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The present invention relates generally to cleaning apparatus, and, more
particularly, to a debris sensor for sensing instantaneous strikes by debris in a cleaning
path of a cleaning apparatus, and for enabling control of an operational mode of the
cleaning apparatus. The term “debris” is used herein to collectively denote dirt, dust,
and/or other particulates or objects that might be collected by a vacuum cleaner or other

cleaning apparatus, whether autonomous or non-autonomous.

Background of the Invention

Debris sensors, including some suitable for cleaning apparatus, are known in the

art. Debris sensors can be useful in autonomous cleaning devices like those disclosed in



10

15

20

25

30

35

cl eani ng devices, whether to indicate to the user that
a particularly dirty area is being entered, to

WO p@sesasel a power setting in response to det ece¢DOSN4/002353

debris, or to nodify some other operational setting.

5 Exanpl es of debris sensors are disclosed in the
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nature, using a light emtter and detector. In typical
designs used in, e.g., a vacuum cleaner, the |ight
tDaBseayi t t er and 34, 3libght recei ver of the optical
SeNBRYy are posit3,a89%31 such that they are exposed into
t]ﬂ@B&?ﬁtl on passqagzggyz cl eani ng pat hway t hrough which
q‘%%& ows. Duriggphiumage of the vacuum cl eaner,
dust 4p7ap,r Ies tend to adhere 30 to the
§t§1f§9 surfaces4 3 ‘I%)e light transmtter and the

receiver, h\/\hlch light is emtted and
'§ _e d, event a egradl ng the performance of the
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Gordon 6,571,422

Among the examples disclosed therein, many such debris sensors are optical in
nature, using a light emitter and detector. In typical designs used in, e.g., a vacuum
cleaner, the light transmitter and the light receiver of the optical sensor are positioned
such that they are exposed into the suction passage or cleaning pathway through which
dust flows. During usage of the vacuum cleaner, therefore, dust particles tend to adhere
to the exposed surfaces of the light transmitter and the light receiver, through which
light is emitted and detected, eventually degrading the performance of the éptical
sensor.

Accordingly, it would be desirable to provide a debris sensor that is not subject
to degradation by accretion of debris.

In addition, debris sensors typical of the prior art are sensitive to a level of built-
up debris in a reservoir or cleaning pathway, but not particularly sensitive to

instantaneous debris strikes or encounters.
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oesnggrapparatiist ant aneousl y responsi ve to debr| S
strikes, and can be used to control, select or vary
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operative node could include selecting a pattern of
apparetnsand a debris sensor for generating a debris signal indicating that the cleaning

apparatus has encountered debris; wherein the processor is responsive to the debris
signal to select an operative mode from among predetermined operative modes of the
cleaning apparatus.

The selection of operative mode could include selecting a pattern of movement
of the cleaning apparatus.

The pattern of movement can include spot coverage of an area containing debris,
or steering the cleaning apparatus toward an area containing debris. The debris sensor

could include spaced-apart first and second debris sensing elements respectively



10

15

20

25

30

of the cleaning apparatus. The pattern of novenent can
i ncl ude spot coverage of an area containing debris,
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contai ning debris. The debris sensor could include
spaced-apart first and second debris sensing el enen
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o

aigdicator light, changing a

gradient (positive or negative, associated with increasing or decreasing debris), an
autonomous cleaning device controller can continuously adjust the path or pattern of
movement of the device to clean a debris field most effectively. '

These and other aspects, features and advantages of the invention will become

more apparent from the following description, in conjunction with the accompanying
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aut ononous cl eani ng appar atus noves al ong a surface.
By exam ning the sign of the gradient (positive or
WO e@ansisel associ ated with increasing or decr eBSI/N§2004/002353
debris), an autononous cl eaning device controller can
continuously adjust the path or pattern of novenent
{ E@ 11&1% | B eniddfh&RoBhE BREhTor dr€kkbvAPSid described by way of
t|ve y. 30 These and ot her aspects, features and
ihubmativagempdd. t he i nvention will becone nore apparent
fromthe follow ng description, in conjunction with
t he acconpanying 4 WO 2005/ 083541 PCT/ US2004/ 002353

drawi ngs, in whi c@&%&ﬂmh%fq{emﬁ%ﬁ@venti on are
shown and described by way of illustrative exanp
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rls sensor cording to t e i nventi on
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wil | 15 str.uck. ebris swe
AR Ty T S I i e pROE: g feafl be

sBlicleh PUGRR g@&&ﬂt'b&tﬂéﬁxﬁiﬁl&%ﬁ%méﬂblé}ﬁ&ﬁr dance with

the 1'nventi 51s a schematic diagramof a
debr iGs4 isswrexplagiad Hiagraoe ebs pingpedactriv debeis gersor in accordance
a grdl ngtto the present invention. 20 FIG 6 is a
19t agram of signal processing circuitry for
t he 438" 5 & SRNASMAtic diasiaht FeldébAs Knsb Genad pro%b§éng7arbr§teature
schemati ¢ di agram show ng the debris séensor in
mrdlagtt@ﬂ@rm@ssntw@rmnng apparatus. FIG 8 is a

f ! oéﬁﬁébﬁ isa scﬁe ngtlch&‘lggr%ﬁlccﬁr sggngpprogesgl?lg cprc%gry fC ethgfdebl’ls sensor

i nv
architecture of FIG. 5.

FIG. 7 is a schematic diagram showing the debris sensor in a non-autonomous
cleaning apparatus.

FIG. 8 is a flowchart of a method according to one practice of the invention.

Detailed Description of the Invention

While the debris sensor of the present invention can be incorporated into a wide
range of autonomous cleaning devices (and indeed, into non-autonomous cleaning
devices as shown by way of example in FIG. 7), it will first be described in the context
of an exemplary autonomous cleaning device shown in FIGS. 1-3. Further details of the

structure, function and behavioral modes of such an antonomous cleaning device are set
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wo p@sgEsiat ed into a wi de range of aut ononpusPCT/E@8200410P2353
devi ces (and indeed i nto non-aut ononous cl eani ng

devices as sho f exa At wi
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tail e structure, function and behavi oral
desctisionis engetizedhingo the flirving sectians: ng device are set 5
WO 2005/ 083541 PCT/ US2004/ 002353 forth in the patent
applicatl ns Ci e bove |n the 0SS- eference
secti on, ach ﬁ @Iu]t Wt ej n by
reference Acc f %0 %ﬂ %wegwa%@§eméa evice
descriptid ehsod SITHEIE he foll owi ng secti ons:
5 1. Exerrleary Sdm@ﬁmmsﬁmm eani ng Device I1.
Behavi or alV.Modenofusans Aut ononous C eani ng Devi ce
[11. Debris Sensor Structure IV. Signal Processing V.
Conclusions 10 6 WD 2005/ 083541 PCT/ US2004/ 002353 1
Aut ononous C eani ng Device Referring now to the
drawi ngs wherein like reference nunerals identify
.corresponding or simlar elenents throughout the
several views, FIG 1 is a top-view schematic of an
exenpl ary aut ononous cl eani ng device 100 in which a
debris sensor 5 according to the present invention may
be incorporated. FIG 2 is a block diagramof the
hardware of the robot device 100 of FIG 1. Exanples
of hardware and behavi oral nobdes (coverage behavi ors
or patterns of novenent for cleaning operations;
escape behaviors for transitory novenent patterns;
and safety behaviors for energency conditions) of an
aut ononmous cl eani ng. device 100 10 nmarketed by the
i Robot Corporation of Burlington, MA under the ROOVBA
trademark, will next be described to provide a nore
conpl et e under st andi ng of how the
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debris sensing system of the present invention may be
enpl oyed. However, the invention can also be enpl oyed
WO 0oso835aut ononmous cl eani ng devi ces, and an exBOPUS200£002353

descri bed below in connection with FIG 7. 15 In the

foll owi ng description, the terns "forward" and "fore"

are used to refer to the primary direction of notion
(forward) of the robotic device (see arrow identified
by reference character "FM in FIG 1). The fore/aft

axis FAX of the robotic device 100 coincides with the
nmedi Bl Adicacmbay Clzhnibp®evmbot i ¢ devi ce 100 that divides

th bot i devi 1Q0 i . | tri.cal.
H ghRegARS By Wi deainggiste ke aderefeciiatp ooy
c%%@%%gﬁpél%%@ ﬂﬂbug%lbﬁtetﬁp sERSN vy B1QY.- lhr@@ top-view

a robotic cleaning device 100 has a
sapemetiabf gn eliesiplirylastonboowy ¢leaning deyicer 9otio wichiadebris sensor

i ncl.udes. a chassis 102 and an outer .s I .104, seculr
g Re BRRESHD iRty petoedbiuteds T o AR BRG Gl of
tifhafivirdBf thebistde(ico 1006 #IG, at e nmoverrent under
furniture). The hardware conpri Si ngcthe roboti c device

100 Esamples gbhardwpreyangd behayiasglanedes dcavsrags dehayiers phpaiferns of
| ts qf . Sy ' .
PR e s Py S0sEae B 6 POROry Vet pattemns;
afk® belBieE foreente@gdncy komditiets of @n Aitckoniivugsteaning device 100

T O R T R
PR e B4 LSS At v e
deteisi sessid®Oysteun vhhe prasettinhentian fray e redpbeyrede Hob@ger3 the

T B ooV B Hon- apopEno Bt dey oes, ind an example is
d&@ﬁﬁéﬁ&%’i&@%@ﬁoﬁ&ﬁh?%y‘ﬁrd bunper 106 (illustrated
g

as a single conmponent; alternatively, a two segnent
c onpimiba tHllowing dessyiption dhs terme\fabvasd Candy' forst’ iaeersed tchrefer to

RSB ERARE0 Bl PR IR Tk RO e vy

refh@AQV@ardche "FRP Gh FIG.A9Y TRE fdi0/afti afRATA Sofahe fibsti@dédce 100
(e.g., wall, fu niture) during 5 novenent thereof, the

coinpides with thel mediplslitmetecofthorabotie dedge tUlfhnialividpethe robotic

h is. d .0 L : '
S8 g R b AR AR 20k e
dbitihhaidatbn-ddrginiastiewhegkectagdenbl y 108 is nounted in
bi ased conbj nati on with the chassis 102 so tha

nose AlfEample i 9dbanbyti plganiag deviee F baé&g@aerﬁ@x ek e
hé%#x?%%)ﬁg%mwé gla‘fvﬁic%%:s Qt:hets%ﬁ 109804 if oSSV 13)? Qécureyd to the

eani ng operations wherein it rotates free
chassis 102 that define a structural envelope of minimal height (to facilitate movement

under furniture). The hardware comprising the robotic device 100 can be generally
categorized as the functional elements of a power system, a motive power system (also
referred to herein as a “drive system”), a sensor system, a control module, a side brush
assembly, or a self-adjusting cleaning head system, respectively, all of which are
integrated in combination with the housing infrastructure. In addition to such
categorized hardware, the robotic device 100 further includes a forward bumper 106

having a generally arcuate configuration and a nose-wheel assembly 108.
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over the surface being cleaned. When the nose-whee
subassenbly 108 encounters a drop-off during

woep@sasisan (e.g., descending stairs, split-I|evetT/US2004/002353

floors), the nose-wheel assenbly 108 is biased to an
extended position. The hardware of the power system
whi ch provides the energy to power the 15

el ectrically-operated hardware of the robotic device
100, conprises a rechargeable battery pack 110 (and
associ ated conduction lines, not shown) that is

i Nt egTRd REwhrd bubEP i1 06 LillRdratddtds alshigrl€famsinentl @erndvely, a two-
shown in FIG 1, 'the notive power system provides the
FREEOS! eamongRtd pentperaterbinyrasblecogbination 70t the ghassis 102 (by

I E e T
WieheR ooty deviceri@ntimphets Aeobstvbd (e, deall, femiti) dife
OV S O ST "
RSB e o M e kit

tegamatedy and the sel f-adjusting cleaning head

subsystem respectiyvely. .25 The.electr,c tors 114},
114r B Bosheticalassembly 108 inmeHned i HasesPmOHaton Wifhdls

A28 P0d &5thdt the hoselWRE shRIRAML YOS %.in 8Rétracted position édue to the

I ndependent |y operated by control signals generate
wyighhef thornbotic dendd | @0)aluriag clesming operationstveherein it rotates freely

i npl j f b [ | d ] d
RIS Bl S P RSBy LS
&ﬁg%‘ﬁhgﬁlé%eraliiﬁﬁ g% andedcbithibg S619Y, isplitSienst @osrs),Abé noskaditel
S | .

-l G [ ndependent operation of the
asenblyil08 iphiased to 2n extendodpositiodns t he mai n wheel

cpoonth ikt B e R bl it ol B3t By} p0REF e
EIETLE R Oshet DEP R dwareroditied robbidc detiet 100, ctawprises 4 D&thhrgeable

SRt Bhak 10 R pRarpir T ik shes s Uagatted in

%ﬁ%@lo}ﬁé&i@ﬁgtch{ls@fsqu to effect a variety of right

turning patterns (over a spectrum of sharp
t o shas slowrt inrHi6) 1ftbe nidtize powbadysiemdsmovides the @eaanthaf Biopels

otated at, the same speed in opposife.directions t
bR HEvics 0 Bl SReTIEn e £ OB ERrRRNHRS, f Bl SHEEbrish asserbly
ind®te sl PRI ool fFead LA AHHE pRcBRAETTY Fboti

repertoir movement capability for the robotic
dyidecl®01 Jbe midive power syistell Gmyirjses eft and mipht meinsdréve wheel

SOURAASTor 3R, S8l B 25 140, nd
4161AY htct 118 A8 8 dnesREPADS the side brush assembly and the self-adjusting
cleaning head subsystem, respectively.

The electric motors 114L, 114R are mechanically coupled to the main drive wheel
assemblies 1121, 112R, respectively, and independently operated by control signals
generated by the control module as a response to the implementation of a behavioral
mode, or, as discussed in gréater detail below, in response to debris signals generated by
left and right debris sensors 125L, 125R shown in FIG. 1.

