WD 2005/ 081074 PCT/ US2004/ 001504 AUTONOMOUS ROBOT AUTO DOCKI NG AND ENERGY
MANAGEMENT AND METHODS Technical Field [0001] The present invention rel ates
generally to robotic systenms and, nore specifically, to auto-docking and
ener gy nmarNigems®Bio3yst ens for aut ononous robots. Backgipeund:dsbhdef2]

Aut omat ed robots and robotic devices are becom ng nore preval ent today and
are used to performtasks traditionally considered nmundane, tinme-consum ng,
or dangerous. As the programm ng technol ogy increases, so too does the
demand for robotic devices that require a mninmum of human interaction for
tasks such as robot ABTUNOMQLS REBOTHYTAMDEENG ANDENERGWal is a robot
that could be configured a sMANAGEMANT AMD METHODS] t hen operate

aut ononmously, without 10 any need for human assi stance or intervention.

[ 0003] Robotic devices and associ ated controls, navigational systens, and
other related systens noving in this direction are being devel oped. For
exanple, U S. Patent No. 6,594,844 discloses a Robot Cbstacle Detection
System the disclosure of which is hereby j.ncorporated by reference inits
entirety. Additional robot control 195t i on systens are disclosed in
U S. 15 Patent eﬁplicathon Serial Nos. 10/167,851, 10/056, 804, 10/ 696, 456,
10/ 661, 838001hnq Hhgmaggntipeention elaessgenerally waobgticgpistems ande mivet stsyificalbotpor at ed
by refer €1 1.9: ' ' j 4 2] t ononmous robotic

devi ces %ﬁ@l%dggmgﬁﬁ%%r}eg aﬂr1 %%tst%%%ﬂéﬁgﬁn?ugk%ﬁat ery) that is
recharged at a base or docking statiBackgiedt ypes of charging stations and

nmet hods used by robots.in finding or, docking with them (e, g., .radi.o signals,
dead Pecd®MiZhg Awoppted é‘gmﬁ @gsm,dewﬁ?sraa? RgommeRoTe Frayrieat tafanand a8 o

signal s, ﬁé@m%peﬁ’@ﬁﬂ ta?ﬁsqﬁdkt)bnhﬂy 8dered b6 ideV BE3SnsaREh L BPEANEELLO A HHET €5
he sur n, but are

buri ed bel ow ace on which the robot operates aré co
obvi ous| yrégranunérg tecknalogy increiesnso tas dods thesdermad for rotmticristiatd thagueqhdreva r es

within the .floog, of a buil.di of below a road.surface. |f installed on the
sur f ace, TR PHRTEIRiSR B et Brong! BRE T (i cuLrviBReo e B
traffic. JVop&angetould Be coifipBfed AQ Ll d €ind) SvHIENARSLINARA ohaBteRa®BomRBusty, ittdkt | S
rel ocated. A base station that emts a beamor beacon to attract” the robotic

devi dé i @pyn@qdé_p@hlmaéga}Sﬁ_%tm@e@émt@ramt@n- Such devi ces, however, still exhibit
nunmerous (ggskati phaki. hblidsahd 808eiadPealoN, SR T LT 00,8910k, -2

systems moving in this direction are being developed. For example, U.S. Patent No. 6,594,844

discloses a Robot Obstacle Detection System, the disclosure of which is hereby incorporated by
reference in its entirety. Additional robot control and navigation systems are disclosed in U.S.

15  Patent Application Serial Nos. 10/167,851, 10/056,804, 10/696,456, 10/661,835, and 10/320,729
the disclosures of which are hereby incorporated by reference in their entireties.

[0004]  Generally, autonomous robotic devices include an on-board power unit (usually a
battery) that is recharged at a base or docking station. The types of charging stations and
methods used by robots in finding or docking with them (e.g., radio signals, dead reckoning,

20  uitrasonic beams, infrared beams coupled with radio signals, etc.) vary greatly in both
effectiveness and application. Wires buried below the surface on which the robot operates are
common, but are obviously limited in application, as it is costly to install guide wires within the
floor of a building or below a road surface, If installed on the surface, the guide wires may be
damaged by the robot itself or other traffic. Moreover, the wires need to be moved when the base

25  station is relocated. A base station that emits a beam or beacon to attract the robotic device is,

therefore, more desirable. Such devices, however, still exhibit numerous operational limitations.



[ 0005] Base stations that utilize emtted signals often still require

addi tional safeguards to ensure proper nating between the robot and base
station and, therefore, safe and effective charging. Sone require

mechani cawd waswsngy4devi ces to prevent dislocation of tgEwRbaisedy i ng
charging, or other conponents such as r&i-sed guiding surfaces to direct the
robot into contact 5 with the station. Such conponents can increase the size

of the b t atd on il . |- .he st hetics, iLhporta
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managenent in a robotic 20 device, the robotic device including at |east
one ener giztion.oSunemumintensinapl golkisign alay desuire homan Fikrvention howposiconite basehe

steps of: grovi din a baSﬁ station for mating with the robotic device, the
base stafl ﬂnﬂ%’i?Pﬂga ARREGE SPPPYBY signal emitters including a first signal

emtter agpbed SerBlimBhtibnahreCprdseht; a BRHRI RN Arey a¥epdndeM§aufMBHGYs
stored in the energy storage unit, t_he gquantity Tcharacterized at |east by a
hi gh enerefot] fesedtom heman intepactpr gRere syiprefose @ nged fou pmoteg andbase etiasthabbot i ¢
devi cg, t ) . ' Xy '
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stored or task perii%g of the device. [0008] In other enbodi nents of the

f or egoi ngné&ghetis desiblest ep of performng the predetermined task occurs when
the quantity of energy stored ew?ﬁ%nergy | evel, the 30

predet erm ned task including novement of tne robotic device away fromthe
base st at{§id7]i n Inespesyset, the inventépt relates tdhy nethed Sergnengy denegetment inaf robotizas e

station avai dance_sigpal. .Sti] | other i .
20 evice, the robotlcggevgce mcﬁucimg attleast one energy storage unit and a signal detector. The

method includes the steps oft providing a base station for mating with the robotic device, the
base station having a plurality of signal emitters including a first signal emitter and a second
signal emitter; determining a quantity of energy stored in the energy storage unit, the quantity
characterized at least by a high energy level and a low energy level; and performing, by the
25  robotic device, a predetermined task based at least in part on the quantity of energy stored. In
various embodiments of the foregoing aspect, coulometry or setting a time period are used to
determine the quantity of energy stored or task period of the device.
[0008]  In other embodiments of the foregoing aspect, the step of performing the
predetermined task occurs when the quantity of energy stored exceeds the high energy level, the
30  predetermined task including movement of the robotic device away from the base station in
response to reception, by the signal detector, of a base station avoidance signal. Still other

embodiments include the step of returning the robotic device to the base station in response to



enbodi nments include the step of returning the robotic device to the base
station in response to WO 2005/ 081074 PCT/ US2004/ 001504 -3 reception, by
the signal detector, of a base station hom ng signal and/or returning the
robotic dayrmwsod1074t he base station when the quantity ﬂé/ﬁﬂﬁ&ﬂ%ﬂﬁﬁored S

| ess than the high energy level. In other enbodi nents of the foregoing
aspect, the step of returning the robotic device to the base station occurs

when the quantity_ of, ener%ét stored is less than the | ow energy |evel, and
wher ei n Tscemiionghshe signsldsiegtor. 94 R bassslatige homingstanet angfpr M@ﬁ)@ﬁéw/rqbg@c by the
robotic ' | | : Wele ' I
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st at i on, othhwenghodimemeoftby faregoinponpay thestép ofaatining the sabotio gestidectoplicsishee er mi ned

or a different tasvgi. 0009] .l n_anot herpﬁlsqect, the invention relates to a
met hod oFtRHRICAGCHIG Whep SisoturRLity of FREzexsiqrRd i less thagdhclout caergyievich 4ad whsrein

Pl urabi t yoQfedatepfiled &3k ircidts afeﬁﬁéﬂbqii.ﬂgne?%;f ﬁge%gu%xfae&ic ek ! §hrigid a second
signal emtter. The method i ncludes the steps 0f orienting the robotic

devi ce i embedimeite further {nclude altdring sttrayelghatactersiicsrfittetrebbtisydevie td locate¢  si gnal
emtter apd (i second sjgnal .,transmtted th second, signal emtter,
ond et ey oSt Fali EheET e REST s otae AL PEPRY 6 PTCEHBEA £ o
and secepgldisfeapdask as the robotic device approaches to the base station.

