g9ﬁg Vég%imﬁﬁﬁpgﬁxg%”ﬁﬂﬁﬁie robot according to
claim 28, wherein said escape behavior is triggered

b% a lack of sensor input. 35. A nobile robot

atdor disagohils rebeli aecar¥ing torcldimr2 8¢ pipreissaidessapd bdhfivior

d wher sai d control systemis configured
t%]n?@ g%:%hl{t%%g?%g%etmﬁoeel ocity upon 15 detection of a
cliff. 36. A nobile robot according to claim13,
further congéjsing a wheel drop sensor, whereby said
ribot Htmobilegebetpscording tofclames, whetsn seihessapechebatior s
i L ' ystem 20 37. A nethod of

co grrgﬁﬁyggédfon%gﬁ%oé%%%m equi pped with a sensor for
detecting an obstacle, said nethod conprising the

sjeps of: ving in a spiral running notion; 25 b.
oéi c on/gi%%h?kgfgg% agcadmede claimddniirist fanprisings cliff detector,
e@hdrb ' b i
Lo cofR Sy e CrfiaalAty fedie eRBon i appy

f dategtion ofiaclEt i on until an obstacle is detected; d.

turning and runni ng along sai d detected obstacle; 30
e. turning away from said obstacle and running in a

380t aAnhHiletobdtRc¥iithedb cRith 18N ur@B comprising a wheel drop
sensor, whereby said robot utilizes the rate of wheel drop sensor events as input to

said control system.

37. A method of controlling a mobile-robot equipped with a sensor for detecting

an obstacle, said method comprising the steps of:

a. moving in a spiral running motion;

b. discontinuing said spiral running motion after the earlier of
sensing and obstacle or traveling a predetermined distance;

Cc. running in a substantially forward direction until an obstacle is
detected;

d. turning and running along said detected obstacle;

e. turning away from said obstacle and running in a substantially

forward direction; and
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32 WO 02/ 101477 PCT/ US02/ 18450 f. thereafter
repeating said step of running al ong said obstacle and

waeai/thigt7ep of turning away from sai d obstacl e. 3BCT/URE/18450

10

15

nobi | e-robot steering nethod according to claim 37,
further 5 conprising the step of repeating the spiral
runni ng rot thereafibt epesingparidedpesimunedg alonp said@bstagles or
events. 39. The. b|| -robot steering net hod accordi ng
to claim 3730 of Weipg YRy figmssaldobstaslesai d
obstacle for at Ieast a mni mum di stance but |ess than
a maxi num 10 di stance. 40. The nobil e-robot steering
n#8-hblee mobide-tibog sttecrmg @ethod acconding ebylasaB @, furthat acl e
SENSOF.. cO nsor. abl.e to deﬁgct said

e
St TRl P r§ivating B PEET Bt ne RO Aot nod
ap@aasmmea BuiBb@ dMsébor WaebY sai d obstacle sensor
further conprises a tactile sensor. 33
39. The mobile-robot steering method according to claim 37, whereby the robot runs

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

distance.

40. The mobile-robot steering method according to claim 39, whereby said

obstacle sensor comprises an IR sensor able to detect said boundary.

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

sensor further comprises a tactile sensor.
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