Independent operation of the electric motors 114L, 114R allows the main wheel

assemblies 1121, 112R to be: (1) rotated at the same speed in the same direction to
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of the robotic device 100. The descri bed robotic
devi ce 100 includes obstacle detection 10 units 120,

W@ bkiossxet ecti on units 122, wheel drop sensor sPARUS20841002353

obstacle-following unit 126, a virtual wal

omi di rectional detector 128, stall-sensor units 130,
mai n wheel encoder units 132, and, in accordance with
the present invention, left and right debris sensors
125L and 125R described in greater detail below In
the illustrated enbodi nent, the obstacle ("bunmp")

ﬁ%&)@%& Abotiidedicd 200 M sthgeht e, fBrviairé ak Q)Tdﬁﬁ&&maﬂy rotated

nted i n conmbination with the di spl acea abl e upport

(reclding thasandition Whseeln @nwafbgelt@awéﬂy I8 ToFpedto etiect a variety

EnEanfoutl MR CRRR R 1 PRRF Ao gl for the

RS0 e ViBE SOG3 WA (3)trotatedrdy ee saﬁIerspeadm oppesitetdirecticns ¢ cause the
devi ce 100 mpacts an obstacle such that the forward
0,

mhopie devios 1 & o BIIp Plase . e- aTHe%l@ns% 140 BFY ¢ Bt
el P e iy o By P B G B Vet o the

f or e Aafshowa i EIGFAXthefsetdoe sysbém tompdses acarigiyef @a’fﬂjenttsensor
b h | d t

BHC 250 OBFIFE (D ESTPE SHOUR B PHE O PR o6 g ypperations
BP&I@ r%d’ﬁﬁrdévﬁh' fm@f Tﬁ@@escﬁﬁ&f‘ro%bhé fevi&s Biotihel0ddsbbtadié detection

conprises an tter - detector pair conflt_:iure
aniis b?ibnchffd@‘@ch@ mgtsdaa; whee) dfarcsgnsqsei 2, ag gbstaelerdellowing

38 S A RPAP DB S0 130, main o

driget @sltsbns2, st iriRicadhnde with tHeqfrés%ﬁﬁ Bdertiad] Jeftiagd right debris
not detected’ bg}ét he detector, i drop-off is

sersopn28Ecad 125 described iegreates @ﬁﬁalhfaﬁlﬁ’wlﬂ transmts a

signal .tQ : ;

oe o 2 i s A Bl E Bl B EURRRHGREn i 190 can be
SR8k blarh senkols MeurEted ﬁfﬁo&ﬁnamtvmﬂl ths dlsptaegﬂohi :mppblm member
conbination 30 with eacg of  the mai.n dr.i ve

ageAbine Sy waidbumper IR0 esereteRteL UL aff‘a%&eéﬂmeﬁo gepgrate
R R B LS B SRS Sy B miton
agBEYED phieswhenelver the rabotie deteide pebintpaots,aniobetacle ﬁmh that the
Ll S e o
?@ Bayt g‘)ate dRahiaet! with fleloB¥hde rélative t& A fore-aft

or t desc dinent is an IR emtter -
d&isd“ﬂ@é of ﬂmrobo’tmdetfmd 16@1 (andehe bichaivivzal mode(sgiéo e mgﬂ@mented)

hand f th b
e ¢ 03 SRtk P52 e i B b i Ao APS
Higipet 106, 1ERh R dfection unit 122 comprises an IR emitter - detector pair

configured and operative to establish a focal point such that radiation emitted

downwardly by the emitter is reflected from the surface being traversed and detected by
the detector. If reflected radiation is not detected by the detector, i.e., a drop-off'is
encountered, the cliff detection unit 122 transmits a signal to the control module (which
causes one or more behavioral modes to be implemented).

A wheel drop sensor 124 such as a contact switch is integrated in combination
with each of the main drive wheel assemblies 1121, 112R and the nose wheel

assembly 108 and is operative to generate a signal whenever any of the wheel
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units 112, but is positioned so that the emtter emts
radiation laterally fromthe dom nant side of the

WO ewssas4tdevi ce 100. The unit 126 i s operati veP€DUS2004/002353

transmt a signal to the control nodul e whenever an
obstacle is detected as a result of radiation
reflected 10 fromthe obstacle and demected by the
detector. The control nodule, in response to this
signal, causes one or nore behavioral nodes to be

i mpl emented. A virtual wall detection systemfor use

inc Junctlonvvl th scri

fwé%ra s o s b 42 nar S ppEA it B huthle dehe
Ho{wlﬁgl?cadﬂé’élﬂﬂé eéhta] @fvdulkao @mp&meah@id ord G¢brabehasioral

st an one transmtting unit (not shown) that 15

todesnits an axi all y-directed confinement beam The

stand t -
}qﬁ? gggaci% ﬁ@ﬁ%’ﬁ%ﬁ:ﬂg })WOE estle A0 ehMoafhePid aﬁaﬁ{ emitter

the e eam s an accessway t
datbiibeshir Mol on Becdominhet aaxy(rrghs hanctmdcan Ripererld bethle cobotic

ot 100-dthe owichr vssrvatpohis Beet Reeophuafeiq Be fuf feeton
H%‘? ];%, b0 P8§1ﬁ&%ﬁ' i at tﬁeoé?fﬁ‘tt bPerhifs f2IRABE eraltPB6m the

fon O e confinenent beam the omi directional
A6miaheddosf tha Botiatiadsvice $0% Bherat 1260s vheratvrtortrsinsmit a signal

e SN 00 HTDL Sere HE0 R LA FRABSOh Refected
ffxro%!e %ﬁsta&@ Bhd BEERE bPARWefefoe! Theeorb] HdAule, in response to this

one transmtting unit). A stall sensor unit
i30ali cavised @gratneate behaygorhl madqscmbwm]ﬁe@a@ﬂﬂd el ectric

114L, 114 d
o 0B e o
%tl\%ﬁ%ﬂien't 8f ﬂ@ &0 delide ﬂmccﬂﬁﬁﬁés ah @ﬂmﬁinfeeﬁdsna@; deredtonr 128

I's indicative of a dysfunctional .condi

tnivemtedratessihe weiten shall {Opend paidadealong. W@%W&inm Ehown) that
rmd I S_oQper t

5 ﬁ%' ﬂgy @qéc\(%éoﬂgﬁﬁg%ﬁg?%p ne 's‘t‘éﬂd—%l b enco umt is
lﬂaﬁkﬁloﬂe'ﬂ?so(tﬁ&&hgelﬁﬂfeﬂ cax)ﬁnandnnbwt bloekis armocemb'ay]a;t a dnrﬁned
w th each 30 nain wheel a se %h 112R and. fined
opekiag iatee, {herelpsrestictingdhg HPAYS “ﬁ”%?f 8 oPEFHeRSYiLhi i define

ca . s

AR 07 o R A AR et pr iy peinc
r¥é18 @b bé oleaiddpnUpeun détectioned thea:opﬁnmnd(t baameikb Dnnnu(hreoﬁonal
dj st ance travel ed for t

bot
oiveinBi ShauNats 32 9 e RO I BT e B Bre
#’ (gcafﬂ??% 998 imPRmeeatORIIE ﬁ&srbﬁ&ldﬂyvlce 136 awaﬁl‘from the
incl udes

ports connected to the sensors and
confinement beam generated by the stand-alone transmitting unit).

A stall sensor unit 130 is integrated in combination with each electric
motor 114L, 114R, 116, 118 and operative to transmit a signal to the control module
when a change in current is detected in the associated electric motor (which is indicative
of a dysfunctional condition in the corresponding driven hardware). The control
module is operative in response to such a signal to implement one or more behavioral
modes.

An IR encoder unit 132 (see Figure 2) is integrated in combination with each
main wheel assembly 112L, 112R and operative to detect the rotation of the-

corresponding wheel and transmit signals corresponding thereto the control module
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5 controll able hardware of the robotic device 100, a
m crocontroller (such as a Motorola MC9512E128CPV

waQ eeosiog3seaontrol | er), and ROM and RAM nenory. TPET/US1004/002353

ports function as the interface between the
m crocontrol l er and the sensor units (including |eft
and right debris sensors 125 discussed in greater
detail below) and controllable hardware, transferring
signals generated by the sensor units to the
m crocontrol l er and 10 transferring control

r o .
(R A 1 B L PO e of PRl 8RR o P e Fbborc
ldeviay 1@0)al node. The nrcrocontroller is operative to
execute instruction sets for Eﬂgce33|ng sensor

si gnaMhM@éwénﬁeﬁﬁjngg)@vet? &h i contipl meddls comprsps the

R P SR o ARGl M s

kaast&dlabhad‘mrdsﬁare wptherrebétedddyise d 00 cx mflcrmm&ﬁllélc(su(ﬂm a Motorola

MCG R IR Vit copbiofeS g meateog 1 B i ihgors

FRih al R intBHEEORAREESHE BcrdBriroli3Pandilé géhsbf‘&rh‘té luding left
the behavi oral nodes, sensor processing algorit

o tight| debrig senisoyd 26 discigsad & groater dotail beldwhand controllable

Sl iraihmhe Yt ol efPulef oy 5 e B Bbrocgptroller and
tafsfERmg cotrdQimdauetich) %%ﬂals Togertédbp thetiRrocontroller to the

m CI‘O{)I‘ ocessi ng unit 13 is used to store the active
soairlablerhardygare thivaplemerhA &p@mﬁgbehavmaluuocing the 1D of

the b%@mg&gﬁ&@@ {SdpetHRde Ec{ é@%c&th érﬁsﬁflrctl 1] gstfo? B ocess‘fng sensor

100 s curre operate

iynmis) idplananiap apaﬁiﬁc bélaw @l tnhodeRbhsed Iupﬁhg srﬁg@rﬁcdsﬂzd signals,
fhere i s shown brusE@atEserrbl

ric{igrr&mt@a cqRfol (nstrysiion) sigpals dor the eonty ablﬁrlw%’iﬂf%b%@d upon
gﬁin%ﬁteg %&ﬁ%rhm G35 18f thkhEbRURLARE 106! Tﬂi&l@éﬂﬁﬁé‘ E&verage and

an i rect suc particul ates towards
sattfol pdygrarns foy tid botio devientDOsars storad i e RONEof the ush

e T SIS B e
Q&% ﬂﬂ%aﬁ&ﬁrdl‘@%ﬂalt éé%efaﬂgﬂ Mg@nﬂﬁﬁ’s‘ a‘hﬁ al p?lo?ﬁﬁét?&neﬂ%ér thA Yor

st acl e- Fol | owm ng behavi or al shown 1h FI G
Getetrhiging weclb betsivicaslsodd or marlas A tﬁ Oe piveheontblyof the robotic

TRV oThedt ARt S3he Blebinbrmmabrasads wedinsbrobeestye st
dﬁmeq%&ﬁ%v&é 196) 13&9%@ GO ofthd bbhea Rl IQQé’e%QdeJmnch the

sel f-adj usti ng cleani ng éSt em 145 for
oebotie dpeige iQibxstcrltremtéwb@eg matc mmﬂ)séxgrdavammmmw@ssoclated
la{eyes‘l;}ﬂlasserrbly and a vacuum assenbly, each of .

Referring again to FIG. 1, there is shown a brush assembly 140, configured and
operative to entrain particulates outside the periphery of the housing infrastructure and
to direct such particulates towards the self-adjusting cleaning head system. The side
brush assembly 140 provides the robotic device 100 with the capability of cleaning
surfaces adjacent to base-boards when the robotic device is operated in an Obstacle-
Following behavioral mode. As shown in FIG. 1, the side brush assembly 140 is
preferably mounted in combination with the chassis 102 in the forward quadrant on the

dominant side of the robotic device 100.
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whi ch is independently powered by an electric notor
(reference nuneral 118 in FIG 1 actually identifies

wo wsiosidependent el ectric notors -- one for theECHUSRN4/002353

assenbly and 5 one for the vacuum assenbly). The

cl eaning capability of the robotic device 100 is
comonly characterized in terns of the width of the

cl eani ng head system 145 (see reference character W

in FIG 1). Referring nowto FIG 3, in one enbodi nent

of a robotic cleaning device, the cleaning brush
assenbiny seRABfuktRSclsmERdatisgsteAUI 6 the déEibédrobotic
flapper and main 10 brush elenments 92 and 94,

dewise d 00 oernprises B dualastageduush assrmably mad aapenug: asserably, each of

RPN LSO 58 i 150 i
@stublly izatifés twhsinddpondent aleEtriGm@orst-henesfior tredrashsassembly and

cl eani ng apparatus can_al so include . leff and. right )
@BB ershe warygm aspeapklit sTheeaging gapabilityf thestobotic device 100 is
A SFHE ehildRAd g ias!
%g" OW. y?. ea%c‘?eé%gg egﬁ% C e‘é)vrqqlltg nglhesag)r e erre%tsis)St%gSPS(see
aeferdnee darait¢rdMtiedIG.nl)a cl eani ng pat hway of the

| eaning devi ce, d,_f le, ip.th f. of
he- cIRasiag e el R o ChaRe SHRARLEPRL TR TEjets T eentievice, the
TehniaRishUiRsdibly BEmpPrides asyxﬁxhetmp&&mwmé@ﬁ%@ﬂgﬁ@d adPmain

by vacuum the debris sensor elenments 125P nerate
direshralénoents Pk, respectivelys that s positigedst fosw thesvagnem

t hus,,.of .t resence of .debris. in, an,ar in which
ERETIRIY o BRI R G particl sy Py oo S ighbte dust
RaFHEEIBAT AY showh ih IFEG a8, tAd g bRdthoshRingpbaretus 3an AIRE include
sensor elenents 125PS are | ocated substantially at an

dsdi endrielt dshids sepastelaregnts BARPSs Whjshern be pisrealedyC sengor elements,
TS B b 15, R SRR0E L BT s cante
aaasted bedcleming pahwiy dtxhacleahial devics, meouneddofor @xample, in the roof
cl eani.ng, device can be fitted with left and ri %]gébrﬁsh

S the Jeavingdicad(sojthatpdhsnisgrugle by particles b2 Gament 4p by

Lo . . . .
e
teheetritial pudsésaepredentative of dgbrisampacts Finbthoy ef dic pesente ofhdebris in
pi ezoel e ic debris sensors, . as well as si gnal

Lr ,
BPStEJE; héﬁ&“@%ﬁ"@%ﬁ FAOAE dRYRSVUT BPSFEndes based on

the delsleSatt|caBRlSinttheY¥rrARRRIAL Sowiih FIGS3, il SRS TRGnents
bel ow fol Fowm ng & brief discussion of general aspects

d25BE henlbeated substdatiallyait an 3Qis 4% alohg subiaignaie aind Eaprik2 binGhes 94,
% %ée%ss%%a]t pggg{eggéﬂ(%%eo soe%g’c?rselerrllelzrits Ffﬁ’%vv'w%{ rz%llaxil\r{lbu%? orce.