Certain enbodi nents of the 15 nethod of the foregoi ng aspect include the
st eps of [(W8Pkct Imanothey asneet, thshimtentonislitesdo 2 methodaf dagkingreroheendavine Wikl st

sign a t sihanal ; ~f.0l . . . he roboti¢ device, a path
et ba” B SPRQRRAPRA Ry of bl BN St Es BEP BUS sR ity SR ReBR
devi ce Wkighaleheitd?aThe Sietiot ditludek the kteps 6ff dileBtineiib a6HolE Abvcd GhHGE thgDuci ng
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defi ned Hest pignal trapymigad by iy frr sizaalgmiiter goe (iDAFecond sjgraliipgnsyified by dhe
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In so nbadi
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I nclude the step o char gi ng y the ro I ¢ device and/'or charging the
roboti c thestiic patt by Ureesignbl evepinymad ddckingfthe hatigdavipe|vathahs basstatian.nOther

enbodi nents al | for re tian af the, predeterm ned task or w. task
ipon contiiaed GRbneHs RERHEo5as e velieishitRE Rt Bekeah i f ARYiBE " ne
i nvent i ofeRitedefited 8t 1843t MPaBbe ISRy ScBlip.

20 [0010]  Various embodiments of the method of the foregoing aspect also include, during the

step of docking the robotic device with the base station: detecting, by the robotic device, contact
with charging terminals on the base station, and stopping movement of the robotic device. In
some embodiments, contact of one or more on-board tactile sensors can be used, additionally or
alternatively, to stop movement of the robotic device. Other embodiments include the step of
25  charging fully the robotic device and/or charging the robotic device to one of a plurality of
charging levels. Certain embodiments allow for resumption of the predetermined task or a new
task upon completion of charging.
[0011] In another aspect of the invention, the invention relates to an autonomous system
including a base station, that includes charging terminals for contacting external terminals of a
36 robotic device, and a first signal emitter and a second signal emitter. Certain embodiments of the
above aspect provide that the first signal emitter transmit a base station avoidance signal and the

second signal emitter transmit a base station homing signal. In other embodiments, the homing



I ncluding a base station, that includes charging termnals for contacting
external termnals of a 30 robotic device, and a first signal emtter and a
second signal emtter. Certain enbodinents of the above aspect provide that
the firstwhiynsdsieni tter transnmt a base station avoi danges28é4@aess and t he
second signal emtter transnit a base sfation homing signal. In other

enbodi nents, the hom ng WO 2005/ 081074 PCTI US2004/ 001504 -4 signal is a
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of the above aspect further include a robotic device for erformng a
predeterr’ﬂgﬁﬁlﬁ task, the robotic device having at | east one energy storage

unit wt e ] ' - h hargi.ng, terpinal, and at
| east omlloos1 ?Enai@egga{hgéé?%)r%kﬁ%lﬁﬂfct{éﬁbg?%%ﬁ%%%ﬁ?&ﬁ%&ﬁc%gﬁg Egrone si gnal
det ector pedorardagi padéterntiaddmask, die rbiais devinehopig 4 ddast Gle@haky stbhge 19IP HithC

device has, in cert.aié& enbodi ments, the capaPi i téeto di st1 ngui sh between
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devi ce hgérﬁ%ggrg?@%gﬁst% ’%iﬁgﬁgégy&gﬁl ﬁ%&?%ﬁ@gﬁg?%ﬂ%c?éﬁg& g%[o C C‘Ei)lr; a base
stati on fsgnal. Tt rolgptinideticd les, mebdin embedinests, théeapabitity 1 tdistinguistisetives the
plurality, of Sin%gaﬁl em t .e[gs i.BcI uding a first signal emitter and a second
si gnal erieRpls ESTCIled BY MPURIESOUPCPor det ernining a quantity of energy stored
in the eneygy StgHlRGRer'dBickts PelelairBnteRAFIRISGh hbiSy HANARPIRMARPECt USE
15 coul oretry or set a tinme period to determ ne the guantity of energy

st or ed omolotis Keyies hayihgoft leakteone dnerrcgorageundt ard a sigriabdetendrpa basestation fre i r st

signal emtter .transmts.an ayoidan sjgnal , therehy. restricting.a
novenent r%a%mg Hvéé:‘r ebrgg%’téc %eé%ettée%’%seaﬁﬁ%%b d?ﬂff@ %fﬁn?ﬁeém@%rgénci&ﬂg %n, and
t'he secand sihalralittéint bebcond siaaalichstted; d1dni pagceSdod it dete! dﬂhﬁtﬁ%ffi ng a
novenent of the robotic device to the base station. 20 [0 14? er aspects
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signal emtter. Still other epbodjnents_further include charging .termnals
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station
device to the base station,

20 [0014] Other aspects of the invention relate to a homing system including a robotic device
having a signal detector, and a base station having a first signal emitter and a second signal
emitter. Certain embodiments of the foregoing aspect overlap signals transmitted by the first
signal emitter and the second signal emitter. Still other embodiments further include charging
terminals on the base station, and charging terminals on the robotic device.

25 [0015] An additional aspect of the invention relates to a homing system for a base station
including a first signal emitter that transmits a first signal projected outward from the first signal
emitter, and a second signal emitter that transmits a second signal projected outward from the
second signal emitter, such that the first signal and the second signal overlap. Another aspect
relates to an avoidance system for restricting a movement of at least one of a first device and a

30  second device, the avoidance system including a first device that emits a signal, and a second
device that receives the signal, thereby restricting the movement of at least one of the first device

and the second device.



including a first signal emtter that transmts a first signal projected
outward fromthe first signal emtter, and a second signal emtter that
transmts a second signal projected outward fromthe second signal emtter,
such t hat wiodmodosuets si gnal and the second signal overlmaunaihsns aspect
relates to an avoi dance system for rest+ticting a novenent of at |east one of
a first device and a 30 second device, the avoidance systemincluding a
first devj t hat...em L.S._a_ Si ..and. a second . device that_receives the

si gnal , tfH@f‘%by $tél_§%a°| ?P?P&“%Wﬁ%@ﬂfa%}f’s 0 fegedrtipmmellingifdbass plste devi ce
and the sp@andckifsp, 2 a -2 QRO BibRidthePSI SR 0AMBOLER4 or §toh%ﬁi’e3§fﬂ§tﬁak{)
anot her aspect of the invention relates to a base station, Including a base
pl ate ariiaty pfisisignghemitisr logated b the backstop seherai i sighal granghitted by thalfirstaignalct s

| ocat ed : 3 . late:.a first signal.emtt ocated on
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the thir | ' [ i ntact qf the
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char gi ngtg ba&}tqgr .0of a device,  the nethod having the steps of providing

| ow powerilg ge %‘flﬁ%thFé‘EeH"r rgvigingdow Rawverde chaging irmingly of ashargen detedsingt he
devi cgy by,riRAid fHithd WvRk by Hih ! 2 DIG dnfl 20D @
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| ncr easi nyedetaneuinet maghitudecif apgrangter essntiaad sithcheodharggs ahd inckrasihg pywer@ ehe
enbodi nent _of the .nethod of the above aspect f her inclydes the steps of
det er mi ni g?ﬂ%%@%%@ﬁ%&@%%%h@“&éﬁeé@e&h‘g pathed phihe aboegsPRst of t he
battery imrthdiendies 8@ WpeBf ddianlianeh 1081 FRALPE I the BR:EQNai '
threshold. 15 [0018] SSWII anot ﬁergas ect ga]ﬁr@t he | nvent | onﬂ%{e at%ésﬂ%%ﬁ%
syst em f oof thehzatigivrip the dewise wherltheilews] of chhrge $s/belema predetagnined gresholdnar y

char ger i Si first charging termnals, circuitry. for detectipg.

prese ceclﬁmlhe g@\l/?%oéh eﬁﬁspﬁgtnol%tﬂbr' ¥gHgp reﬁ@g%tp 45H e%ﬁoéfhm%wﬁfggmshange
in and a thpsReet Bivifigh e saiBGRy fHAGRr 66mrisha fAasRihelziseRahal Reciiitry ForlddRcting
charger, and a npbile device,  having: a battery, and second chargi ng

t er m nal <Presgagn b devieg bx mgritaring stdeastongof p mipdelerminpdiphangoim apdigi ous

bodi _ . _ ot ; X
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systens wherein the circyitr increasef the power | evel provided |
20  Various embodiments of the above aspect include systems wherein the circuitry determines a

level of charge in the battery and controls a power level provided to the first charging terminals.
Still other embodiments include systems wherein the circuitry increases the power level provided
to the first charging terminals upon measuring a predetermined voltage across the first charging
terminals when mated with the second charging terminal.

25 Brief Description of the Drawings
[0019]  Inthe drawings, like reference characters generally refer to the same parts throughout
the different views. The drawings are not necessarily to scale, emphasis instead generally being
placed upon illustrating the principles of the invention. In the following description, various
embodiments of the present invention are described with reference to the following drawings, in

30  which:



to the first charging term nals upon neasuring a predeterm ned voltage
across the first charging termnals when mated with the second charging
termnal. 25 Brief Description of the Drawings [0019] In the draw ngs, like
r ef er encewohassasioesr s generally refer to the sanme part edrusodghbesss t he
different views. The drawings are not meétessarily to scale, enphasis instead
generally being placed upon illustrating the principles of the invention.

In the follow.n | phLOon: various .enbodj . 0 e present invention
are descri bed 'V\ngpgfig’{fAégctglﬁrggmt%er{pr?gmfeo‘il?%ﬁng%geq%@gr\?\ﬁ%%cg%’rg%"%‘%‘ Wi ch: wo
2005/ 081074 PGHHIG2QNNIOHdB6ntiond FIG 1 is a schenatic perspective view a
base station in accordance with one enbodinent of the invention, FIG 2A
is a schemati @ pBiGgAads p ydeppbigpesspestive BoBf & Wbiticdevias inaecordinercwithinh one
enbodi nent of | Lons..n. FIG 2B is a schematic side view of the
robotic devi Cgﬁgﬁdﬁkéﬁ%ﬂ?fﬁvgﬁ:&n,?) IS a schematic perspective view of a
represgent ati on OFIG. BG4 4 sche@wiicddevigwldagR roldtiatdeiBe oG, 0 Ng an avoi dance
signal in accordance with one enbodinent of the invention transmtted by

t he base st at i®onFlhd it schematie pryspeptivervitys of arepiesdntation of r@etic devidCGngdrbase
schemati c pergj I ve Vi . t af. | : m.n ignals. in 10
accordance w ?; ﬁ%%gé’e @ﬁ%{l}%&?ﬁg‘%{da&?@%ﬁiﬁ@na%ﬁ &%ﬁg{“%lgﬁg% ?%%%B’y"t e base
station and defeatibetlatnittdddyrbbbdse statlevardieletectel Gy e roboti &@oRemat i c
perspective view of the robotic device and the base station in _a docking or
mating positi dn; FIGS &&:4(exe sthematic perargcdvaayiews efireprossntatineeofioging siganls inn
accorgance W e ioe Wi SHPALbSRAENYr lflvdglt BlrBiltred ) R e sPiifly LA PV Char t
of an energy managenent algorirthmin accordance w th one  enbodr nment of the
i nvention; andetebe®by thedelpitictdeviaey enbodi nent of the charger circuitry
schematic in accordance with one enbodi ment of the invention. 20 Detail ed
Descri ption [ C02BYC. figs schematicpesspsetivgview plibe prbetic device and the bpse statierniniaon 10

i n accordance d%l&ﬁg 9NSating position;

¢ FIGS. 6A-6B are flow charts of avoidance algorithms in accordance with one

15 embodiment of the invention;
e FIG. 7 is a flow chart of an energy management algorithm in accordance with one
embodiment of the invention; and
e FIG. 8 depicts an embodiment of the charger circuitry schematic in accordance with
one embodiment of the invention.
20 Detailed Description
[0020] FIG. 1 is a schematic perspective view a base station 10 in accordance with one
embodiment of the invention. The base station 10 includes both a substantially horizontal base
plate 12 and a substantially vertical backstop 14. The base station 10 may be any of a variety of
shapes or sizes, providing sufficient space for the desired components and systems, described
25  below. The base plate 12 is generally parallel to the ground surface on which the base station 10
rests, but may have a slight upwards angle directed toward the backstop 14. By minimizing the
angle of rise of the base plate 12, the robotic device (FIGS. 2A-2B) may easily dock with the
station 10. Electrical charging contacts 16 are located on a top surface of the base plate 12,
allowing them fo contact corresponding contacts (FIG. 2B) on the underside of the robotic
30 device. The contacts 16 or the contacts on the robot may be either fixed or compliant. In the

depicted embodiment, two contacts 16 (one positive, one negative) are utilized to properly detect



enbodi nent of the invention. The base station 10 includes both a
substantially horizontal base plate 12 and a substantially verti cal
backstop 14. The base station 10 maybe any of a variety of shapes or sizes,
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20 [0022]  The backstop 14 provides locations for many of the base station 10 components.

Specifically, in the depicted embodiment, the backstop 14 includes a top signal emitter 18, a
front signal emitter 20, several indicator LEDs 22, and an AC plug receptacle 24, The top signal
emitter 18 generates a first signal, such as an avoidance signal (FIG. 3), in a diffuse region near
the base station 10 to prevent generally the robot from coming into inadvertent direct contact

25  with the base station 10 while performing a task, such as vacuuming. The top signal emitter 18
generally utilizes a parabolic reflector to transmit the avoidance signal. In such an embodiment,
the avoidance signal is emitted by a single LED directed at a lens whose geomeiry is determined
by rotating a parabola about its focus. This parabolic reflector thus projects the avoidance signal
60 out in a 360° pattern, without the necessity of multiple emitters. A similar configuration can

30  be employed in the detector on the robot, with a single receiver used in place of the single LED.



20 [0022] The backstop 14 provides |ocations for many of the base station 10
conponents. Specifically, in the depicted enbodi nent, the backstop 14
includes a top signal emtter 18, a front signal emtter . sever al
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10 [0024]. FIGS. 2A-2B are schematic perspective views of a robotic device,
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20  subsystems that operate the robotic device 40. Such subsystems may include a microprocessor, a

power subsystem (including one or more power sources for the various subsystems and
‘components), a motive subsystem, a sensor subsystem, and task-specific component subsystems.

The cover 46 may be molded from a material such as plastic as a unitary element that is
complementary in configuration with the chassis 44 and provides protection of and access to

25  elements and components mounted to the chassis 44, The chassis 44 and the cover 46 are
detachably integrated in combination by any suitable means (e.g., screws), and in combination,
the chassis 44 and cover 46 form a structural envelope of minimal height having a generally
cylindrical configuration that is generally symmetrical along the fore-aft axis FA.
[0026]  The displaceable bumper 48, which has a generally arcuate configuration, is mounted

30  in movable combination at the forward portion of the chassis 44 to extend outwardly therefrom

(the “normal operating position™). The mounting configuration of the displaceable bumper 48 is



recesses, and structural nenbers for, inter alia, mounting or integrating
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20 provides an estimate of the distance between the robot 40 and the source of IR light.

Alternatively, radio frequencies, magnetic fields, and ultrasonic sensors and transducers may be
employed. /—}s shown in FIGS. 2A-2B, at least one detector 50 is mounted at the highest point on
the robot 40 and toward the front of the robot 40 as defined by the primary traveling direction, as
indicated by an arrow on axis FA.

25 [0028]  While the detector 50 is mounted at the highest point of the robot 40 in order to avoid
shadows, it is desirable in certain applications to minimize the height of the robot 40 and/or the
detector 50 to‘ prevent operational difficulties and to allow the robot 40 to pass under obstacles.
In certain embodiments, the detector 50 can be spring-mounted to allow the detector 50 to
collapse into the body of the robot 40 when the robot 40 runs under a solid overhanging object.

30 [0029]  One of skill in the art will recognize that, in alternative embodiments, multiple
detectors can be used. Such an embodiment might include using multiple side-mounted sensors

or detectors. Each of the sensors can be oriented in a manner so that a collective field of view of



robot 40. In another enbodi nent, IR phototransistors may be used with or
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For simplicity, this application will describe vacuuming as the demonstrative predetermined task.

It will be apparent, though, that the energy management and auto-docking functions disclosed
herein have wide application across a variety of robotic systems.
[0031] The robotic device 40 uses a variety of behavioral modes to vacuum effectively a

25  working area. Behavioral modes are layers of control systems that can be operated in parallel.
The microprocessor is operative to execute a prioritized arbitration scheme to identify and
implement one or more dominant behavioral modes for any given scenario, based upon inputs
from the sensor system. The microprocessor is also operative to coordinate avoidance, homing,
and docking maneuvers with the base station 10.

30 [0032]  Generally, the behavioral modes for the described robotic device 40 can be

characterized as: (1) coverage behavioral modes; (2) escape behavioral modes; and (3) safety
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detection systems (collectively a transition condition). Once a transition condition occurs, the

20  robotic device 40 can implement or transition to a different behavioral mode, ¢.g., a Straight Line
behavioral mode (in one embodiment of the robotic device 40, the Straight Line behavioral mode
is a low priority, default behavior that propefs the robot in an approximately straight line ata
preset velocity of approximately 0.306 m/s) or a Bounce behavioral mode in combination with a
Straight Line behavioral mode. The Bounce behavioral mode is a basic function that allows the

25  robot 40 to evade a stationary object or obstacle and continue its task routine. Avoidance is
achieved by executing a series of turns until the obstacle is no longer detected (i.e., the bumper
48 is no ionger compressed).