As shown in FIG. 1, and described in greater detail below, the robotic cleaning

device can be fitted with left and right side piezoelectric debris sensors, to generate
separate left and right side debris signals that can be processed to signal the robotic
device to turn in the direction of a “dirty” area.

The operation of the piezoelectric debris sensors, as well as signal processing
and selection of behavioral modes based on the debris signals they generate, will be
discussed below following a brief discussion of general aspects of behavioral modes for

the cleaning device.
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The robotic device 100 can enploy a variety of
behavi oral nodes to effectively clean a defined

WOwiks§4ar ea where behavi oral nodes are | ayerBCD1S2004/002353

control systenms that can be operated in parallel. The

m croprocessor unit 135 is operative to execute a

prioritized arbitration schene to identify and

i npl enment one or nore dom nant behavi oral nodes for

any given scenario based upon inputs fromthe sensor

system The behavioral nodes for the described robotic

devi ce 100 can be char ggtguhhviseh Mistes (1) coverage

behavi oral nodes; (2) escape behavioral nopdes; and (3)

saf et Fhe batutivideviat 10fbchssemidoy @ vatigsy b€ hehavivralimorsd eseffectively
e r|I desi e L | low th ropotic.deyi ce

S5t R o v ek Baf il b fes LR fr S ustgms that

@ﬂdbe%ﬂe@e&éd iﬁapa'iam n'l[fﬁé mideprb e s QSBHAVIB 538 Bpsiatd ity execute a

behavioral nodes are priority behavioral nodes

pnpmfewémml&amwhamg igidantifydpihimplemeahensrorgyere daminant
kg@b{f cga'g% aé}firreg%én $eB tﬂa?éa @Jn 0 uﬂﬁs ﬁ8§%é gen‘é&"éyﬁt%m

l'i kel Sl‘hé Beﬁaﬁlorhlrﬁiaddse'ﬁk the d@scnbéﬂ ot Hevled Btk @d be characterized
Representative and il uszrat I ve cover age behavi or al

e% | (Dgovatsee helpviorplynodase(2) @scaphbehayiogalynedesyand (3) safety
A, €0y SR LS 0l s v

patiotie davica b {o3erforiratsrcle@ningopomtipad memmfﬁ&h& ab effective
vaerag pattern cau es?%?ﬁmf botic devjce

E1280g 244 [he 55cage SR gnodgg prepLigrify lflﬂg?wgr%fr&.@es
ﬁﬁglemeﬁ‘teﬁ viHen bl il ol tBRsenbdt s?st%%&i&ét@%@ﬁ&ﬁﬂiaﬂ@ﬁ&atmn of

Spot Coverage pattern i s inplenented by nmeans
thegpbotid dexiagdi00tihimgaingd, eg.hebstaciemasowitersd] dr is Bkdlp tmbmd

are | gori,t hns,. .e. pol ygonal , can be used). The
"F{fa ggfqpt%det\?%%h causes outward spiraling

( pr ef Repﬁgéntﬁfvelaﬁu@mt@mer @vefage Bamr&mt(cﬁﬁmh@qnodes for the

robotic device IS i % enmented by contro

tcrhotw dhwelcqrnl Q¢ mslud@e@é p ﬁgo veragg patterni (7 an mwcwgfdgwing (or
21? " é@ 1(% fﬂs taﬁdgib%” c?cirr?w PGy rHﬁJ‘pa[t%% Ught 3dh/

ere
G)Géragé mahdearsme m@adhb desipé 160 tdﬁlmrmlﬁnutamré@wﬁthmfthe
t he robot ic 20 device 10@f,)f The robotjc device 100 is
deferedivenrking artre © gp sbotr 1§ §Eean dp adrferrest egbodiment the Spor

f

CotAahEplaags et be 8okl Woritih (Bt othr types of self
B@uurdaﬂ arba il goiitiens, &rgﬂpnﬂygmall, tari eeused)c Urheespirel adgorahm which
speci fied eve activation of one or
esepEaEd @lr&ﬁ%&wfaﬁe@rﬂre&wé@p%la}gl TRRYSRAS) ng the robotic

r
e 00, BdaitRerf i b QoL SRS Roll B0 R BRoRIARR 35 1o the
main wheel assembhes 112L, 112R to change the turn rad1us/rad11 thereof as a function

G

of time (thereby increasing/decreasing the spiral movement pattern of the robotic
device 100).

The robotic device 100 is operated in the Spor Coverage pattern for a
predetermined or random period of time, for a predetermined or random distance (e.g., a
maximum spiral distance) and/or until the occurrence of a specified event, e.g.,
activation of one or more of the obstacle detection units 120 (collectively a transition

condition). Once a transition condition occurs, the robotic device 100 can implement or
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WD 2005/ 083541 PCT/ US2004/ 002353 transition to a
di fferent behavioral node, e.g., a Straight Line

whewawssaial node (in a preferred enbodi nent oPCT/082004/002353

robotic device 100, the Straight Line behavioral node
is a lowpriority, default behavior that propels the
robot in an approximately straight line at a preset
vel ocity of approximately 0.306 nfs) or a Bounce
behavi oral node in 5 conbination with a Straight Line
behavi oral node. If the transition condition is the

. f t. i ice 10 [ . .
SRTGn o GipEreh SR org B 3 SEARMLYE ARG mode na
aedferogisernbodiment offthd sohotid ddévieei 10, the Saraighi Lirerbehavioral mode is a

havi I de.. Th bot i evice 100 can, . .
$ aﬁ%ﬁ'{yﬁﬁiﬁ dhaion thag p?q@'@ﬁégﬁ B in B depiosimatelyptaieht line at
e i o |
SRy M SbACK AR (LB ) SRLAAIO DAL AR O

(i.e., continue spiraling
icombhvetiemwith diSrredg/ir divje. behhvierahetode.el y, the robotic

devi c 00 can no tarily inpl nt ,a.behavi gral node.

to av '%‘e g‘?“%@%?fgl%ﬂl%els g{?srfa%@ﬁ Ogrﬁ%hla’bpté%g c i Spepiering an
WB§ia¢le, GROgbBtic BEviE OGN tale FhAACHSMTh (04 bf irfnditidhing to a
opposite direction - reflective spiraling). The

et Ibehaviorbmidey Tesmobalieedqyiget 199 war momeantarly implgmentca

vice 100.t0 clean 1 e rq f the .def]i
AR b5 e BT ol R i oo o
tiespirabdlperether (1.6 continb spigdling if theGamelditetidn)r eltewatinély, the
t he defined working area. Preferably the robotic |
debpttic devige 19} can mpmenigtily implasmesth 3 bakaviaralgppdsgorayoigrrescape
6 . . y . o .
HAEEBER b g RIS IR AL Dbl (o
fopposite directione reflévaive spiealimg).i on of the robotic device

100 caus it t ravel, adjacent to and 20, . .
concone aiekilecialai i Gat ipgem Ui ihfobpfig device 10010 clean
gﬁéeﬁ?;ege_rfo?ﬁef RIRBE WeRRRLLIEN S| Hfochiounded by walls, an%l/or the

a ow ng unit 126 can be used to inhplenen
pemelos ofan abstaolel (6\g@, furnitbeh swithor the dpfnedeworkingares. fRreferably

Graphrtiteviseddp st iTe nbutizegbitiue fytolite FEE 18 (erEIC. D to
ebsiReLRy nlathtAf iR Iﬁoﬁﬁeﬁwimqeﬁﬂmg laf®Bstaclé e, mm,%in@q 1re, so

25 following unit "126 is operated to detect an

titse theanedicard thawshotiedenied H0xcapses distodranelipslincentitoadice
BEls ot SeBRARENS AR B DT BB RN oo e

OPQAM-FIIRWihguRiE SPOOHEbel \Bed tiReEmértt &8 OhRa LT oHEY frg
followng unit, to inplement small CWor CCWturns to
hehiaviosglpafters. position wWith respect to the obstacle.

The fobgf.l e 100 € |l

20 r SEo s Bt oIS B el T PIBETh A e
gekant op sbseocasfithel ebstadeé. Ol apraiibinativé @nbddiment, the obstacle-

following unit 126 is operated to detect an obstacle and then maintain a predetermined

distance between the obstacle and the robotic device 100. In the first embodiment, the

microprocessing unit 135 is operative, in response to signals from the obstacle-
following unit, to implement small CW or CCW turns to maintain its position with
respect to the obstacle. The robotic device 100 implements a small CW when the
robotic device 100 transitions from obstacle detection to non-detection (reflection to |

non-reflection) or to implement a small CCW turn when the robotic device 100
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non-reflection) or to inplenment a small CCWturn when
the robotic device 100 14 WO 2005/ 083541

WEAIDSERP04/ 002353 transitions from non-det ecP@DES1004/002353

detection (non-reflection to reflection). Simlar
turni ng behaviors are inplenmented by the robotic
device 100 to maintain the predeterm ned distance
fromthe obstacle. The robotic device 100 is operated
in the Obstacl e-Fol |l owi ng behavioral node for 5 a
predeterm ned or random period of time, for a

REGSEbA gbﬂ%n%tefcﬁ&gﬁﬁa cﬁbﬁ‘@’f&h{eﬁe&m to ?eﬂ%%ﬁblpu "Yidliar
m ni mum di st ance) and ntil € occurrence o
$wxahig‘behdv1ensem¢ immemented by thewabotizndeyiced08 tomaimbaie thef

the sta det its 120 a predeterm ned
gqrmbqe qtzmgg%'(o &‘Fé’g’ftﬁ?}gt y a transition

C ondinthe@fBoticl dvie8 1 bR i bRHQHITRE b%sz‘aél'é‘-qfo'?ﬂoﬁzf eﬁ&ﬁét%? fnode for
135 will cause the robotic device to inplene

Al redetdyotinedi o rr@ndonmrwddé tmp:o foraqiréedetaringredaic rarhﬂem distance (e.g.,

obst acl e- det ect ni he Ohst acl g- Fol |

BB B iRk et el bR SRR ol kAP c-e.
@EVdtishdf e ad more dffile oHsQi@Qi defection ugigs R %}’e&éteﬁtﬁﬁed number of
obstacle. .. The Rggm Cover age pattern can be used by

itrees/enilsetively a fpputiqmepndgion). Ehcesiain enghodiments.ils ki ng
. t
SHERp ol BRI B U B, AR AP 59 pBbviora

mnc&feelpbﬂ detbrtion bfithetobitacleidetecitromnitsazonage @istdct-Following
e, Rapndom Bounce behayvi oral npde in

h
rl%féfli%eﬁ? Whergy the inaplenaents A npinisairp apgle C6rW turniip glien the

4 lr&ﬂ&tic@ie’vﬁé 1{)@'%&1({9@555%09@V| ce 100 travel s under

contr ol e Straight-Line behavioral node, i.e.
strai dﬂneulﬂonme(}categzgelmttﬂn(ca‘n be uskdi byetha\m%mhc deviesrbd( esclean any

giﬁéﬁida\&ér B at ! %gpﬂcfefltbg @gsﬁgiq?tg ?nalr 0 e?%amers (e.g.,a
SRERUNLE Fuﬁﬂ) Ar'?%feﬁé‘d élﬂl%dnﬁgnt%r ﬂ’t@ RoBn Wﬁ‘ag@fpaﬁaﬁ comprises

obstacl e detection units 120, th m cr opr ocessi ng
@hﬁ Randew-Beynsp behavioral m@decluwpmbmaann mfbég@ &bdzzghtrlang behavioral

ne ase on t he . obst ect.
ot Ly0An.E e BPis SR NI E0el 5o G RRLE6 i gy ine
%ehaﬁ@drﬁl 1Bod Ve N st meerag?/riﬂnhIﬂinanltdiﬁfe&ﬂié@pés%ihlﬂldsqllgE 112R
andlrrplenentsa turn to achi eve the new

RBeratingatihe same tetatienalmpeashinrihe same dissstionstiliamebtasle is
%@gﬁé&ﬁ%@ }’UOlSolﬁra{EuOﬁ?o%' c{fﬁ)g %/ m%?e &%é 8&5&1«? Xetec&fo\gaftﬂltq% é20 the

I NCr ease eani ng I'Cl enc

hﬂl‘mpr'o@esiﬁtgi upkt 188Gs oﬁ’ehﬁN’é:&chﬁ@dﬂerag abEeptddie faﬁgﬁiélfﬁe)év d1rect10ns
cted across the acceptabl e range of headi ngs,

E%&? Frap i absiaele deteption Ks) 126 astivateh %@mweoprecegsmg tnit 135
GALESh a@w%aﬁﬂgbﬂﬁ | \9fhin l'tﬁk ne%ggﬁabl@ R LB HhSleREnts REW or cCW