[0035]  If the transition condition is the result of the robotic device 40 encountering an
obstacle, the robotic device 40 can take other actions in lieu of transitioning to a different

30  behavioral mode. The robotic device 40 can momentarily implement a behavioral mode to
avoid or escape the obstacle and resume operation under control of the spiral algorithm (i.e.,

continue spiraling in the same direction). Alternatively, the robotic device 40 can momentarily
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and/ oil5 t hte siganls fenethe obstaole-fdlloning systbm, émplementismralk coakvise ar kountérnleckieise ned
wor ki ng area. Preferably..the. robotjc device 40Q.utili.zes .an__ .

bt act o PERTB TR JR PR R ERRL GRS YPoifiendnt roHE Shuet 10 imploman o
respect. $malBdlockbsitadl whensbChdbatic @viveUb tansiforRifREeolitacietieRictibd B nodo t hat
the notion of the robotic device 40 causes it to travel adjacent to and

conconi t adfigopior (reBertian éneenTelegion) orde énplomenrtifemalronateislockiise dire phen the
ebodi e ”}lgg?tﬁ’é ddviig 48 %%Lgtg {;{%‘éo%l. Lﬁ?ﬁ"%é;%ugkr{ % GeBR RR-UAGRoh % (BRI the

bst acl e- oW Nng aviora
20  Similar turning behaviors are implemented by the robotic device 40 to maintain the

predetermined distance from the obstacle.
[0038]  The robotic device 40 is operated in the Obstacle-Following behavioral mode for a
predetermined or random period of time, for a predetermined or random distance (e.g., a
maximum or minimum distance) and/or until the occurrence of a specified event, e.g., activation
25  of one or more of the obstacle detection system a predetermined number of times (ctl)llectively a
transition condition). In certain embodiments, the microprocessor will cause the robotic device
40 to implement an Align behavioral mode upon activation of the obstacle-detection system in
the Obstacle-Following behavioral mode, wherein the robot 40 implements a minimum angle
counterclockwise turn to align the robotic device 40 with the obstacle.
30 [0039] The Room Coverage pattem' can be used by the robotic device 40 to clean any defined
working area that is bounded by walls, stairs, obstacles or other barriers (e.g., a virtual wall unit

that prevents the robotic device 40 from passing through an otherwise unbounded zone). Certain



[0037] In certain enbodi nents, the obstacle-follow ng systemis operated to
detect the presence or absence of the obstacle. In an alternative

enbodi ment, the obstacle-followi ng system is operated to detect an obstacle
and then negydidi 4predet erm ned di stance between the | and the
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m croprocessor selects a new heading fromw thin the acceptable range and
i mpl epg&nt sondition).

[0041])  Certain embodiments of the robotic device 40 include four escape behavioral modes:

a Turn behavioral mode, an Edge behavioral mode, a Wheel Drop behavioral mode, and a Slow
behavioral mode. One skilled in the art will appreciate that other behavioral modes can be
utilized by the robotic device 40. One or more of these behavioral modes may be implemented,
25  for example, in response to a current rise in one of the task components (indicating some sort of
interference), the forward bumper 48 being in compressed position for determined time period,
or detection of a wheel-drop event.
[0042]  Inthe Turn behavioral mode, the robotic device 40 turns in place in a random
direction, starting at higher velocity (e.g., twice normal turning velocity) and decreasing to a
30 lower velocity (one-half normal turning velocity), i.e., small panic turns and large panic turns,
respectively. Low panic turns are preferably in the range of 45° to 90°, large panic turns are
preferably in the range of 90° to 270°. The Turn behavioral mode prevents the robotic device 40



cl ockwi se or countercl ockwi se turn to achieve the new heading with m ni nal
novenent. In 10 sone enbodi nents, the new turn headi ng may be foll owed by
forward novenent to increase the cleaning efficiency of the robotic device
40. The newmoheddsmngs may be random y sel ected across t?@rﬁﬁﬁﬁ%{ﬁg{he range of
headi ngs, or based upon sone statistical4sel ection schene, such'as Gaussian
distribution. In other enbodi nents of the Room Coverage behavi oral node, the
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period of time, the robotic device 40 is generally cycled to an off state. In addition, an audible

20  alarm may be generated.
[0047]  The foregoing description of typical behavioral modes for the robotic device 40 are
intended to be representative of the types of operating modes that can be implemented by the
robotic device 40. One skilled in the art will appreciate that the behavioral modes described
above can be implemented in other combinations and other modes can be defined to achieve a
25  desired resuit in a particular application.
[0048] A navigational control system may be used advantageously in combination with the
robotic device 40 to enhance the cleaning efficiency thereof, by adding a deterministic
component (in the form of a control signal that controls the movement of the robotic device 40)
1o the motion algorithms, including random motion, autonomously implemented by the robotic
30  device 40. The navigational control system operates under the direction of a navigation control
algorithm. The navigation control algorithm includes a definition of a predetermined triggering

event.



all ows the robotic device 40 to nove through the smallest possible openings
to escape from confined areas. [0044] In the Weel Drop behavioral node,
the mcroprocessor reverses the direction of the 1o main wheel drive
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terns of RKIige3. PRSAtdi@hcesibhd 69 s sBibwh Béing transmitted from the emitter 18 on the top of the
backstop 14. The radial range of the avoidance signal 60 from the base station 10 may vary,

depending on predefined factory settings, user settings, or other considerations. At a minimum,

20 the avoidance signal 60 need only project a distance sufficient to protect the base station 10 from
unintentional contact with the robot 40. The avoidance signal 60 range can extend from beyond
the periphery of the base station 10, to up to and beyond several feet from the base station 10,
depending on the application.

[0052]  Here, the avoidance signal 60 is depicted as an omni-directional (i.e., single plane)

25  infrared beam, although other signals are contemplated, such as a plurality of single stationary
beams or signals. If stationary beams are used, however, a sufficient number could provide
adequate coverage around the base station 10 to increase the chances of the robotic device 40
encountering them. When the detector 50 of the robotic device 40 receives the avoidance signal
60 from the emitter 18, the robotic device 40 can alter its course, as required, to avoid the base

30 station 10. Alternatively, if the robotic device 40 is actively or passively seeking the base station
10 (for recharging or other docking purposes), it can alter its course toward the base station 10,



robotic device 40, as described in further detail below |In another

enbodi nent, the nonitored 5 novenent activity is defined in terns of the

"i nstant aneous position" of the robotic device 40. [0050] The predetermnm ned
triggeri ngveymsnsios a specific occurrence or conditi onppputRBsosiRyETENt
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t he application. [0052] Here, the avoidance signal depicted as an
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Si onal 5. RSP R ARl e AN B sBuler labbly i e bRt Rt icrCu o

provi de cagesithe rebot 9V &y mem%lwém@ﬂieﬂ&&LlﬂﬂﬁﬁleSIR%iglﬁDfaﬂlQbél@wldBl@ét@ﬂS gevielze
chances of the robotic device 40 encounteri nglpt hem When the detector 50 of

t he ridbothibe rehol @ then tespmepity g vionemation. dpiuin ﬁh%desu@bmfcpmﬁlﬁmen@ﬁn tter 18,
the robot), safgee\sgds&véﬂu 'Ehe%ﬁ&r yaﬁeﬁgﬁgi&p Ao itgqrgh{cﬂu %lpovslﬁg base
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purposes), if can alter its c tovvadthe ase statjon 10,
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in such geiwgdr.t WheGeeasR 40 @ﬁco‘ﬁﬂ@f&%‘%’égﬁfl oI TR EtbAtety tRerobot 40 spins in

20 place. Because the detector 50 is mounted at the front of the robot 40 and because the robot 40

does not move backward, the detector 50 always “sees” the increasing IR intensity beforp other
parts of the robot 40. Thus, spinning in place causes the detector 50 to move to a region of
decreased intensity. When the robot 40 next moves forward, it necessarily moves to a region of
decreased IR intensity — away from the avoidance signal 60. ,

25 [0055]  In other embodiments, the base station 10 includes multiple coded emitters at
different power levels or emitters that vary their power level using a system of time multiplexing.
These create concentric coded signal rings which enable the robot 40 to navigate towards the
base station 10 from far away in the room. Thus, the robot 40 would be aware of the presence of
the base station 10 at all times, facilitating locating the base station 10, docking, determining