Room Cover age behavi ora
turn to achieve the new heading with minimal movement. In some embodiments, the

new turn heading may be followed by forward movement to increase the cleaning
efficiency of the robotic device 100. The new heading may be randomly selected across
the acceptable range of headings, or based upon some statistical selection scheme, e.g.,
Gaussian distribution. In other embodiments of the Room Coverage behavioral mode,
the microprocessing unit 135 can be programmed to change headings randomly or at

predetermined times, without input from the sensor system.
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the m croprocessing unit 135 can be programed to
change headi ngs randomy or at 30 predeterm ned tines,

wowdakosts4i nput fromthe sensor system 15 WO PCT/US2004/002353

2005/ 083541 PCT/ US2004/ 002353 The robotic device 100

is operated in the Room Coverage behavioral node for a
predeterm ned or random period of tine, for a

predeterm ned or random di stance (e.g., a maximm or

m ni mum di stance) and/or until the occurrence of a
specified event, e.g., activation of the

obst i‘ﬁg?o 8k 8 &hb@fbd&@' opSredtdn PR RHP LS SRR R for 2
times ect I vel transition conditlon) way
prfedémﬂﬂimbdior iahéom qnbnod of tiue, foea p@deteemingd ot mdéomdmtance (eg,a
escape behavi ora behavi aor

PR Hggp@pglgn @gce? gn%%g@u rﬁ%%ccﬁgﬁ%c‘;i og’lagpemﬁ%ch%vent e.g.,
Q(ﬁ aﬁo§5@ﬂ¥e RefaME-QERbdIDEEts 1809 prédetdr@ehedubdber &f fimes

appreci ate that other behavioral nobdes can be
(mllbctmwmramﬁtmm@ndmon) device 100. One or nore of

exampP PR e Yied Tp0 FRUBERA Bty ohipe pehaviora

rrse i1n one

ﬁioﬁ% rd SuitcRhvorhl Brodd, b8 Mige IbBEaV&cbldEmbdd,l Sle%SBﬁZqi b!ehavwral
40 or dual - st age brush assenbly above a lowaq

mOdb,l amdrwSigw @lebawqrelrlmied Oragkallediipghg gt W&hﬁfm%%@a tha bther
&%@I egvgﬂ)g ﬁiﬁli&ﬂ%gtdﬁ]fobegé E&qce fj(ff)t e@ﬂé &%&fe ofthese

nth avioral node, the
betkRidral xﬂ@d/ds@mymmpllﬂmted;l fqueamﬁplenmesm)nsh)m::t ciffrent rise in one

3%%%%&35%3%85 Ui 34§ ot 108 o esently 190 6 gyl brush
%%b; $hoh@a%swat fugﬂ%fa?ﬁadnegﬁm@' fGSNéfﬁ |b9ﬁ1'pEf/ 106 ih cBmpressed
ma ar

ani ¢ turns ani c turns,
pesitier fdr\deteymniedmlmmmod tdﬁen:aoa D’éa pmeéledralb Eyent.n t he

,r ﬁn? ﬁét? {th??glén ?h@@r@ldn%%@m%f%ot eE{{]c% elﬂgaug% gllf P ST ab| )é random
BE-EMFRL §ta1tt ggf H@ﬂ&ﬂ \Fél&ﬁy'(é g me Bbﬁﬁﬁlkﬁﬁﬁﬁ@%ﬂ)c&?}lﬁiﬂ d¥reasing

room | hpedi 0 spot in car pet r anped

Itcaarinvkmsrel,oci‘ty (xmekial;fomrmgl tgmqulmbfb ireasmallpgaisi twms aad large

f o (]
Bite et epeavel e Pt BBLAE TR AP B AR AR OBt 20
eagepafic AnPRe bAgkEblYIh thel thngAs 9081 t2°. The o’u;gmshavmral mode
pr edet erm ned nunber of degrees, lg@{i 60, . wi t hout

aventathetebotic devjeeok00Hkm begoming packien gaom BApsdimens; e.g., high

L 0 BT b BRSO . .

iAdidri ol Br ﬁ%nimoﬁﬁ@a:r bl zOdScﬁiﬁnediraféa The Edge
behavi oral node al | ows e robotic deyice 1%‘3%

U hr oudmHherfidee dnbavierst mpa BHIE Cesiee v an Dbl b H e fymed
‘El%%éﬂ]a? greaét%ﬁﬁmed number of degrees, e.g., 60°, without activation of any of the

obstacle detection units 120, or until the robotic device has turned through a

predetermined number of degrees, e.g., 170°, since initiation of the Edge behavioral
mode. The Edge behavioral mode allows the robotic device 100 to move through the
smallest possible openings to escape from confined areas.

In the Wheel Drop behavioral mode, the microprocessor 135 reverses the
direction of the main wheel drive assemblies 112, 112R momentarily, then stops them.

If the activated wheel drop sensor 124 deactivates within a predetermined time, the
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In the Wheel Drop behavioral node, the m croprocessor
135 reverses the direction of the main wheel drive

waswsokdsies 112L, 112R nonentarily, then st opsPthes2004/002353

30 If the activated wheel drop sensor 124 deactivates
within a predetermned tinme, the 16 WO 2005/ 083541

PCT/ US2004/ 002353 m croprocessor 135 then

rei npl enents the behavioral node that was being
executed prior to the activation of the wheel drop
sensor 124. In response to certain events, e.g.,
Akidpredesson 165 then wéiamlemiempths dabavioraPaods that wad beifig executed

detector 122, t Sl .ow, hbehavi or node i s inplenented
RroT & BRSETHHRA OF W]%?Sbg"i"@ Se%soai'é‘%ce 100 for a

pr edqfl%sgbﬁh%% disdid ee&g@ RO LRGP RATAANIRAL ol RedsOr 1260 a

nor nma perating speed. en a safety condition is )
ofiéf deteotat 129, th Slaebehaviosal sgdstie mplemgnted tp Jeweddowt the robotic

T Ty

ARing¥p&ar 124 or a cliff detection sensor 122
activated for greater 10 that a predeterm ned period,

of tiWben e pafeiysondition dedatectedipothe sensenbsysigm.cs e} @ series of

an.off . s . bt . i .

oy S g Bt OlespBRfy BBt i Ble T BB erirarity

JYeRaoff, YhebltRop Sdneér 1248\ oti€f dedébtion seryor £2Yactivated for greater

representative of the types of operating nodes that

thairp predstersrinedeiriod of ymehﬁw tolRsistdeicad 0 deecpemlly eged to an off
Ll ted 40t : ' ' hat the behavi or al

S?r%é’es %dghtg)éléglr?? édle\g%a!c[)]\ll/le anee ééfa%rrep "enmented in other

combi Tiat foruppingridsaiption of belsvanalesodesfor therdhmtic device 100 is

e oo RS B L Bt P 28 o
B0 @Wiee 100FI0aR skilBd ih theBRCRIIOHPER i that thb Beliv@S8thodes

invention, an autonomous 20 cl eaning device (and
deiscribedrabgye eenrterimpleneentedoio ot sembinglionsdndor gycuhgorees, and

Hherlinnort B30T ralgms of obhelPR B ol ment

illustrated in FIGS 1 and 3, the debris sensor

subsystem conprises left and right piezoelectric
sensi ng el ement HL.Dbris Sepso Sueiyss @y Qpestidate to or

within.a__cil [ R L0g e

ol ccbf hmatnad0s 1%, BT b0l oy She PR pHRHIGE op Afnomons
S16minedsde (bt sifn@lamrchdigaiténcinds eleapingelesiso as ddwroby way of
ot her caontroller. en enpl oyed in an aut gnonous,

exgmple inl KGnY hepnchevimpeoved v leromparation fifedebris gepsor. g the
gﬁ%@e&%ﬁ&@rﬂeﬁ% FP@§ 4564 3t ReBbESLenfoREBAN A AmPRAE teft and
such as entering 1nto a spot

right piezoelectric sensing elements 125L, 125R situated proximate to or within a

cleaning pathway of a cleaning device, and electronics for processing the debris signal
from the sensor for forwarding to a microprocessor 135 or other controller.

When employed in an autonomous, robot cleaning device, the debris signal from
the debris sensor can be used to select a behavioral mode (such as entering into a spot
cleaning mode), change an operational condition (such as speed, power or other), steer
in the direction of debris (particularly when spaced-apart left and right debris sensors

are used to create a differential signal), or take other actions.
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cl eani ng node), change an operational condition (such
as speed, power or other), steer in the direction of

waledsiosss¢parti cul arly when spaced-apart | eft apdr/uszmini/0023s3

debris sensors 30 are used to create a differentia

signal), or take other actions. 17 WO 2005/083541

PCT/ US2004/ 002353 A debris sensor according to the
present invention can also be incorporated into a
non- aut ononous cl eani ng devi ce. Wen enployed in a
non- aut ononous cl eani ng device such as, for exanple,

an otAgsbhiisSensoehdtbtdiag 1o the prssaitiinvstion s&1AlR0 bé Baoporated into
700 like that shown 1n FIG 7, the debris signal 706,

ageRAUEANemoBY clgamng defdee c Wher eiiloypd insa neqaypnomoyssleaning

dg{fitcé‘ Richds VY'OE Qﬂ(aﬂne;ﬁe,cin%g@r%e%laﬁ@&f Eﬁx&ﬁﬁ&’f@%&hﬁ Q€aner 700
evi ce cah be npl oyed by a controlling

likke ¢hiad plicvaremdd . 70iBe idebriswgdad dQ6 pénerdied byae piemvalbatida debris

702 to eneragte._a usger-perceptible sign uch as.b
SPRRGR {04 SRpieg Rt b enaiBE PF AP o the ki an be
e?‘g)\ll}g;ﬁd §¥§}C%Hﬁglﬁﬁg ngérobﬁiiégshsépm ﬁ%?})&%{ diqﬂed Phcumldi@er 702 to

S |ght|.nl%(ﬂi gh power™ light an )
generalie rasemprsbaptiblecsignad (sugh potvelighting light 740)g ter inereaiegpower

B5RB5 souf w2058 T0R s Pl bEacBR Rt e
“Bi IR li’%lié@ﬁﬁéiﬁﬁlth@edubﬁ ihdre@Md gwegpn i ncl ude

detecti%é eft and right debris signals representative

of ddbei ogrﬂrrmra@gpecﬁsré theperatiopfofithredebiis sensepsubsystem are

SPRREAY i ¥10Y 8] TR0 ARGl LA AhcHBRE it 8Bhian can
ecti'ng ‘an’ “opérational nbde or pattern of novenen

inGede detetifp ift And\vrigha dedrismigadt eprebdigatiledf debrisstskegnaid thus,
val ues (804); selecting a q¥rection %ﬂ nmovenent based
of thediresease ARFHItY preyelmppnd diggeton of debgh 02);(selegting an

oggﬁﬁ{)lileﬂ‘ %Jdg\@?g&{tetrﬁ‘ B BloYEmt {(SuchRE gﬁgf@&jea ef B8 on the debris

enérating a user- perceptible sig representative
sighal vedues (8¥bnsetectihg d directionoof meveerentbaedion diffes¢ritinl left/right

b Siinatngest SRR fyER Wt BidRFinge QFPrsb (AOP eatAng b user-
pg?:@?ﬂ.iglé SiBnal$5BseBttiRe W the (Bdddhce AQebrif & §th&T chRfRfetistE(e.g.,

_the invention takes advantage of the notion of an
byuteminatingsa seepricapfitle WEEYD (8@%) persotherivissoarydng ot ¢ratrolling an
surf.ace, .Qcessi.ng t he is signal in conjunction
ORFe m%ﬁS%ﬁ%%ﬁksggl FEVEr 5ng devi ce' s novenent to

cal cul AirePpideitiel of thedin A&t takes hdvdntagkloBthedhetiddéf an

debris gradient is representative of changes in debris
agtonpraess deaning deyiaerpsrass e dlooheiethen suphcm groseysingsthe debris signal

.MV | . 1 ni j .
R DM BHALAE B R AE Moil Dori
gridiea81 g G, 8] €theaRbiis gradidnt isS¢presentatit of cidESs in debris

cl eani ng device contrqgller can continuously adj ust
strikes count as the autonomous cleaning apparatus moves along’a surface. By
examining the sign of the gradient (positive or negative, associated with increasing or
decreasing debris), an autonomous cleaning device controller can continuously adjust
the path or pattern of movement of the device to clean a debris field most effectively
(812).

Piezoelectric Sensor: As noted above, a piezoelectric transducer element can be

used in the debris sensor subsystem of the invention. Piezoelectric sensors provide
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the path or pattern of novenment of the device to clean
a debris field nost effectively (812). Piezoelectric

W®EWs08354As not ed above, a piezoel ectric transPUL/ER2004/002353

el enent can be 30 used in the debris sensor subsystem
of the invention. Piezoelectric sensors provide 18 WO
2005/ 083541 PCT/ US2004/ 002353 i nstant aneous response
to debris strikes and are relatively i mune to
accretion that would degrade the perfornmance of an
opti cal debris sensor typical of the prior art. An
exanmpl e of |

}nﬁ%}! fapcouy reﬁge Bée% Wbtk ﬁﬁ%?élqﬂ’éjﬁr% tyjlﬁéﬁlﬁe t§ accPh that

erring  now t he pi ezoelectric
fRiRQIegrIde mlﬁﬂperﬂa&ﬁa&ecm" anioptital debrivwensor typical of fiRQprier art.