30  how much of the room has been cleaned, etc. Alternatively, the robot 40 uses its motion through
the IR field to measure a gradient of IR energy. When the sign of the gradient is negative (i.e.,
the detected energy is decreasing with motion), the robot 40 goes straight (away from the IR



hom ng signals described with respect to FIGS. 4A-4B below. [0053] In
certain enbodinents, a collimted IR emtter is used, such as Waitrony p/n
| E- 320H. Because of potential interference fromsunlight and other IR
sour ces, WBShosloBiodgevi ces, 5 such as renote control s, ppe/Sgeadbo1gsQit al

assi stants and other |R comunication dé¥ices, ent signals that may be
nodul ated. Herein, the emtters 18, 20 nodul ate the beans at 38 kHz. In an
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base station 10 at | times, facilitating | ocating,the_base station 10,
Gocki ng. dHeteRh A gPos g0 e o A f G At BOEoHOR ot ¢t i
Al t er nat | Y& drect REmiPR Bbs ABvesSLutfidicht ARtaLh@n through the IR field to neasure
a gradient of JR energy. Wien the sign of the gradient is negative (i.e.,

t he dzt ecip@iBlenelngtharsmiedimeatsi thg rebiot #0 cantalwayp furnliea sinpletdirdgiop@e shaxtse ai ght
(away fr Ocﬂ}etcggn rla:?domly. When the robot 40 always turns in one direction, it may get stuck in 2 loop
by turning away from the beam, bumping into another obstacle in a room, turning back toward
the beam, seeing the beam again, turning away, bumping again, ad infinitum. Moreover, when
the robot 40 only turns in a single direction, it consequently may fail to vacuum certain areas of
25  the floor. Thus, where the robot’s task is to complete work evenly throughout a room, a single
turning direction may not be optimal. If the direction is chosen purely randomly, the robot 40
may turn back and forth often, as it encounters the beam.
f0059]  Again referring to FIG. 6A, in the embodiment of step 140, the robot 40 turns an
additional 20° from the point at which the avoidance signal 60 is lost. The arc of the turn can be
30  varied for the particular robot 40 and application. The additional turn helps to prevent the robot

40 from re-encountering the avoidance signal 60 immediately after first encountering it. For
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20  can also be used to aid the robot in seeking out the base station.

[0061] In addition to operating as navigational beacons, homing signals 62, 64 (and even the
avoidance signal 60) may also be used to transmit information, including programming data, fail
safe and diagnostic information, docking control data and information, maintenance and control
sequences, etc, In such an embodiment, the signals can provide the control information, dictating
25  the robot’s reactions, as opposed to the robot 40 taking certain actions upon contacting certain
signals from the base station 10. In that case, the robot 40 functions as more of a slave to the
base station 10, operating as directed by the signals sent.
[0062] The robot 40 performs its docking with the base station 10 accurately and repeatably,
without the need for gross mechanical guidance features. The two homing signals 62, 64 are
30  distinguishable by the robotic device, for example as a red signal 62 and a green signal 64. IR

beams are generally used to produce the signals and, as such, are not visible. The color
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information, dictating 25 the robot's reactions, aS opposed to the robot 40
t aki ng ceapbaitn (rarivalits, thembotghmarssitn feapdhe gieen sighial fdtosthe tedimfitheeddbecte

station n..t hat. e, e 40 _functions.as a,slave to the
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wi thout the need for gross nechanical guidance features. The two hom ng
si gnalls @ to ghe righpof the detector 50. Last, in FIG. 4C, the detector 50 has encountered yellow zone

66. At this point, the robotic device 40 will move in direction Mg directly towards the base

station 10. While approaching the base station 10, the robotic device 40 may slow its speed of
approach and/or discontinue vacuuming, or perform other functions to ensure trouble-free
docking. These operations may occur when the robot 40 detects the avoidance signal 60, thus

25  recognizing that it is close to the base station 10, or at some other predetermined time, e.g., upon
a change in the signal from the emitters 62, 64.
[0065]  Various methods are contemplated for ensuring that the robot 40 correctly docks with
base station 10. For example, the robot 40 can continue to move toward the base station 10
(within the yellow zone 66) until the bumper 48 is depressed, signaling the robot 40 that it has

30  contacted the base station 10. Another embodiment overlaps the homing signals 62, 64 such that
the yellow zone 66 terminates at a point calibrated such that the robot 40 will contact the

charging contacts 16 upon reaching the termination point. Other embodiments simply stop the



30 distinguishable by the robotic device, for exanple as a red signal 62 and
a green signal 64. IR beans are generally used to produce the signals and,
as such, are not visible. The color WD 2005/ 081074 PCTI US2004/ 001504 -19
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Simlarly, .in FIG 4B, the detector 50 is in_the red or right signal 62
field, artiedhuybitisgmilpbiifiolt fppkesornd prely dseeonabangdsych whves teaptio seatfer
directio ' effort to keep that red signal 20 64 to the right of the
det ect or %‘gg!ref[éat?l?mfn FIG 4C, the detector 50 has encountered yell ow zone
66. At tHD86T0i NFIG. 7hiepicelacthematie disgeand Ghish lshowsatie corfirotl sdgaerice 200 MEtHdi rect | y
towards the pase, station 10. Wile approaching the base station 10, the
ticlegise g 4

robot ¢ dabsticelenise AR gudneovacpymaing , Geperaly, thesoptsal srausner 410 iacludes tupp sub-

vacuum n r ol e |ng. These
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pr edet er

lned . tine, e.qg., upon hange. in the signal .fromthe enitters 62,
G, [ 00651 BBienTEY It ibrecisnge 2fh, Fisovalicalsvien 0 BRI 5 PRSTTREN 1ot 40
correct | yhEQakes vabuliMing (utilizing various behavioral modes as described above), while avoiding the
20  base station 212. When avoiding the base station 212, the robotic device 40 performs its

avoidance behavior and continues to operate normally. This process continues while the robotic
device 40 continually monitors its energy level 214. Various methods are available to monitor
the energy level 214 of the power source, such as coulometry (i.e., the measuring of current
constantly entering and leaving the power source), or simply measuring voltage remaining in the
25 power source. Other embodiments of the robotic device 40 may simply employ a timer and a
look-up table stored in memory to determine how long the robotic device 40 can operate before it
enters a different energy level subsequence. Still other embodiments may simply operate the
robot 40 for a predetermined time period before recharging, without determining which energy
level subsequence it is operating in. If the robot 40 operates on a liquid or gaseous fuel, this
30 level may also be measured with devices currently known in the art.
[0068]  Onuce the energy remaining drops below a predetermined high level, the robot 40

enters its medium energy level sequence 220. The robot 40 continues to vacuum and monitor its
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robotic deyice 40 durjng vacuum ng. Cenerally, the control sequence 200
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power source. Ot her enbodi nents of the robotic device 40 may sinp enpl oy a
ti mer2ban®2g64. Clearly, additional subsequences may be incorporated which sound alarms when the
power remaining reaches a critical level, or which reconstruct the route the robot 40 has taken
since last contacting the base station 10 to aid in relocating the station 10.
[0070]  The robot 40 may also dock because it has determined that it has completed its
assigned task (e.g., vacuuming a room). The robot 40 may make this determination based on a
25  wvariety of factors, including considerations regarding room size, total run time, total distance
traveled, dirt sensing, etc. Alternatively, the robot may employ room-mapping programs, using
the base station 10 and/or walls and large objects as points of reference. Upon determining that it
has completed its task, the robot 40 will alter its travel characteristics in order to find the base
station 10 quickly.
30 [0071] Once the robot 40 contacts the base station 10, it can recharge itself autonomously.
Circuitry within the base station 10 detects the presence of the robot 40 and then switches on the

charging voltage to its contacts 16. The robot 40 then detects the presence of the charging



| ook-up table stored in nenory to determ ne how | ong the robotic device 40
can operate before it enters a different energy | evel subsequence. Still
ot her enbodi nents may sinply operate the robot 40 for a predeterm ned tine
peri od before recharging, w thout determ ning which energy |evel
subsequen®® 20bs/s30mperating in. If the robot 40 oper at gy psodydoigyi d or
gaseous fuel, this 30 |l evel may al so be2heasured with devices currently
known in the art. [00681 Once the energy remai ni ng drops bel ow a
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presence of the base station 10, either by detecting the avoi dance signal 60
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20 16. Alternatively, the robot 40 and/or base station 10 can verify the integrity of the charging
circuit by sending signals through the IR beams, thereby confirming that the robot 40 has, in fact,
docked.
[0073]  FIG. 8 depicts an embodiment of the charger circuitry schematic. With five volts
being presented by the base station, it is the job of resistor dividers R101 and R116 to hold Q48
25  and Q5 off when J25 is in contact with the initial low voltage state. This divider also provides
the known impedance of R101 plus R116 in parallel with R224 plus the base-emitter diode drop
of Q48. This Thevenin impedance is in series with a resistor in the docking station thus forming
a voltage divider. A window comparator circuit within the docking station looks for a specific
voltage created by the divider. Once the base station has determined this impedance is likely the
30 robot (not some other conductive body), it then delivers the full 22 volt capable, 1.25 Amp
charging voltage to the robot.



[ 0070] The robot 40 may al so dock because it has determned that it has
conpleted its assigned task (e.g., vacuum ng a room. The robot 40 may nake
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connect i and denidevwitksding whatiype ofdharging cbétraieytinds ireaded what dllonidOcuament tbhose on

t he undergar.r| age, 94 t he rohot 40. One i ment_.of this charging
sequence 4% ]Bt’t%g? P%@r}b géo&ﬁm’[l@@?‘g]the é@‘#@! 194 w S\fﬁ’ ﬁgn figaseepatle UPEohnay
from fohe AR E4atiORodQsorlcBirdl RlEA S AR Reeft to wihidugR FEFENY tofthye Vol ts,
limted to 1mA nmaxi mum short circuit current flow. This Fow 10 vol tage/ | ow
current ‘'bedergen acomihupugbesisi nits the amount of available energy at the
contacts t render i themsafe, in e evept they are. contacted by
hunans, e[ﬂ#l’ﬂl sﬁﬂjﬁg‘a@re@f E%&e&' Véﬂag?:bgrg&ffgﬁ G%s tﬁ%‘} g(v’?lisf ﬁ'ﬁﬁ’ée Hﬁf’%‘é&@ t he
under car rdesiBlerd aRdw trerull eleént dPflowREiRe BARERASH & Behtinl6us KR! TG4 Saddf tBR t he
base station 10, present a precise resistive load that, along with a

resi st or cppditierhis o eensemlies inthe ft that the pewersonicg withinpbel B Eis wsongays cairenitder .

' . ' h | h.
To 1 ofopingae: fhich Yt RS RRnY vIReF B YR by G b P PEL Rl i1 70

vol t age, tpllow 105 Airie!thedbakt@roWh dodleasdldCilis BRI belrhiflivalie hipREEASHO battery
determ nes that the voltage has fallen into the specific range, it detects

that the voBpgsttself andsin the wse at the paiteryitde s spinssion pxammln Swithsvard eauss Biasi st or
switch t Qﬁ@u?ﬁ%lfgéﬁ g Sdr%a’ﬂélga%ze ne‘éQJs%itggq/oﬁlfé\{eﬁﬁgcdgmro%tgrg{e;gg ?‘g{j&i\? %as(éhar gl ng

t he robot tter tot charging conta ernatively,
t he r obotstafion ambidobot dhasreniss aititeon 10 can verify the integrity of the charging

20 [0077]  In this case, the robot processor then delivers a pulse width modulation to the charger
control line pertaining to Q47, such that the energy storage capacitors in both the robot and base
station maintain enough charge to keep their respective electronics working properly throughout
the charge pulse. The energy storage capacitors are then replenished during the off time of the
pulse width modulation charging cycle, ready to then sustain the next charge pulse. This

25  scenario continues until the battery has been charged to the point where a continuous charge is no
longer able to bﬁng the supply voltage down to a critical level and the charge control can become
a static level.

[0078]  Since this pulse width modulation process in this embodiment relies on software
control, health monitoring of the processor, both within the base station and robot, are important.

30  The requirement then set fourth for charging is for a charger “watchdog” be incorporated via Q45
such that a static high or low state on this signal line will disable current flow into the battery. It

is a requirement of the robot processor to continuously pulse this control line in order for any



circuit by sending signals through the IR beans, thereby confirmng that the
robot 40 has, in fact, docked. [0073] FIG 8 depicts an enbodi nent of the
charger circuitry schematic. Wth five volts being presented by the base
station, it is the job of resistor dividers RL10Ol1 and R116 to hold Q48 25
and b of WOMesI®s is in contact with the initial |owoash:egmosbate. This
di vider al so provides the known irrpedan?fb” of R101 plus R116 in parallel with
R224 plus the base-enmtter diode drop of 48. This Thevenin irrpedance is in
series w, r Lt.age

di vi der . n@tJ @vkg%é}éf&%t %‘pﬁ%tl %%ﬁé’s?gﬁfsmg%ﬁfdﬁ%ﬁ%p%% Ll%n%ﬂeg? 1teg}mr?%l Soks for a
specific dtsvlmdrgag@ﬂmtr ba‘teejdreﬂated dendifiondmistreddingehd dhardiasgrofileaNaaitalia sther
determ ned this |F%;§a,n Ilke%gdthe 30 robot (not sonme other conductive
body), i €ORteANYEE Sﬁtfﬁé"hlemeﬁc Yortilizedpabl e, 1.25 Anp chargi ng vol t age

0%, 0 Y RO g BT A, g ©

r equi b enedrging centacts 16 are exposedmdh8rgimed. HScaumfpmemﬁv edsystanice isi requiifed so
conbi nati on of trgn3| tors that then aILé)V\E rrent to flowto the gn-board
robot el SERIESPEENGK]! ge QW"P&W’H@ £ [entadh en the Jvel sghse vgltage dppreseat tlicve i f

in fact iR rbttga@ ’i?ﬁdt‘d@cléé&?th&% 1§n@§;ﬁ§&1¢§@1e@ﬁ‘fct 6ok due b g&?&hta%%act

operative, the robot"s processor is t l'e to etect t he presence of the
base st bmaose the [avagposeiuarefilii Baradebs DATsoathe bade sthtiow il A gyill hewemedvitch toshedr i ve

not ors. abl.e on th char cont ac I t beco ob, of the
robot pr a%%cﬂ?é*afslﬁ}’é }teﬁ%usieﬂt e‘% Icu?fﬂfg}t‘é Beptsred %Pfﬁa‘ﬁ“érﬁ‘i%‘@ PN and
what 1t)ypm% tB4BHs8 5tRGorC I de8 letedbihe thhBthd RAMELD WhHeRed! it em\régs e EREhg 0 flow
into the battery. For exanple, if the battery is at 12 volts, theh It is

accept abveltags/cuirer. dhis Pbargms caﬂmt@mnmdato ppmwmly 22 meltshl 25 ampomaimutmy

al | ow cuktent thr F t he nti nuo baS|s
{0076 1 EVERI et e oo B s doBvrl Sund BhacEny et SN )

gener al | ¥inp®ihedotdb@thdass 441 eﬁd:dha@lwﬂdc@s ik bomadtdes £ uhd voltdpd @dlivede vofolumm& 0 the
battery on a continuous basis. The reason this condition is of concern |lies

in the f@&Sﬁlttlﬂéﬁfl(tqﬂéh%\hé?m@@éﬁ@éfﬁt}\?fttVﬁiniO‘{Vhe DOC is a constant current 15

char qger. \%qyt()gh molthe?galvgls&ftshite i9 gﬁ@rﬁ% Otlht E ox? 0 ?ﬂeéeﬂﬂt tﬁe g)be{ %6 %an the

battery ge ‘I n order ery

this m glégube intervals, \fﬁdxﬁssltulgheﬁnchlpamtdm tbat tnetclyas tmttxtlesqm séorsml t>r 6@, in the
case of the bhattery at | ow tage, for ex woul d cause the

out put vdhbndbtbesvent gt the IIQ)IW" ﬂﬂ & didedasd 51'1091 @e b@ﬂetsmpé% ép (%@éﬂé’danta@"@?ﬂéf ate
the on b %ﬁﬁlg.n)?ﬁé%harﬁﬁt@%hﬂéht Apeldbe bR dsWE %ﬁn@&hﬁﬁ/. S%id @me condition applies if

the contacts 16 are short circuited with the robot 40 docked (either intentionally or accidentally,

20  for example, if the robot 40 drags debris onto the charging contacts 16).
[0081]  An additional safety feature of this charging sequence prevents overheating of
contacts 16 due to intentional shorting or oxidation. A thermal circuit breaker or similar device
can be employed to perform this task, as well as a microprocessor equipped with a temperature
measuring subroutine. The circuit breaker, however, provides the advantage of controlling

25  contact temperature in the event of a microprocessor or software failure. Additionally, the base
station 10 circuitry can also incorporate a timer to reset the temperature measuring subroutine or
circuit breaker in the event of system failure. These safety controls may be incorporated into the
“watchdog” described above.
[0082]  While docked with the base station 10, the robot 40 can also perform other

30  maintenance or diagnostic checks. In certain embodiments, the robot 40 can completely recharge
its power source or only partially charge it, based on various factors. For example, if the robot

40 determines, through the use of route-tracking subroutines, that only a small portion of the