102 WhEISXERBIegH & UPREE e oREP] (oS Bae Gl Reforing
g&g ?%é U ttﬁéﬁqléﬁﬁi%bﬁlﬁ s@ﬁ‘éotr BlefhehP12PS! d&h(ﬂfdlﬁcﬁ';so&for more 0.20

to an elastonmer pad 404, a plastic
dhilliineserniok, 20apildBéier diacetsr bass disko402P@ith thermeagilebtric material

SRR L B Banch QU8 lo S et o
Elagt‘é}neffé% 2 2 DlRHE AFBIenSirREP RO, Adebris IIBoLP@ SbATRYIth
r omret provi de a degree of vibration danpeni ng or

asoclated@tecnemeé% gtmmée metal shieldidd Ostndgstained by ppopnting screws

ittt S fheth) SRR AR el 1490 1BE BBl BRI
E%b@!id"eéﬁ deprectsTRGbraton A@RANR orésalativhctetseenchdpiegodlstdc sensor
wever, flexible piezoelectric filmcan also be

algvent L@S andyheeleaineeevissi nce the film can be

produge i es. . 1 .
Possi B healplishiah s EREACE rekbpibhtithie BLLDBEHR ditypically
abeafiingpehsiidisoahdert,van bk aeﬂfai rHijo wiever, cﬂexlbhapllameldzoha'mﬁhn can

senS|t|V|ty in selecte ere, .for
alse gaawtafg@owsmg yeoStoes ety i b Piadicq] Prafbigha;shapes,
5&5 %ge,e gp%mlﬁ{y &seygl@vltﬁ%nﬁeﬁg ¥QoSHe biftiré utehﬁﬁg width of
egra at| n over tine. |In contrast, brass disks
itsevdegimpdavice] mittive tlmxttsmmntesh'gy insblgsted ams Whereefos aparaply, the

go l?gnt in onf [ dgg{mt | o %erveﬁ@nw ﬁﬁrﬁseg‘f %bg??téa}l][% more

EPRMnsive aH& ?sfk%Bj e@?ﬂo'dﬁégﬁﬁhﬁ(ﬁl RRE fidhe. Th!6EhtASt, Bitss disks have proven
ononpbus vacuum cl eaner |like that shown in FIG 3.

tmbe;end:tﬁnwlyjmhus‘re VI brati on danpenl ng or isolation of
the s sor el y usefu s
appl i SliaW VIBP‘H hg cg atém gﬁ\gxﬁdﬁ IFI(} 1‘1s%ﬂbstant1ally

1 eani ng

@Eﬁﬂn&‘z%d%lﬁﬁbe fithidn & 9mféhﬁ Kok J6RBechafidally @\h%anﬁry, a&hl aks 48
at shown in FIG t he danpening aspects of .the

n-gﬁgpnomngs ga}pgu@@qgneq:m@ that shg\yn in FIG. 3. In such a device, vibration
dampening or isolation of the sensor is extremely useful. However, in an application

FQ

involving a non-autonomous cleaning device such as a canister-type vacuum cleaner
like that shown in FIG. 7, the dampening aspects of the mounting system of FIG. 4 may
not be necessary. In a non-autonomous cleaning apparatus, an alternative mounting
system may involve heat staking the piezoelectric element directly to its housing. In
either case, a key consideration for achieving enhanced performance is the reduction of
the surface area required to clamp, bolt, or otherwise maintain the piezoelectric element
in place. The smaller the footprint of this clamped “dead zone™, the more sensitive the

piezoelectric element will be.
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not be necessary. In a non-autononous cleaning
apparatus, an alternative nounting systemnay involve

wheat/0835aki ng t he pi ezoel ectric el enent directPgT/U82004/802353

housing. In either case, a key consideration for

achi evi ng enhanced performance is the reduction of

the surface area required to clanp, bolt, or otherw se
mai ntain the piezoelectric element 30 in place. The
smaller the footprint of this clanped "dead zone", the
nore sensitive the piezoelectric element will be. 19

WO 2005/ 0 1 / ' i

thro e§% P ﬁ%ﬁl@?ﬁ?‘ng/@pﬁég@% sg n&@ grag%h{gﬁ? (e%,ﬁirhs% 94 of

QKt} gf) & cﬁletrﬁis: f?{quém% Flgﬁmgl&ecléddémwg pedhwiyr within the cleading deyice
at hway wi t hi v e, g., vacuum

e omposmgnt H4cst H 3tisiriie b bilismolF BAS side of the

@éﬂsop{m §éedﬁ(f§gt B an %Gﬁ&ﬁo&%@a&x%ﬁmﬁ@}cﬁl e@sh@w)vn i PIG 3, the

an au ono us ning device, as sh
Qelshisensor 425RD carﬂl%ll@@atechsublsenuzlbfaated asighsX almgaﬁhm;h lataun brush

n axi.s AX al whi ch |nbru d flapp

B i i3l 30 tehap 1 R ITE: 17 oS BBRRD s e
@Qﬁmsugplgewﬁmglaxﬁﬁﬁﬁ%me’LZSPs W th maX| mum force. As is

wel | known, a piezoelectric sensor converts nmechani cal
ener gy\s(mwgu knowe, a paamiqcmcaqmog yowyrerts nepshatical snerEk ée-g., the

nd .vi bratipn S {.
gmgpa gnergy ?Lg fi?qpr{stftrik g vara i nrlé%f ér.b@ h%ssgﬁl‘g@ it e‘ﬁlléctn(fal energy --
RyHESEca8 Gandrbtiy arf elbcrisdl pulsk eloh tﬁﬁ@ftll§struckaiyd1ebhs i-2and it is this
this electrical pulse that can be processed and

eleairicad pulsedthatean be prqcessed apd Fansuficd  asystem-eairolen (L.,
o8l EA O 235 0880050 G G AL i
Wpiatiédt niode SRtaceutdarich evdthetheriventione | Riemeetestrizrebements are
typlcally deS|gned for. use

D debiebe R area R E OIS, IoTS YRR B ERE5 PR s
A@&%‘A Frolthdb¥ gﬂ%llférda{h% Qﬁ)?ﬁ@ﬂie@ﬁélﬁéﬁll'y% %? Rvithi thb Alche

vvave orm- an enera e an audi bl e out pu
Gevefrasing, gmérat&mwlﬂ[tﬂe owphia r@cmaeﬂs@ly, if ithsry arenhechanipplly

et g piauce 2B Sy BREeitie ThRd B PnOaR T Rt ey are
@ﬁfggdygg li@fhe pAMRR: i8eridh & & pa{rh&ﬂ&r $heh k@ Shjebreirty shdices the brass

t he sensor, it causes the disk to flex i nwar d,

\ﬂtueciftlmsadmeﬁ causopthealisk tp flex enwazd; Wirh pmdn@es aryohiegepulse.
si nce or el enent, 125PS | . 1
i Ind ir g& Ef VS PRC h‘?ge%ﬁog 8]ﬁ lc?g? Ec}%&c et prindirect

RegMcitvREpE RIdahmigIevidt CR@sis YEb&TY tﬁﬁﬁ@h itk bf{otntisg %%Gbxﬂlsee

it 1s subject to the mechanical vibrations_nornal

FHGaut et Hyitipsubiest to the merkanical wiksations nommly nredn cr% by motors,
%S&lg es%n& r(])ﬁle(i: %@ﬂ{g%g %‘eﬁ the! c?eafnﬂ%ccfekff%@ '1§‘ﬂmct1—$}h§g This

mechanical vibration can cause the sensor to output an undesirable noise signal that can

be larger in amplitude than the signal created by small, low mass debris (such as
crushed black pepper) striking the sensor. The end result is that the sensor would output
a composite signal composed of lower frequency noise components (up to
approximately 16kHz) and higher frequency, possibly lower amplitude, debris-strike
components (greater than 30kHz, up to hundreds of kHz). Thus, it is useful to provide a

way to filter out extraneous signals.
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mechani cal vibration can cause the sensor to output an
undesi rabl e noi se signal that can 25 be larger in

w@egbsiosisde t han the signal created by small, |POI/Ia=84/002353

debris (such as crushed bl ack pepper) striking the

sensor. The end result is that the sensor woul d out put

a conposite signal conposed of | ower frequency noise

conmponents (up to approximately 16kHz) and hi gher

frequency, possibly |ower anplitude, debris-strike

conponents (greater than 30kHz, up to hundreds of

KHz) . ingly), ak AedtiiBldibelbR, B QYRR s YRY tb Breatly attenuat

111 oALGHRingl, ok SeliFBldbelld B A S 205 Dagdy groatly attemuate

BEToWe2Rhee0OR2dE5R] componalitsitgligprave sigseleiorinise prsfoomancsn
ectroni.c filter is used to great at t equate. the .

Esaples pLig eyt EoHs TS Vi iasmg eoal probdising

Sicaals Wil iRl BEIRBHbY iARBA R ctibX MBIFESSOF a6,

architecture and circuitry of such filtering and

signal processing elenments will next be described in

connection with FIGS. a .Sl gnal Processing

FIG 5 is a schematic iagg %4% c%%ggsignal processi ng

el ene@. ®fs axcBahstiSdiagramssirthesi sl proesssing clarents afa dekeis
of the invention. As_noted above, one purpose of a
densor s1bsysterp in pre practigeafthe BKetighononous 10 cl eani ng

t Lo o et Dot (
or hor arsdRidhe e BEbse be Jotbls SRS R ffAHIE bt atbnomons
ichhaigappasus ansehge wherit dspiaking np debrisoreticrwise anchateging a

in the cleanin behavi Qr or_ cause the aratus to )
s Tield s S crigemelig it vard BYAGBAHP e Alse ig (fagcleaning
%%haxfi&r Lor %ﬁ@%@%@ap&h@u%%hte? L gariBg ?ﬁg?ﬁg)rr]ﬁ?&cﬁéhgﬁ%al mode, such

apove e epr i encount er ed. n o
ns,fonexampderthesspot elaming nadp desatibed dtiove wihiendelsfroien¢quntered. In

FIG 7, the d i [ | 706 15  t [ ..
surepruppapeS AR ERE R e R EL ) s P ienal 706
| the GEBrid &nR& 704PK ¢ah BahRM 16 Barle a usét-Sor@ipaibletiizht NEO to be

user that debris is being encountered), to raise power
olurpinatefl (g tchagnsd drethewser that Tighris is being eapeugred). to raise power

TR T
WpEifatibRl] eBdtge Bk €ombinghion poMANes!(b.gh lightith a user-perceptible “high

Si rrul”t aneously raising power). 20 Mreover, as noted
Pover lighhendiswitanepuply gpisB POWRD: nodul es (i.e., |eft

and r il\g&%%ve? ha%'}{&?édsablojvg Swo %éﬁnﬁéﬁfojr%ﬂﬁng Inogggls Q?e& , tltg@ Bnd right

be usé ehabl e an aut ononous cl eani n
saaselsiie 1061.faad @DSR o FIGEY Raih beusedao Bhzbl®din algdmdnsous cleaning

%egilég ’(cjo s%gseotlﬂe td?f%ergrilc%q)tetv?e%g the amounts of debris picked up on the right and
left sides of the cleaning head assembly. For example, if the robot encounters a field of
dirt off to its left side, the left side debris sensor may indicate debris hits, while the right
side sensor indicates no (or a low rate of) debris hits. This differential output could be
used by the microprocessor controller of an autonomous cleaning device (such as A
controller 135 of FIGS. 1 and 2) to steer the device in the direction of the debris (e.g., to
steer left if the left-side debris sensor is generating higher signal values than the right-
side debris sensor); to otherwise choose a vector in the direction of the debris; or to

otherwise select a pattern of movement or behavior pattern such as spot coverage or

other.
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| eft sides of the cleaning head assenbly. For exanple,
if the robot encounters a field of dirt off to its

wo edos/o83sde, the |left side debris sensor nay i nPCT/EBI04/002353

debris hits, while the right 25 side sensor indicates
no (or alowrate of) debris hits. This differentia
out put could be used by the m croprocessor controller
of an autononous cl eani ng device (such as controller
135 of FIGS. 1 and 2) to steer the device in the
direction of the debris (e.g., to steer left if the

left- zhﬁﬁan 3 ilﬁsﬁeﬁﬁss@{esc%hgléﬁ’eggﬁ gkdmisle thé -%igé S0ahel) of a

val ue e ri I's sensor
aétirdrsehsoe sabhsysism that\cen tontainrbothleftdind eight side dliannbls. The right

oo chainel v buinbel o eBHr e 5 a0He e S sPBYR P dprtore be
gﬁéﬂf too@ﬁo}ﬁqlgmggguﬁ@g/ US2004/ 002353 Thus, FIG

ustrat es one channel (for exanple, the |eft-side
channdis)shodm in Biéb5; thedefh sh.annskmmylsﬂs offaisersor clamenidpicapelectric

I 8 i FRANE BT b

?é?@reﬁ&@l%%l dg@ﬁermk 504, A8 aabaiator3es, o a&at@psuo‘ fo BbiParing the
 ow ng di scussion. 5 As shown i n the left

oh'@ntseif ﬂmwnmtgr oy refesands davebgansenter, @rpi %E‘éé@ Hrotehieg 512. The
%’H? %14 th Qula ) s@e%&%% s acl c%\aetl oﬁ@) élbtﬁﬁ rté g'stérh kb oller }ﬂce the

S gna er ence

PRJresset 035 SHotwmn iaFIE! 2; elrw atcontroIé, suﬂabiefqaansahmddiﬂlﬁg ﬁuor
conpari ng the outputs of the attenuator and reference
opezationpd ehaxi%r, and a pul se stretcher 512. The

out putry, ?kc%ﬂﬁm%lblsaﬁoﬁﬁlfetrﬁ{ﬁ Fi 'te?r b‘i’oclk%Q Q:aﬁ BY BLsiHEiRY brovide

signal to a system control O processor
i3nifanvattentatioh@Gn éhe eimb@dunmt;:bmbr thlan e4=5 dﬁNol&t)J andftoblock most

u in selectin an 0 er i onal behavi The u C

oF ﬁ&e&?‘fv SEERSH PR ToFe EcAnES ] Vg?fﬁﬁ%%ﬂ aﬁai?