20 [0077] In this case, the robot processor then delivers a pulse wdth
nodul ation to the charger <control line pertaining to 47, such that the
energy storage capacitors in both the robot and base station nmaintain
enough chwogeot/@idkeep their respective el ectroni cs WOrkigs06:R868564 Y

t hroughout the charge pul se. The ener¢3 storage capacitors are then
repl eni shed during the off time of the pulse wi dth nodulation charging

cycle, read t hen sustai n.the next char | se., This 25 scenario

cont nuegooaﬁttﬂfwﬂﬁewaﬂw Haleayotél&mt%}ﬁarfg%awf Shargscdefias Frtping e comelgitt | nuous
charge 'éleﬂﬁn bOme fdond bk, Qlob@vé}rﬂhggoﬁot"@o ?éciﬁi?ésya fﬁH'ch@rE@béf@f@’} %@gt?g@r didancal

| evel and the char ge control can beconme ‘a static |evel 8 ince this
pul se w dlehommdhatauptlomsmlse@ewbim If the sotwitré asventplated lltseelcmummgfotf Amreom
control, Ith nmoni.t or i t he roce sSor both thin tation
o T opoPtip @opTRE it i A Bt iEn et S83 38 v Blabaltalebnnl (el PRl 1 g
is fof acabAnDes beghpftERaoeleands ¢ydr0 Rl Bls Yadd- &34&0&@% foBat408ms) at i ¢ hi gh

or low state on this signal line will disable current flowinto t'he battery.
It is acmmue fomreastiredts enevay iﬁ‘dblétan‘tl)ﬁ@E begio pharging saquénves uimreghingeantemergy

control n_order, for 05/.0810 PCT/ US2004/ 0015 current
S0t ow, IRkl P RaF el ot ARmuel B el sa et AR R RR e o
el ect r osh@idricenstalit HEdhd dergeho RePEts eBaty RivYls bEbrdlc@theal eOther hitagiof whilsat i ng
t he chargmdggprofl |l e. Naturally, other control and related fail safe
O

schenes kipg position suelyas diamipsiic frpeticaadetermebedisaist algpninggensmoanipationi des
partigul gJi SeRh ot %@%ﬂg%ﬁn u?éf%ﬂf&ﬁl%z?{h@j‘eﬁsot?e PRraLNg contacts 16 are
exposed ﬂ(} energ |’ze use a specl resi ance I'S I’GQUI red to Create

a speci f [0083p! t agmléiﬂlaﬁ haed Ben dédaﬁbautﬂraﬁ twhatlde WiRitohsiderbd dntplsgase vol t age
is present (i.e. when t he robot, 40 is not docked) there i s no danger of

el ectri cp?ﬁ?ﬂﬂ@ embedimenisof theamessnt inwrntigerothes modificationsof fheinecatier wallr rent i s
harmm essy, pttg Pﬁfogeﬁéﬁéd i3%heB: Mbrh ihd1E%EM g LN The ttla@utrahggh s of

vol tage/curren cause t e sense curre as’ not Tent e

pr edet er manefictuseged. ged:ﬁeﬂvthaadlsdidmed hasm asd ateu@tmwl whoes atbdre not thdet hat t he
robot 40 is, present, d har vol t age/.c Thi s

char ¢? ngc‘?ﬂﬂ é‘?ﬁ]tlm@ngllfﬂst‘g ?%HF%F?F%Q Flg@%§ g’@“%t%?"cham mm
Even I bAMKEILRN LAC0IRE &H%ﬁ@&’co?b‘ bf 0 slht of Acblaildl? wHaPk Qbfittagy rent
-- which is un ely, since he robot chassis 44 effectiVély blocks the
cont act s bd Eecuredttyd.etters Paiget isldleiimenton soddfidechatd differesténtad ia theaiollowmgs hock
hazar d, .it is relatively low 15 [0080] Another |evel of safety is
affordeda]tsﬁnst he base station 10 checking for the robot 40 at regular

i nterval $posh] OM Whatlid dlkikRd3$ once per minute to as nuch as 10 tines per

second or nore. Thus, in the event that the robot 40 is dislodged fromthe
base station 10 (elther by an ani mal or



human), the charging current could be shut down inmediately. This sane
condition applies if the contacts 16 are short circuited with the robot 40
docked (either intentionally or accidentally, 20 for exanple, if the robot
40 drags debris onto the charging contacts 16). [0081] An additional safety
feature of this charging sequence pregﬁnts overheating of contacts 16 due
to intentional shorting or oxidation. thermal circuit breaker or simlar
device can be enployed to performthis task, as well as a m croprocessor
equi pped with a tenperature neasuriQgngubroutine. The circuit breaker,
however, provides the advantage of controlling 25 contact tenperature in the
event of g mcg %E}%G%ﬁé%r%@rmﬁﬁ NGt §n & RIbbHE Geviddetrh QRG] dom rfsnfg ihase
station 10 circuitry can al'so I Acorporate a tinef to reset th enper ature
ﬁEaSUFIHQS%ﬂ%%OUtIne or circuit breaker in the event of systemfailure.
These safet'y controls may be |ncorporated into the "watchdog" described
above. [0082] Wi.le dock t he.base station 10, the roboé 40 can al so
per form ot her PSBYIfEE AL mgﬁégvﬁ?cﬂPQBW%%¥|%“EH@@R?gyﬁﬁ"%@HWH@H aMeBdi ment s,
the robot 40 can conpletely recharge its power source or only partially
charge itde95i¥¥ed on various factors. For exanple, if the robot 40

determ nes, through the use of route-tracking subroutines, that only a snal
portion of therWdRQedags1aips MOMAEQITMINe 0dtEOI¢ devizd tholmse statibd  r equi r es
vacuuming, it may take only a mnimal charge before returning to conplete
cl eani ng ofittinge: hondng sikfial; however, the robot 40 requires a full charge
before returning to clean the room that option is also available. If the

robot 40 has cRpEphei@whdtBerafidhtify 38 efirgy 46rell @PMRe eRELPStobRc@ARKI NY, 1t may

dock, fully recharge, and stand by to await a signal (eitHher |nternal or 5

ext er nal )be"l&bv BRI bk SF \5r¥detG iy H?@nsé}%éi: Qeve V‘Ph& g }eﬂet%gblﬁ%& o %&C”Ddez the

robot 40 contl nue t'o neasure | ener gy evel s &R har gi ng

sequences, u achl n_ene vel bel ) predeternlned anount .
Alternatlvgﬁﬁmli 8WQWB%1 3@“ﬁﬁ%gﬁﬁ?ﬁﬁ§ﬁﬁ“3g¥gﬁ??ant or near-constant
trickle charge to keep bgs ener | evel s at or near peak. O her behaviors
while in the RESERNIAG BOSE FobeHT EI‘GPF» §rftﬂlr~t35m§fé fagk P@ﬁqeﬂ lsa in paRt @1 nal
mechani sm cl eani ng, conmunication to with a network, or dat a mani pul ati on
funct i onswhetlerhesaiabiitypé efereysredipbaay tharpredeterméned highrenetgydavelesthei bed
herein what are to be considered exenplary and preferred enbodi nents of the
present imredntriimed ot Reergmbxic tlwajredesmafedttask compesingon will  becone
apparent to those skilled in the art fromthe teachings herein. The
particul ar et hods (aningBiltHoacicukify mm&g@gﬁdl el teuamad oheiegyisar e

be

exenplary in nature and are not to

not below the high energy level;

cleaning while seeking the homing signal when the quantity of energy is
below the high energy level;

seeking the homing signal without cleaning when the quantity of energy is
below the low energy level; and

following the homing signal to return to the recharging base station when
detecting the homing signal during seeking the homing signal.

2. The method of claim 1 wherein the step of determining comprises using

coulometry.



15 considered limting. It is therefore desired to be secured in the
appended clains all such nodifications as fall wthin the spirit and scope
of the invention. Accordingly, what is desired to. be secured by Letters
Patent is the invention as defined and differentiated in the foll ow ng
clains. [0084] What is claimed is: -26 Cains |. A nethod for energy
managenent in a robotic device, the nethod conprising the steps of:

provi ding a robotic device conprising at | east one energy storage unit and a
signal  det eclTdé mefhod@\off Slaltg | vHRASEhS ls&bio® Betb@iniRicbM@rivdstsktihp @ tiRbot i C
device, the base station emtting a hom ng signal; determ ning whether a
quantityF@ﬁmgnergy stored in the energy storage unit is below one or both
of a predeterm ned high energy |level and a predeterm ned | ow energy | evel

that is lower Tkpgﬂthiog g?l%ﬁﬁiﬁ’tﬁ?%ﬂg{ggrﬂp@g@ﬁigtf&%irgw%dutQéeerkfn%;]tm ng, by the

robotic device, p erm ne east I n part whet her the
gquantity of ,ener stored is belowthe predeterm ned hi.gh enerqgy. | evel or
The " pr o8P HEN I Meaiay S b6 B S0 T BRI I dreattTRE BRESHYET o1 ng:

cl eani ng wi t hout seeking the hom ng signal when the quantity of energy is

not bel oWeiR¥CABGAlener gy | evel ; cleaning while seeking the homing signal
when the quantity of energy is below the high energy |evel; seeking the

homi ng siSgnal T tristhet! of kleemil digrtiwin eemptiengwhitg seeking thehwarigy sigsal bel ow t he | ow
energy level; and following the homing signal to return to the recharging
base st atwithoundbeningdeteaini ngthelbasdationdn sdsparat tadateanige adeasd stgionhe hom ng
signal. 2. The nethod of claiml| wherein the step of determ ning conprises
using coumElignal. - 27- 3. The nethod of claim| wherein the step of