?E}gﬁgtﬁ'}#eﬂ%er Siegfdrch CaSrafidren 'd@an( 5tfikOBinals to pass. However,
better than -45dB Vol ts), and to bl ock

st though e highwe frefjnengy @tgnﬁls gt bvoughtthe Blterc thay gee attenuated,

mechani cal. vi bration .si 1 tting

A R s e by e it ARintifgeTaB R, S r Ve
si gnaljg a&cﬁu&ﬁﬁﬁamﬂ‘lﬁy\ﬁg@lﬁe desB¥ERighBIORGflchdiedebrib s@ike kignals, the
frequency signals get through the filter, they are

atyemedk residual aresharical noisq signals dgs dp prssahiogsh Hig filies also get

At B T Wit HertP bgRe bep el BY e s B g P racio

fRGuen¢§ irtefofhée (REF) cbmddoneRis lpaidratadl by meﬁﬁoiﬁrsgmdhsdlhﬁ&through
do pass through the filter also get 20 a

lifi
theoriy oNpicked B BY HICETSoR GRS gRNE IRy ' awvgmnpiﬁé?rshlgh
'ﬁteaﬁérfcy r%gnéaeqx désqé‘ﬂeﬂ to minimize the amplification of very high frequency

RFI. This constant background noise signal, which has much lower frequency

- components than the desired debris strike signals, is fed into the Reference Level

Generator block 506. The purpose of module 506 is to create a reference signal that
follows the instantaneous peak value, or envelope, of the noise signal. It can be seen in
FIG. 5 that the signal of interest, i.e., the signal that results when debris strikes the
sensor, is also fed into this block. Thus, the Reference Level Generator block circuitry
is designed so that it does not respond quickly enough to high frequency, fast rate of
change debris-strike signals to be able to track the instantaneous peak value of these
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frequency interference (RFI) conponents generated by
the notors and radi ated through the air, or picked up

whyoosigssgensor and its conducting wires. The sPQIEB2004/002353

anplifier's high frequency response is designed to
mnimze the anplification of very high frequency

RFI. This constant background noi.se signal, which has

much | ower frequency 25 conponents than the desired

debris strike signals, is fed into the Reference Level
Generator bl ock 506. The purpose of nodule 506 is to

37 ea Fﬁ%&% ﬂlgggfgre‘r}bergﬁgﬂal E\)&Fﬁl?gﬁ \lllge oﬁge%g(efan't%wé)anson as described
gugaal It can be seen in FIG 5 that the S|gnal of

interest, i.e., the S|gnal that results when §
st r| k Bsfartiag agpimtaofIG. Ssit 3yl Ge sesar thatithe signal ﬁ@ma%mph er 504 is

d RS %tfeh ﬂgfblbay ehniSRNAE 8l agﬁag %biﬁ%'tﬁé Keféﬁmce

eS|gne SO t ‘does not respon y enoug
IBvé‘ll@ihefalt(&Cw)Gnﬁyu 1sfaﬁn3ﬂnpo&it@s1grﬁal cohiaindyeg lmt&lnthesmgh fredpmncy
S|gnalsto able tq tr he ins
SRR 6. Vo (gbriAsa o Sap et JB0 GO Gaaesy noise,

EI'hg 9; efuatd 4§08 R el HRG R RIITIRIs §ig%ﬁlaéo thatlil ncﬁﬁlaﬂf' &below the

e a conparison as described el ow. Referring
agmhtudb of HeGigra] from the Refetrmce bevel Grpratdr$06 ivdienmofdebns is
Lifier 504 is also fed into the Attenuator bl ock.

tbetswo’é%}ﬁ@e%tr gnal that goes to the Reference 5

Level 16g @%hﬁ}ia@e[toﬁﬂ@coﬁ@ate% theSinStaGRRGARS vbRagei aiipditude value of the
containing both the hig freg]ef?ncy si gnal of interest

Gignal, frommAa@rmat@ 588 ta 1hé§1gp e iR glerenee Lenel Gengrptor 506.

e
ARG GHbetes feanidd e GRMAL s ik AR P B8 poy sine the
s&for @BMEht, ddnintiitousvaitgt cominy duter ﬂlefl&fam ILeQ'EBGenerator
Generator 506 when no debris is striking the sensor

&P@ wilh e hipherrthan theroltagg enming ouicefiheAlsnyatyr block 508. This

I
AR RGPS COTAHITANR 19 Lyl Rl i
Rethen B1vered By tHe Rt“fkmeﬂmtcher H06k 5 12\1@rmt¢ y lowhgic Iet (logic zero).
o oehbenay wina SESEr RS, ol e o s
ég&&@gﬁe%ggh%@ﬁﬁrﬂ:tht efef&ﬁcé?eé BRG&rate? %66 gﬁ?d%%@tcﬁéult cannot

an the v tage com ng out of
Aiacleﬂuﬂémgh frbc[tmnky, 588 ratd bf csha;mge signed eemptnmnct‘mpahat/%mphﬁer 504)

atie L anceafhicn s dhwe Phghoril “ouiiedinl R e

Ieb&@éﬁt Dack &m@lrrﬁ&‘hﬁm@al'rféi'!e ls@hCwhied & msie%v&elzg:%eﬁuated by the
However , debris strikes the sensor, the voltage

fArcgnstiCh‘élbmttoe Filier $025 Bbiserutes the comparesdtte gromaendarily Rkange state
E{(g%ﬁo cnl%we/ell‘zee}/oel ThGeIpu%se%trertcheQ glo‘:]? 5% ext%rrl]dss‘[}n% IV%I%’%I’ICf (typically

under 10-microsecond) event to a constant 1 millisecond (+0.3mS, -OmS) event, so as to

provide the system controller (e.g., controller 135 of FIG. 2) sufficient time to sample
the signal.

When the system controller “sees” this 1-millisecond logic zero pulse, it
interprets the event as a debris strike.

Referring now to the RFI Filter portion of the Acoustic Vibration Filter/RFI
Filter block 502, this filter serves to attenuate the very high frequency radiated electrical

noise (RFI), which is generated by the motors and motor driver circuits.
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track the high frequency, fast rate of change signal
conponent fromthe Anplifier 504) 20 and the signal

w@e@dogisdl by a debris strike is higher in vol t BQEUS2004/002353

anplitude than the constant background nechanica

noi se signal which is nore severely attenuated by the
Acoustic Vibration Filter 502. This causes the

conparator to nonentarily change state to a logic

| evel zero. The Pul se Stretcher block 512 extends this
very brief (typically under 10-m crosecond) event to

a conghatdmhrylithd I%SEeA8d citctirPedhnectdd) the ¥&Mkby cleéMeSuses both

to 25 cProw de the systemcontroller (e.g., controller
temmpligpderand fregpenayrinfosmation tojdigeriminaie agplais strike @exgpmntatwe of
MhenchBe SHALLTLRRRLE bl ARERE ol Falkbld SEGERL noise

Sldo Iﬁd{edﬁ?@ft@rthe Bghsoosleiont] fel tREradkitéd @diop@éduendy déctiidyt noise
Acoust i g ibration Filter/RFI, 3Q Filter block 502,
mipduced by e malopandmotst frva &iebiisnd by doymal; thqugh undesirable,

fJoﬁ&Hﬁ%gk g@&cﬁﬁcﬁ& ghs&t 196'e%tllsh@d)gﬁnﬁﬁ%k&en%é}gré\%gts false

generate e notors and notor “driver circul
Wb A Ht5ike &Mommmﬁmgmod kignsldiormrige, ratine
i llustrat eg CUI c nnect ed toﬂfge sensor gele

uses HBPFC ?‘P%‘&H’&?é@e binGSERIOR clegrent @ee FIG. 4)

di 865 u&hmﬂ% ﬁeliiq{%hﬁlzé el rh@chaﬁl@ara%&%k Hols¥ %S}Etmﬂ QRipling that
cl eani ng~ devi ce pi cking up debris) fromthe normal

dfskiy thasedsoreddmentcal noi se al so picked up by the

sensor,.el nt, .and. t he radiated i o frequenc

ol oot i P EC bt B R Bl scteRig Sfabeagn of
HxkmBlary débeidiskisor EReuiRYr Mhbse skilled abihiREEFilln@AbBtand that in other
const ant background nolise is used to establish a

chythdireents e Benad prasatsing wndnpertially oeentitelyrdostainediand executed
i t
'@&Jﬁ ﬁ{e dint C(%fl %%rﬂ&%tl%ilﬁrg L33 gﬁ i ret nIt%H& fo ﬁGng ﬁ? bllustrated

r I'n pra e nmec syst

terempRIsTuitablesipnd] preessifg Ercuitty cintaiad the f@i&ﬁmggl eldnlefits,
hel p .mi ni m ze, t he mechangcaj acoustic noise vibration

@@eﬁrmagl tqrgrdaneywih fhedtolowmg dsgsnpbipne| enent . Si gnal
Proc esﬁie%mﬂd%f& c¥d, cgl'r@os& dighaR AR RS kﬁgoégéiﬁgﬁén%&r disk (see
ose

di agram exenpl ary nsor circurtry.
giteZokleckric mliskiHO2 ad 16 4)is fﬁddatostham;baclltt&tC] rwhichhie the input to the 5-

S Bl e R B BGRR e SR b Sl
Qﬁechﬁ‘xﬁcil‘v%r%&ﬁtcbﬁhﬁ&éd 1}1§5the wrfsbr &fé@h%@ﬁo&@u@ Fstefh. This

the 1llTustrated 15 exanpl e sul t able si
giltse bassi 2igSidilz, e3dB pqmcnfnccmen@ noﬂmgfaff aTO\I\DOrtB/Bleeathn {The output

d’g g_ea%. 5?’%5 Iﬁer}i & %Cs?énda?pgle \()Vlwtpgsst passwe I{ %lteq designed to attenuate
any very high frequency RFI. This filter has a 1.06MHz, -3dB corner frequency rolling
off at -20dB/Decade. The output of this filter is diode clamped by D1 and D2 in order

to protect Ul from high voltage transients in the event the sensor element sustains a

severe strike that generates a voltage pulse greater than the amplifier's supply rails. The
DC biasing required for signal-supply operation for the amplifier chain and subsequent
comparator circuitry is created by R5 and R6. These two resistor values are selected
such that their thevenin impedance works with C5 to maintain the filter's fifth pole

frequency response correctly.
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The ground referenced, conposite signal fromthe
pi ezoel ectric sensor disk (see piezoelectric disk 402

wW@boosl&3541) is fed into the capacitor O, whi cPCT/BS100€002353

input to the 5- pole, high pass, passive R-Cfilter
designed to attenuate the | ow frequency, acoustic 20
mechani cal vibrations conducted into the sensor

t hrough the mounting system This filter has a
21.5kHz, -3dB corner frequency rolling off at

-100dB/ Decade. The output of this filter is fed to a

si gnal1 AOUEB ahdthepassocifiabeinynbhtS férhd 4 o stegd, goeeupled, non-
attenuate __any. very high frequency RFlI. This filter
inyesting amplsfiervith aBorsealeC BRI gty CP SpAiGlQ seryefio minimize

GO TR Pl OF ik kbt e 8 e
Hiegtet thebtetigal ﬁaqaemy&asmnsmbmeheﬁmmnﬁ\iteo termaplifier output is a
ATk e Ut B o

Padd feSpontOKith Beedh! ﬁeﬁme@clesemno% L 93 ahasRke; SPPIVMH, -

operation for the anplifier chai'n and subsequent
196dBAdesnde, tegetionformng sb@ttcbpaseﬁltbly R5 and R6. These

two SIS r val es a ted Suc at. thei

t b ol pulis 98 6 Bnifie” §ioBie Sl .ode filel F%?lﬂgpﬁ%m and the
drhdrtte fhesnoill-lfﬁ'dfi’clﬂ@b%uﬁ@ﬂﬁl@qqfﬁ@ %@ﬁ%ﬁﬁﬁ) Rzm i %&Eﬂdéted by the
24 WD 2005/ 083541 PCT/ US2004/ 00235

RieRE5 seltagsidavider, anshibem Edistorthe invertingenm a§ eomparator U2A. The

e s ﬁ?ﬂ%ﬁ?&ne@ev bedft 1B R o b R B,
all'@hﬂ:ef BadeNCiCGslonginita IHD aﬁtﬁth%oﬂ@bﬁentsothéﬁbét\nfebﬁ (€83h&wn in

of f RFI. frequencies.. The net theoretical frequency
HGs 2biosw arhafnvaee Positiyespeak dgtsetor.o Thoaitagkand decay tisuassg set by

K3 @ggﬁz A& % gg)'a gen{tgér&%&? S tbpglgg@n%vemng input
of wmmwgwm«ﬁ R ledtorig ‘thl il |pﬁ$v1¢ﬁ h)Zb&(fﬁslrﬁzto improve switching

L L .
1?11&' cﬁ"‘thé %eaﬁ ﬂuebsor W thB oBpat St Nl49ﬂ'5”£tehﬁ'§t9r R14,

er to the non-inverting input of ULC The
S| g nay orgm@ﬂngzvhamdgbmm riog staikingrthe sadomh thetdweput Df thiRiptalRd &ector

e di.vi de a en fed dntqg the inver
Rk Bk i olpod® B AR Qo herip ot offben febris
sﬁﬂ&@ﬂfc sehsot/lbhipl fe@ebnPbolsé Recraat thaMRE i ighdr BRIYINAE coming
anplifier ULC. ULC along with UlD and the Conponents

ophelr the Boniend gl pass dilisr Boing mteU12) thaw the lawerafiéqusacse,

ARRRN RS 555, TR, AULFSH ST, FeFane

cbinirgy diit bf thetR 1i4sR f eaktdntatoh fethorl, itinahé siggalicpiitig dit ofthe peak
U2A t hrough R16. R16 al ong wit h RL9 provi de hysteresi s
detgctornbeearee thrinealq il gfgetor cannot track high-speed pulses due to the

component values in the R13, C11, R12 network. The comparator then changes state

DPF

from high to low for as long as the amplitude of the debris-strike pulse stays above the
dynamic, noise generated, reference-level signal coming out of the peak detector. Since
this comparator output pulse can be too short for the system controller to see, a pulse
stretcher is used.

The pulse stretcher is a one-shot monostable design with a lockout mechanism

to prevent re-triggering until the end of the timeout period. The output from U2A is fed
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time and noise imunity. U2A functions to conpare the
i nst ant aneous val ue between the output of the peak

wa@ledosnsselt o t he out put of the R14-R15 attenual@r/US2004/002353

Nor mal |y, when debris is not striking the sensor, the

out put of the peak detector wll be greater in

anplitude than the output of the attenuator network.

Wien debris 20 strikes the sensor, a high frequency

pul se is created that has a higher anplitude com ng

out of the front-end high pass filter going into UTA

{ hap t. i r n

1(1:16%%18 A@ﬁcﬁoﬁ% Ibég gﬁ&* @[ @’13 gllag ecs?%lrapil‘ﬁ%osgle %?&B?tjgble formed by
Beemndfifs@ssoctaosdi dmglpouentsnf Qﬂ fencibds R]iﬁe buckeurtll@ztlmﬂdlng the output

oER 16 i e EBoR S ek b Heet e Bk R B Sy the time
%&tbﬁgg%g? Byrens lR®OSCE#Ignd R1E, fbﬁd%&‘-: CRARRB Vel ¥ by 8% RI0-R2

R12 networK. The comparator then
cdsiaagg elmda;ratTéus time parradjrstadofor dmSt ©9.3mS, 10MSes dintated by the

itu debr i rike | se ays above the
ﬁringnng{bg ﬁf&“ﬁ?@ay h’reecf)g?@#eg}}r?%g * si gnal
com N@oRbt foPthelddBrid SmkordsicaR iPprovided B¢ U3tdhid fissociated
conpar at or out put pul se can be too short for the

mpmmtso A3 islallew powes irear segylaterdhatarevagdesiact-vels oyiputy The

RS B B BB SR g

unt i | Wi reqdreaf citduét adjustaerts @arbeaet byTRe4 and R12. Thasem
A is fed 25 WD 2005/ 083541 PCT/ USP004/ 002353 nto
edjustmentstwilpllow the GrepFeppnsepdedBigd 184 she perigha] time

i nto M‘Ep%‘aﬂ%%fad%bf‘ce o@ﬁﬂ?ﬂmﬁyﬁ‘%g gcilout a@ xﬁéshgt‘é' %fdt al out

conmponents unctions as t
ofihp ldébnmenh&knic@iwpnn&d kirtuieboand REBWEL ba toasfenet to fieenain

b vinsshalske aRbls: Almatielss Seisy BFerd TAg 1o B e use of
Fi%ﬁ%rd@@ éalge \f&h{cﬁ&echg Lot B8 virinkD i TheldaBR sRRIH @dinUfiré danf

as dictated by the  requirenents
gfountiel atdhd mscﬂ cirsaid P@B sidreondpnThe shleld/lm@id@ saoy any ground
Power for the de&rls .Sensor CII‘CU i S_provided blxé Uﬁ
a]f‘ uce

s AREPARAE Sonaus R G ciple il Gairg WP

h&ige! |tﬁé Blodhdifh sBARY P@%h@uﬁ 140¢ hll @bﬁlﬁéﬁmtsTd?ﬁhe topside with solid
unrégul ated vol tage fromthe robot's onboard battery"

grovud glawe ohhetentiom $ide uthe seosansB sheorld bedlepused mmpuntmg
BB Bs SARe  Bl B8 e TRER g oo o hietd

tHenRehpoferds BRI radigRt indtbe pickhipeorh therop6tducibtsO lTIﬂqm:z@electnc
of this kind, it is expected that Fower i nto,

sengprdlisloean begpoyried widsr the serses et PEBion asuitakle gnechamcal
fﬂoﬁﬁﬁﬁé S}B%?t{, Sudisthat Ybdvn BEFIG. Q;r)ﬁ{ &akEd krer ﬁllg%ofﬁ?écﬂng leads as

short as possible for noise immunity.

V. Conclusions
The invention provides a debris sensor that is not subject to degradation by
accretion of debris, but is capable of instantaneously sensing and responding to debris
strikes, and thus immediately responsive to debris on a floor or other surface to be
cleaned, with reduced sensitivity to variations in airflow, instantaneous power, or other

operational conditions of the cleaning device.
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15

board via shielded cable. Alternatively, noise filters
may be substituted for the use of 15 shiel ded cabl e,

WO e@so833gl t he cost of wiring. The cabl e shi el dpciFr/Es2904/002353

Wi re can be grounded at the sensor circuit PCB side
only. The shield is not to carry any ground current.
A separate conductor inside the cable will carry power
ground. To reduce noise, the production sensor PCB
shoul d have all conponents on the topside with solid
ground plane on the bottom side. The sensor PCB shoul d
be h ' ' ;
ar ounden L B A BTt ot aptoppous
Heaning devishtosodtrok itseopetion we select firoomament epesationsl medes,
&%%k up. fromthe robat's notors %heu%%%éoeugctric b
S50t RO QRCEPOTE fo datEdrbe 18T peammle, by
SEBiRth@dsHtd dNad PBERENASA basdotnéibhds St bybthe MeBiSs
that 'shown in FIG 4, in order to keep the connecting
$ms@fs as short as possible for noise inmmunity. 25 V.
Concl 4si ons. The inventi ' ri .
Cone! 184 sk DAY QBN ol ARAEhDF SR aevicos o
Ellpriol, Selebidr viasy G%Hizﬁbinel @bddsng ethdranentohomode 65hdigattbmous
responding to debris strikes, and thus i mediately
olexpughapnAEtis debris on a floor or other surface to be
30 ol ey Sl i ations. in
ai r 11 onton rbiLRRNE Sl TRl L ek By I
paticiladly nefalfin icbejuadtpaniitiga piexoedetri@ eb¥® s2iiobid@8%ida high
PCT/ US2004/ 002353 When enpl oyed as descri bed herein,
sigeal fo,0Qis¢ 138i9S-enabl es an aut onompus cl eani ng device to
CoNt I PhodelsRilRAGH fel A Will appRIRES thi PIARTRASE FRESAEEABAS and
nodes, patterns of novernent or behaviors responsive
variatienecf thd prhsbntiisvenfion arwexmspble andyvithit theiscopg ofltlge invention.
vice.toward "dirtier"” areas based on signals .
B0 sB Conlsdie hntoT i B2 REEPSES i BeiiRes sthes o those
SO SIRréiA. AXBOEIRL, the RRIFoRIs!io PRIEIHS] §J1E7 Bl Rehy of example,
devices to control, select or vary operatlonal nodes
aid the stnpe od thedpvertiondukmied sadely dutbmennsoded daigwni ng
apparatus. In addition, the disclosed signa
processing architecture and circuitry is 10
particularly useful in conjunction with a

pi ezoel ectric debris sensor to provide high signal to
noi se rati os.
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Those skilled in the art will appreciate that a w de
range of nodifications and variations of the present

WO pooéqgisen are possible and within the scope oPCT/I82004/002353

invention. The debris sensor can al so be enpl oyed for
pur poses, and in devices, other than those 15

descri bed herein. Accordingly, the foregoing is
presented solely by way of exanple, and the scope of
the invention is |imted solely by the appended
claims. 27 WD 2005/ 083541 PCT/ US2004/ 002353 We cl ai m
We Min@ut ononous cl eani ng apparatus, conprising: a
drive system operable to enabl e novenent of the

cl eanl.njnapisaraoys cleaning ARaEHIS cOMAtiEBEMUNI cation wi th

he d
br oo ek Fe SEERertIE € GAbIt FEincht HE L Ruflg aBpagarus
pr ovi gleortolleefisdon@fignipaioherith thé drive vyeenitheEorthder including a

cl eani ng apparatus;_ and .a debris sensor for generating
PIOGRSBPT @egﬂbgm copfip} the drikgsysiem tamravide ablepst @ne pattern of
d bris; wherein the
%rgg%é?stg?ﬂlié:aer esgo%%l\eflg{gi%rgitehe debris si gnal to sel ect
a patt éﬁhnsménsoi @ongmemamg a débrishreigmal edivating thapthealeaging
2. The appa cJ a| m 1 wherein the pattern of
IRRFEATERAs £B coverage of an area
cont ayRéRh tﬁ@?fdc@ssog’ls rafsl})%nﬁppfytﬁ& a@orgfs@aﬁtd@eﬂecm sat%nm of
the pattern of novenent conprises steering t
mbmem@fﬁmﬂ‘twwamwsd an area contai ni ng debr| s
ar at on

the. dRoiie ABERUG SRR | Bgehufs i Sl b v Eofifses spot

SReRipd ofl 6l bich cORARINOdMYieMTENt S respectivel y operable
to generate first and second debris signals; and

wher ed-nThrapparasecefalsin kwhersindhe patters of ieueenf|seBIprises
|
bl AECICARROBALARHS lobvar R SorkBnft® B66s 5, PEI P10

1- 4 wheTh¢ appafetugiatiniose s£¢laians 108 Whietedethealebris sensor comprises
pi ezoel ect r| c sensor _ elenent |ocated proxi mate

Qﬂag%mm?@t %r chfd dobes éqnégligle,lfgnen&ﬂggpe&pﬁgly gﬁ@;a(b)le to generate
R RSy &% %lgfsl SiStrike to generate a signal

Indicatrve o strike. 6. An autononpus cl eaning
appar whetsin the prurcesbnig responsive/ie thy sspevtiopdirsilahe s¢oond debris

enabl e venent of the cl eani ng appar at us;
signals to select a pattern of movement.

5. The apparatus as in one of claims 1-4 wherein the debris sensor comprises a
piezoelectric sensor element located proximate to a cleaning pathway of the cleaning
apparatus and responsive to a debris strike to generate a signal indicative of such strike.

6. An autonomous cleaning apparatus, comprising:

a drive system operable to enable movement of the cleaning apparatus;

a controller in communication With the drive system, the controller including a
processor operable to control the drive system to provide at least one pattern of
movement of the cleaning apparatus; and

a debris sensor for generating a debris signal indicating that the cleaning
apparatus has encountered debris;

wherein the processor is responsive to the debris signal to select an operative

mode from among predetermined operative modes of the cleaning apparatus.
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25 a controller in communication with the drive
system the controller including a processor operable

W@ 0ososasepl the drive systemto provide at | eaBCT/U8m04/002353

pattern of novenent of the cleaning apparatus; and a
debris sensor for generating a debris signal
i ndicating that the cleaning apparatus has

"encountered debris; 30 wherein the processor is

responsive to the debris signal to select an operative
nmode from anong predeternined operative nodes of the

cl ean 'mnfépaggéﬁﬁﬂ of cBfin V1R EA8@RMbS an operative mode comprises
PCT/ US2004/ 002353 7. The apparatus of claim6 wherein
sseleeting apattstn afmopanenti ve node conprises selecting a

ey it TR BRAENE ket 7Er SR AR AN SinSlfioht ompries spor

GRVERAE! @ arédlcontBaing @8biad. Ni ng debris. 5 9. The
apparatus of claim7 wherein the pattern of novenent

conpr i% elde apparatus 9 claira 7ovhessin thy Refiay oftievemenbeemptses
.0t i ) . A i f
A ERng O BliCho P Sowdflan B0 ARORAL oS 1 O ©

spaced{a ﬂ'&lletapf)draﬁlts giﬁﬁﬁom&ﬁ‘ Qhaiinsl649r \iV?G_rGiﬁmlsé debrie Isenmgt(&nprises
respectively operable to generate irst and secaon
FBedapart Siﬁalagﬁ seqogd flebrepeng g]FWénE F%%’é%%"&?y grerable to generate
reg H%Eéb‘ﬁdtdgbfﬁ‘ﬁ%l‘f;dl&%hdand second debris signals to
select a pattern fovenment. 11. The apparat us of
cl ai mvil@rdin thehocesh@rieraspersiego teersiondi sscanesiebris sigeals to

o differences in the first and second debris signals

t
tGlet Ratieref MOYEmRthy apparatus in a direction of

debri 5.1, Ypehgpardhi€ oPOIBRN 20 Wi tHRE whBref{Be Bfoctsdt FreSondive to
wherein the debris sensor conprises a piezoelectric
skffferences lirethe firstl and seeeaid glebiid signads ta stdee thei ahepningt apperptusfin a
the ¢l eafn' ]g apparatus and responsive to a debris
Ftﬁoé“?oeg fierate a signal indicative of such strike.
13. A1l adBiapgaratapas il ot ofelRhs 6110 Gvhedeif HRAIYLAS sensor comprises
pathway for transporting debris; 20 a piezoelectric .
sanezeelericsersgr plegienidocded proxipate p sleaning pathivaxey therdeaning
r | r . . er. . . | | .
PRRARS alreshhefle A deBrip ik dReRTPLBAE HRUARRE b uh stk
r esporisi veclksihdsppdedis congpritgt t o change an operative

node of the . .
a cleaning pathway for transporting debris;

a piezoelectric sensor located proximate to the cleaning pathway and responsive
to a debris strike to generate a debris signal indicative of such strike; and

a processor responsive to the debris signal to change an operative mode of the
cleaning apparatus.

14. The apparatus of claim 13 wherein the change in operative mode comprises
illuminating a user-perceptible indicator light.

15. The apparatus of claim 13 wherein the change in operative mode comprises
changing a power setting.

16. The apparatus of claim 13 wherein the change in operative mode comprises

reducing a movement speed of the apparatus.
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cl eani ng apparatus. 14. The apparatus of claim 13
wherein the change in operative node conprises 25

WO kdoaswsisat i ng a user-perceptible indicator |ighCtT/UIH04/002353

The apparatus of claim 13 wherein the change in

operative node conprises changing a power setting.

16. The apparatus of claim 13 wherein the change in
operative node conprises reducing a novenent speed of

t he apparatus. 30 29 WD 2005/ 083541 PCT/ US2004/ 002353

17. A debris sensor for a cleaning apparatus, the

debri s, s : I, Si . [ ez tyhc element ..
Co S Ss ST By B SAARL ALy AP Ohprising

cl eand pgzochyeniy elérentdochteBFpRinGity® 4 deaminteithwaypbfthk €leaning
to generate a first signal_ _indicative of such strike;
anpaTasang respeasivi toglsbii seike do pensate 8 firstsignpligdicativarefisuch
&ﬂkg grate a second signal representative of a
characteristic of debris being encountered by the

cl ean p@cesp@aopetrabe to ptecesTthe fastrsimnal of genbmten seéond signal

wherein, the charact.etristjc.is .relative antity of
B URtveQ T 4 GBS OLAeOER Y HE SEre] 1 b cleating apparatus.
char agf effedehsor lof cRinY 89 Witferdih HY RaRbRSiSH is _réthi%Dcflﬁlhﬁﬁf'bf

of the cleaning apparatus to an area containing
dbbbisi s. 20. The sensor of claim 17 wherein the

Eecont drgigieo b e FE b aR e FipdBHRBAES stcprehim a present
JobARM ITehePRNEir Affparatidko ah RfcaTORBRin®letisal m 20
wherein the chantige of operative node conprises

chang?thglhe ssBsee of gleim il # gvherein thegpocessns isantber onstabld, an m

2 er el : f [ LL.Ses
PP b0 SUBNPR Brnl O okt TR o U ppoacets
The sEnNSTHe sehso batlaing 0 weredh thetdhengehdvgeratiie Mode abrmpfises
node conprises, reducing a novenent speed of the

DRBGAL APOREhHIMGS. 24. The sensor of claim 17

wher e Tielehdif oPLIRAR 9 %feféi&ﬁl%lcﬁﬁ'%}tof'o eBRYOEBHe comprises
proximate to the cleaning pat hway unting

ilhenireting 2 vagreperceptible indicator light.