determ ning conprises setting a tine

6. The method of claim 1 further comprising while seeking the homing signal
without cleaning, reducing energy use by removing power from some of the robotic
device’s powered systems.
7. The method of claim 5 wherein seeking the homing signal without cleaning
further includes altering the trave! mode to follow a wall.
8. The method of claim 5 further comprising charging the robotic device.
9. A method of docking a robotic device with a base station, comprising:

orienting the robotic device in relation to (i) a right signal transmitted by a right
signal emitter of the base station and (ii} a left signal transmitted by a left signal emitter
of the base station, according to signals received by an omnidirectional sensor on the
robotic device; and

maintaining an orientation of the robotic device by:
when the right signal is received by the omnidirectional sensor on the robotic

device, moving the robotic device to keep the right signal to the right of the robot, and



period. 4. The method of claim|l further conprising while cleaning wthout
seeking the homng signal, driving away fromthe base station in response
to detecting a base station avoidance signal. 5. The nethod of claiml
further conprising while seeking the hom ng signal w thout cleaning,
returning to the base station in respgnse to detecting a base station

hom ng signal. 6. The nethod of claim| further conprising while seeking the
hom ng signal wthout cleaning, reducing energy use by renoving power from
sone of the rolhet ile leftleighddd ecgorkbetic spnatdmBtional sehbhe amghdatod cl aim 5
wherei n seeking the hom ng signal w thout cleaning further includes

al teri ng detige, nfcwad theBskRtit dedigd loReeRthodétt sigihl tolihe IdTeS A rgdbt.Cl ai m 5 further
conprising charging the robotic device. 9. A nmethod of docking a robotic

device wiph aThasRapudltRim 9%Wric§ﬁ1ﬁ]tgéin%%|ie‘§ﬁbg ngi %eﬁbt%tiﬁg,itﬁgttg rofigyd ce in

relation to (i) a right signal transmtt by a r n emtter of the

base statj Il ef gnal _transmtted b . ef ignal.emtter of
t he basedgﬁg?’%gﬁyéré&bgfwd%eﬁgtﬁ%%’é@im %llllf’lsngtI ec'%ﬁ&%albgmg)r\?"%%ygl?eggg?tfconal sensor
on the robotic deyice; and maintaipin n orientation of the.robotic device
by | when SEHEE cimgdetEhal g ispeiyBe By Prelapai ket boitnsor on the
robotic device, noving the robotic device to keep the right signal to the
ri ght of derige pabshc baspefaiaB- when the left si gnal is received by the

omi di rectional sensor on the robotic device, noving the robotic device to
keep t he lllefThe gieghedlofclaim He whefein he steheof fadlowting the patiklefinest ¢t dedsiGh pettai m 9
further conprising the steps of: detecting, by the robotic device, an

overl ap bgttegdna beerlapgbinpasgneducigdelodiy betht rebogiodbyicéd.ol | owi ng, by the
robotic device, a path defined at least in part by the signal overlap; and

docki ng tihe ThekREHidA of dRWh 46 WHetdh thB8tep 3% 8okl th@Pobolid devifewliRiRAAsof clai m
10 wherein the step of following the path defined at least in part by the

i I : caol gl : j [ £ j 2. Th
rethod of kPR R RRIRE G LN ARl ePast PR PRBR R BRI B g 1 he

base base station; and stopping movement of the robotic device.

13. The method of claim 12 further comprising the step of charging the robotic device.
14. The method of claim 13 wherein the step of charging the robotic device comprises a
plurality of charging levels.

15. An autonomous system comprising:

a base station having a charging terminal for contacting an external terminal of a
robotic device, an omni-directional signal emitter for transmitting an omni-directional
signal and a seeend directional signal emitter for transmitting a directional signal; and

a robotic device including a microprocessor configured to implement an
avoidance behavior that measures the robotic device’s energy level and instructs the
robotic device to:

avoid the omni-directional signal and follow the directional signal when the

measured energy level is above a predetermined energy level, and



station conprises: detecting, by the robotic device, contact with charging
termnals on the base station; and stopping novenent of the robotic device.
13. The method of claim 12 further conprising the step of charging the
robotic device. 14. The nethod of claim 13 wherein the step of charging the
robotic device conprises a plurality,pf charging |levels. 15. An autononpus
system conprising: a base station having a charging termnal for contacting
an external termnal of a robotic device, an omi-directional signa

emitter for tresand bhhﬁ@r@ﬂoﬁﬁf@igmﬂiW}Qﬁ&ﬁ@lﬂ@dsurcﬂieﬁ&%# [&RfisdeRwar d directional
signal emtter for transmtting a directional signal; and a robotic device

i ncl udi NG RedBdmARERAESS Mve CARFALYS Gtk bm&fﬁgﬁ%rcﬂxﬁi@@nce behavi or
an cUs

fi
t hat nmeasures the rob‘(g)%l c device's energy t?]{gvel i nstr the robotic

device toy, avgi i-directijon i_gnal. and fol t he directional
si gnal wﬂgh tﬁlgg a%ﬁ%’ﬁ%dg ygtﬁ'érogfla "é\eli I“ﬁﬁegjlnagdgagg%"eporﬁé%\gﬁgPsr}grﬁ’lé8m(éi{?ér ay
| evel, and - e omi-directional signal when the neasured energy

29- seek t I
| evel is aﬂgflﬁ\ﬁeﬁo“ﬁrﬁéﬁﬂ‘é APIHELESE A (Fosy0ag aPligahsigitter to dock with the base

station for charging. 16. The autononmous system of claim 15 wherein at | east
one of th‘é7-fir‘“s‘t“e@PgﬁBFhaégwgﬁéFttefhﬁﬁatql?@“% deethsimpilad comnrisiog the ansnit  at

| east one optical signal. 17. A nethod of charging a battery of a robotic
devi ce, tstepspBt hod conprising the steps of: providing a non-charging energy
to charging termnals of a charger; confirm ng a presence of a robotic

devi ce docked pyaviding haoc-birgiag ehyrgy ecad@iing e@ninals lbpadhdrggrired by a circuit in
the charger conbined with a conplenentary circuit in the robotic device;

and increasi n&oﬁﬂi}%{iﬁ@aB&séﬁ&@o?@%bgh@g‘:\li&rdﬂcﬂﬁi with theRh&ies ) Reogiinent to
charge the battery. 138. The method according to claim17,” further

i . S ' . bot |
dovt ce; anapDBrmkeREa heyi 1 o hileP orbipe ) o Lo bt 8 nen
the | eveIr f?c{tigﬁ%]?’l.ﬂzge i, bel ow a predeterm ned threshold. 19. A systemfor

char gi ng > %J8vice, the system conpri si ng:

increasing energy to the charging terminals to a charging current to charge the
battery.
18.  The method according to claim 17, further comprising the steps of: determining a
level of charge in the robotic device; and permitting charging of the battery in the robotic
device when the level of charge is below a predetermined threshold.
19. A system for charging a robotic device, the system comprising:

a stationary charger comprising a plurality of first charging terminals;

circuitry for confirming a presence of a robotic device at the charging terminals
by recognizing a load formed by a circuit in the charger combined with a complementary
circuit in the robotic device; and

the robotic device comprising:

a battery; and



a stationary charger conprising a plurality of first charging term nals;
circuitry for confirmng a presence of a robotic device at the charging
terminals by recognizing a load formed by a circuit in the charger conbined
with a conplementary circuit in the robotic device; and the robotic device
conprising: a battery; and -30- a plyyality of second charging term nals
adapted to mate with the first char'gﬂfg termnals. 20. The systemof claim
19, wherein the circuitry determnes a |l evel of charge in the battery and

cont rol's a power | ggkaiR QM ddliechhds RSO ML RATTALS: 2L The

system of claim 20 wherein the circuitry changés from a non-chargi ng energy

to a chargi I provided to the first charging term nals upon
measur i négggagéggglé@%m ned voltage across the first charging term nals when

mat ed wi t he, second harging termnals, 22. A nmethod f.or ener

nmanagene %Qe F@E%P%‘gﬁm gj r"’g’ﬁ@m QCHEWE%%%FSW%SI aeleY‘g OQCﬁQI%%Wé%i ng base
station, the nmethod conprising: the base station emtting a hom ng signal,
and t he brgsyendcantrpisapowss igyat prayided wubmfirst ghasgingeemiialsst ored in t he
robotic device to a predetermned first or a predeterm ned second | evel
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22. A method for energy management of a rechargeable robotic device dockable to a
recharging base station, the method comprising:
the base station emitting a homing signal, and
the robotic device:
comparing a quantity of energy stored in the robotic deviceto a
predetermined first or a predetermined second level that is lower than the
predetermined first level,
cleaning without seeking the homing signal when the quantity of energy is
above the predetermined first level;
cleaning while seeking the homing signal when the quantity of energy is
below the predetermined first level;
seeking the homing signal without cleaning when the quantity of energy is
below the predetermined second level; and
following the homing signal to the recharging base station when detecting

the homing signal during seeking the homing signal.