23. The sensor of claim 20 wherein the change of operative mode comprises

reducing a movement speed of the cleaning apparatus.

24. The sensor of claim 17 wherein:

the piezoelectric element is mounted proximate to the cleaning pathway by
mounting elements, and

the mounting elements comprise at least one mounting screw and associated
elastomer mounting grommet.

25. The sensor of claim 24 wherein the elastomer mounting grommet receives
the mounting screw and provides vibration dampening for the piezoelectric element
mounted proximate to the cleaning pathway by the mounting screw.

26. The apparatus of claims 1 or 7 wherein the processor is operable to receive
the debris signal and calculate therefrom a debris gradient, representative of changes in
debris strikes, as the cleaning apparatus moves.

27. The apparatus of claim 26 wherein the processor is responsive to the sign of

the debris gradient to select a pattern of movement.
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screw and associ ated el astonmer nounting gronmet. 25.

wabh@segasgor of claim 24 wherein the el ast oner POUOS1004002353

gronmet-recei ves 25 the nounting screw and provides
vi brati on danpening for the piezoelectric el enent
mounted proximate to the cleaning pathway by the
nmounting screw. 26. The apparatus of clainms 1 or 7
wherein the processor is operable to receive the
debris signal and cal cul ate therefroma debris

gradi gpt . repre I: 0 S i ebris, .

ot o, Tk SRR bk 5ol U Er HRSslne BRH G ric speor

aleprhedonsprizts & Hatiblefezoblecteic filinhe processor is

responsive to the sign _of the debris gradient to

sel ec?9-aThasanserpf gfaitd v avherein thrpieyoelrghis dhenent comprises a
. 235 28. The apparatus of clains 5, 12

g&&%ﬁ%?%%%?@ pi ezoel ectric sensor el enent

conpr B8.eThaappaetusifelqiine?Borherein thepitidehactrdsenddirelement

sensor of claim17 wherejn the piezoelectric el enent
efam%e%gﬂ%plepfge&ww S@'@%@é&&@&@ﬂ c film 5 30. The
appar ?%.U‘Fh%en%r%f@la%ﬁlz‘m@{e‘?éiﬂ tﬁé;‘tﬁei_?ief% | BEhdrs Sof Bkt

el enen conprises nmultiple electrically 1solate
HexdbleqiezoelBttricTim. sensor of cl aim 29 wherein the

pi ezogl egtri |l enent. conprises a .flexible

D! o ot cirhitod oy dRerin RBTHoR RS0 e a5t Shrkrgsafhe method

othpig@us cl eani ng apparatus, the method 10

conprising: using a processor to control a drive -

syst esing a prasessprigriopgolaplraesysiem of the eeandeg appardtestotprovid
tern of v f the cleaning apparatus;

FeE Bl b BRSO br s sledind BB, TP ¢ e

pr ocegsing a Hebrifesiod irtcantefitatfon Wwitlgthalprodesios 8 bdi@raid@bebris
t.he cl eanj ng@gpparat us has encountered debris; and 15

signal dndipating that heccleaning apppratus has gagouaterpdgiebrphagfent of

the c i ' t [ .
S1 onal e brARROE f Wt Ppah BPAD el e fak T apparptus in
whpomy entbnidelidngigriabes spot coverage of an area

nmet hod of claim 32 wherein

cont aj i debr i 34. _Th
t he p%flt 'El?enms o%ldsgf,%lﬁ%ﬁ g«ygﬁrﬁp} thg pattern of movement comprises spot

coverage of an area containing debris.

34. The method of claim 32 wherein the pattern of movement comprises
steering the cleaning apparatus toward an area containing debris.

35. The method as in one of claims 32-34 wherein the debris sensor comprises
spaced-apart first and second debris sensing elements respectively operable to generate
first and second debris signals; and

wherein the processor is responsive to the respective first and second debris
signals to select a pattern of movement.

36. The method as in one of claims 32-35 wherein the debris sensor comprises a
piezoelectric sensor element located proximate to a cleaning pathway of the cleaning

apparatus and responsive to a debris strike to generate a signal indicative of such strike.
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20 steering the cleaning apparatus toward an area
containing debris. 35. The nethod as in one of clains
(320034838ar ei n t he debri s sensor conprises PCT/US2004/002353
spaced--apart first and second debris sensing el enents
respectively operable to generate first and second
debris signals; and wherein the processor is

responsive to the respective first and second debris

25 signals to select a pattern of novenent. 36. The
method as in one of clainms 32-35 wherein the debris
Sensok~C |

ocat 2k BBhOEBE SperRItBEREURALoRs FEARGE oI tho method
compriding apparatus and responsive to a debris strike

to generate a signal indicative, of ch strike. 31 WO .
2009 B§BEA ProseROU S AP RtesSieh o e fparatis 1 provide
Qﬂ@és@hh@ﬁatﬂa?n BEBRGHEH Of HeRBANNG HPRARABL US, the nethod

conprisihg: using a processor to pontro1 a drive _
syst ensing a dhlricdessoriim gorappaicatienswith thermo¢edsor tagenesate @ debris
one .pat.tern of venent of the. cleanin aratus; 5
enigndicgingfe BEHERHE em s St BleY FpRE &

Pr ocegsifg tHero®R&Irdd Seoléct,d88onsive & 1O Abbrid gl dnpetafiat mode
t he cl eani ng apparatus has encountered debris; and
fremramengprpdaterainest onertive mades of the sleasing appasatife

debri g, Si I [ . .
or edetbr D50 SRG 37 R ftectioh 7 BBt mode comprise

sqledingtamittesdSof Mévemeat. nod of clai m 37 wherein
sel ection of an operative node conprises 10 selectjng

a pat 8%r hhemethodoislym 3§9Yhemﬂmzﬁ@al QfmesiegieRt epgnprises spot
' Bldin venent conprises spot

?@%%&%Sggggﬁgﬁ%greagg%ﬁggining debris. 40. The met hod

of cl 40.NMTROmethedeif nlairh 89 pdtetetn theqfattomwd nBntemeoti@EmiwEss

st eeri he, cl eani ng, a ratus toward .area
St67E F s Bl APRATAHE topprd o eren o HBAESPRS one of

cl ai ng1 3TpéMheMdTaS ihodd VT HERE BF-4DSARREIN R WIbkiS 8éhsor comprises
spaced-apart first and second debris sensing el enents

sspd-apart Bitsy ampsecany] debris sepsing edersents faspectiaely opexabledo generate
ebris si l.s: and, wheyein the processor is

g&gﬁ%ﬁ%ﬁQ@Egﬁﬂﬁﬁgmﬁpr§¥{and second debris signals to

sel eciyhareRPihk %hﬂ:eé%for R SRRGYe tolBe 4ifst andl SeddBE Hetstisdfignals to

claim4l further wherein the processor is responsive
salect a pattern of movement.

42. The method of claim 41 further wherein the processor is responsive to
differences in the first and second debris signals to steer the cleaning apparatus in a
direction of debris.

- 43. The method as in one of claims 37-42 wherein the debris sensor comprises a
piezoelectric sensor element located proximate a cleaning pathway of the cleaning

apparatus and responsive to a debris strike to generate a signal indicative of such strike.
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differences in the first and second debris signals to
steer the cleaning apparatus in a direction of

wa@ledmsi083s443. The nethod as in one of clainms 37PERUS2004/002353

wherein the debris sensor conprises a piezoelectric
sensor el enent | ocated proximate a cl eani ng pat hway of
the cl eaning 25 apparatus and responsive to a debris
strike to generate a signal indicative of such strike.
32 WD 2005/ 083541 PCT/ US2004/ 002353 44. A nethod of
operating a cleanlng apparatus t he net hod conpri si ng:

usi ng tric,. sensg .located proxinpte to a,
c1 ean( o R RRAA T BrerEirE TS B Pa e e queocorprsing:
r espo agmg ] gi&o@le@rﬁb Isbifsof fochts@ pfd?mﬁ@c@ e Qkﬁaﬁng SBthiwdy of the
gnal i cative of such strike; d 5 us
sleg@ég §maratns mammr@meut@ﬁ @brﬁﬁtmkfetorgeaqr@w asdn%ns signal
SRAQ e to the debris signal to change
%ﬁn%%g?gng£ Tode 6¥ the cl eaning apparatus. 45. The

met hodsing a pkdvessod fh sremehitatioheviche giezolebtpie lsetsoy 8nd responsive
nprises illumnating a user-perceptl bl e

r%&géa by signal kn change amrprergfiserperedtt the elraning anpseatas. n

th

e U8B LIRSS TR A A s
ﬂhmnnhtarwsenpemeptﬂﬂe indicatad @ightonpri ses  reducing a

nove t f t he par at.u 48. A net hod of
oper ?@5 Eﬁg @t ﬁEaanBaY %%aletqhéng?épw&araaaﬁm@g ergprises
v@;g@hﬁgtrlc el ement | ocated proximte to a

cl eanl ng at hway of the 15 cl eaning apparatus and

respofidi ¥ ge appamthﬁ01&HB44Wk@emdhgdlwgaimomrﬁ1wesnode comprises
nal |nd|cat g such strike; and using a

H@ggggggwnwﬁm SRS PEWP BRI Eh ¢ he pi ezoel ectric

el enens. AnfethGEbA]ePatinioQ dMRERSHphts] m&%et&cw&rpﬂsﬁlg

generate a second si gnal represent ati ve of
char aBtieg  piezeelegtric g mentslogatechgmmmm mle@mngpathway of the

V\]ﬁﬁ%ﬂé %ﬂatagﬁ!?sa{{-ﬂitrr% ogrg?rg tf’o a d gﬁ%ﬁg \ggﬁ)edﬁtg IySI%P.I indicative
ofduch strikbQandThe net hod of cI a| m 48 wherein the

character| stic is, a vectgor froma present | ocati on of
the clesht RPCapaicRopymmicaion ayikethe pisresleqtrie cleatsni and operable

?’3}} ¢ %g?ﬂﬁ%&%g@ td %eﬂla&e"’aSse\é’gf?cf 8581 b5 ROBEFSSPS clRacteristic of

r opera
debris being encountered by the cleaning apparatus.

49. The method of claim 48 wherein the characteristic is relative quantity of
debris.

50. The method of claim 48 wherein the characteristic is a vector from a present
location of the cleaning apparatus to an area containing debris.

51. The method of claim 48 wherein the processor is further operable, in
response to the second signal, to change an operative mode of the cleaning apparatus.

52. The method of claim 51 wherein the change of operative mode comprises
changing a power setting.

53. The method of claim 51 wherein the change of operative mode comprises
illuminating a user-perceptible indicator light.

54. The method of claim 51 wherein the change of operative mode comprises

reducing a movement speed of the cleaning apparatus.
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operative node of the cleaning apparatus. 52. The
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node conprises changing a power setting. 53. The

met hod of claim51 wherein the change of operative

node conprises illumnating a user-perceptible

indicator light. 30 54. The method of claim51 wherein

t he change of operative node conprises reducing a

novenent speed of the cleaning apparatus. 33 WO

2005/ 88354 nRAKMTRRM ARAAS coBBrisiHBe Met hod of claim

48 further conprising: nounting the piezoelectric

el enemoupting thegtiezoelsctricelanantpiopimase tdithe wleagingpathiway using at

Ieaﬁteoqg pount i n cremn%%g ag;ociate . el ast onger

O et e R T T o B T R T S

t he elsgsTaefetiiabTiclds BrwieiEh tHeedStotes mOurdth@ grommet receives
mounti ng screw and provi des vibration danpening for

5 thranpuEingspiest andoreyidesyibratipp darppening % thepiezaelectriceelement
' 1 ' , h t hod
SHRERL B BN eutfe DRNDL B HElin? Lol 2 71 0

t o recé@i The niclivdddhldins 3P 9n38 whadinchat pticaiser ishpetbletdreceive

ris, gradient, repre entq%%ve of . changes in

d
Mggs gigpsliagd calsulajafgereirenyn ¢RiTia gppdicat. ysprRespaiive pfchanges in
. T N H H h .
ABbris &ﬁk&%ﬁﬁgcﬁgmﬁéghﬁ%%zs %@ésgl n the processor is

responsive to the s e debris gradient to
10 sel ect8aTphantethod affclaim\sGmererein B pra¢essores resporsivead thensign of

6,.43 or .44 wherein the pj.ezoelectric sensor el enent
s sPrs Badifns Toselegt Epiifogn BERERRFSE 111 m 60, The
met hodo 0frh& hRIHBIAT RS 86,43t R A4RIREQE lﬂfécﬁiéio%le%{r{%rﬁﬁ}ﬁstgr element

conprises a 15 flexible piezoelectric film 61.
remboges afflexibdé pieseeledinie Sinm t he pi ezoel ectric sensor

el ene ri,ses | tipl.e electrically.isolated .
Sectt Bivs TREBtRRRE ol s Ruffersin B AieGRlgktic Tt omprises a
15 HegbRgliefklecricailpient conprises a flexible

pi ezoel ectric film 20 34 ) .
61. The method of claim 59 wherein the piezoelectric sensor element comprises

multiple electrically isolated sections.
62. The method of claim 60 wherein the piezoelectric element comprises a
flexible piezoelectric film.
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