WD 2005/ 083541 PCTI US2004/ 002353 DEBRI S SENSCR FOR CLEANI NG APPARATUS 5
Cross-Reference to Rel ated Patent Docunents The present application for
patent is related to the foll owi ng commonly-owned U.S. patent applications
or patents, incorporated by reference as if fully set forth herein: U S.
Pat ent AppV9esods4Seri al No. 09/768,773 filed Jan. 24pctAfioosonwsl. S.
Patent No. 6,594,844, entitled Robot Cbstacle Detection System (Atty. Dkt.
DP-4); 10 U.S. Provisional Patent Application Serial No. 60/345,764 filed
Jan. 3, 2002, entitled O eaning Mechani sns for Autononobus Robot; U. S :
Pat ent Application Serial No. 10/056, 80 i n. 24, 2002, entitled

Met hod and System for W&WQ&ED@%&H@#@MS(NW Dkt. DP-6);
U S. Patent Application Serial No. 10/167,851 filed June 12, 2002, entitled
15 Method and System for Milti-Mde Coverage for an Autononous Robot (Atty
Dkt. DP45); U.S. Patent @ropd-RefbtencatoPeiated Pabdnt Docurdafs 729 fil ed Dec. 16,

2002, entitled t ononous Fl por- C eanj ng Robo ty Dkt. DP-10);. U S

Pat ent Appl i cat i $he RigSent ghpigatiopder pelanbls f%atﬁ‘? -t ,%0 ; copppenly-ayned o

Navi gat i onal 4 ' Pragg | fefitd ipﬁﬂh’ el d of
the Inventi cI)J;i ghgéfgg%%ﬁﬁg e'riletnlfg(’c))%&tr)fg at e\s?yggfre\erali?éy to g@%}rllegragbpar at us,
and, nore parti BiS.Ratent, Appdicati chelerinkNe HRE68, 77 b filed dars i24 200 st eous

cnabl i ng. cortéedt Neogh s artiireRobor oBaecle Beieln Sk SARRAPECR . “The Cerm
"debris"gi s usedytg PRivisidral Pﬁéﬂt@ﬁ{pli&ﬁ’oﬁ SN N 60343, 7648188 Jan. 310B0r Ot her
particulates or objects that m gﬂ be collected by a vacuum cl eaner or ot her

cl eani ng appatitiadids dvatanemeps Rebplaut ononopus. 30 Background of
t he I nvention Debrd NSORS,¢: A NEL U ' | e, f I lNg
apparatus, are kiﬁ)r(r‘.)s\ﬂ/%”i%ﬁt @&é&%ornt%ngghbgﬁgﬁ)gggg%;ﬂslé@}éﬂ%éag%@%@n aut ononous
cl eani ng dewidesl dntl I89stéh @SR sbos Locatigdtioh and Covile@BH(ARMYINAIDPGY,/ US2004/ 002353
U.S. Patent Application Serial No. 10/167,851 filed June 12, 2002, entitled
15  Method and System for Multi-Mode Coverage for an Autonomous Robot (Atty Dkt.
DP-5);

U.S. Patent Application Serial No. 10/320,729 filed Dec. 16, 2002, entitled
Autonomous Floor-Cleaning Robot (Atty Dkt. DP-10);
U.S. Patent Application No. 10/661,835 filed Sept. 12, 2003, entitled
20  Navigational Control System for Robotic Device (Atty Dkt. DP-9).

Field of the Invention
The present invention relates generally to cleaning apparatus, and, more
particularly, to a debris sensor for sensing instantaneous strikes by debris in a cleaning
25  path of a cleaning apparatus, and for enabling 6ontrol 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.

30 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



t he above-referenced patent applications,

non- aut ononous cl eani ng devi ces,

particularly dirty area is being
response tyap d@kmagisijon of debris,
setting. 5 Exanples of debris sensors are disclosed in the follow ng: De
Brey 3,674,316 De Brey 3,989,311 De Brey 4,175,892 10 Kurz 4, 601, 082

West ergren

5, 105, 502 1@“%?%%%@%

5, 440, 216

6, 446, 302 CGordon 6,571,422 25 AnD
such debri s cbisgdy fosingipase gpopeLieting
nauaged in,

tr anem i or SRR ope BRpe

recerver of the optical

transmtter pagrdyhe |ight ggegamer, through which

ent ered,
or to nodify

and can al so be usef ul
whether to indicate to the user that a
to increase a power setting in

in

sonme ot pef/uepRiaisgnal

Botypichnpud BT i

R

devio&S whélerd0 indimate to theqs@thatdartichlzedydirty fic0id Beidg4 Kasper

e.g.,

t he exappl es
FRSPRASE 1O GRRCHgP

a vacuum cl eaner, t

P

|.osed t her
Bﬁt"fg‘?ﬁ“f’

Kim
ei n, many
and
he |i ght

sensor are positioned
such thatS t hey arBxamplessfdtbrinsensers ereslisslasehingbesfoligwingt cl eani ng pat hway
t hrough which dust flows. During usage of the vacuum cl eaner, t
dust particles tend to adhere 30 to the exposed surfaces of the |ight

lig

ht is emt

her ef or e,

ted and

det ect ed, eVl%"BHﬁr' Iy degrag{bmgﬂhe performance of the optical sensor.

10

15

20

25

30

35

De Brey
Kurz
Westergren
Martin
Harkonen
Takashima
Takashima
Kawakami
Yang

Kim
Gordon
Imamura
Imamura

Kasper
Gordon

4,175,892
4,601,082
4,733,430
4,733,431
4,829,626
5,105,502
5,136,750
5,163,202
5,319,827
5,440,216
5,608,944
5,815,884
6,023,814
6,446,302
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

light is emitted and detected, eventually degrading the performance of the optical

SCIsOor.

to the exposed surfaces of the light transmiiter and the light receiver, through which

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.



Accordingly, it would be desirable to provide a debris sensor that is not
subject to degradation by accretion of debris. 35 In addition, debris
sensors typical of the prior art are sensitive to a level of built- up
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encountered debris; wherein theSynmaess e hgentigsponsi ve to the debris

15 The present invention provides a debris sensor, and apparatus utilizing such a
debris sensor, wherein the sensor is instantaneously responsive to debris strikes, and can
be used to control, select or vary the operational mode of an autonomous or non-
autonomous cleaning apparatus containing sach a senéor, |

One aspect of the invention is an autonomous cleaning apparaﬁls including a

20  drive system operabie to enable movement of the cleaning apparatus; a.controller in
communication with the drive system, the contlroller including a ﬁrobessor operable to
contro! 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

25  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,

30  or steering the cleaning apparatus toward an area containing debris. The debris sensor
could include spaced-apart first and second debris sensing elements respectively
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a vectorl5froma p¥ taspestefithe isventionrita debuig senser, shuinga piczogledfic ar ea
containi ng dgdniocated proximate to or within a cleaning pathway of the cleaning apparatus
| and responsive to a debris strike to generate a first signal indicative of such strike; and a
processor operable to process the first signal to generate a second signal representative
of a characteristic of debris being encountered by the cleaning apparatus. That

20  characteristic could be, for example, a quantity or volumetric parameter of the debris, or

a vector from a present Jocation of the cleaning apparatus to an area coﬁtaining debris.
Another aspect of the invention takes advantage of the motion of an autonomous

cleaning device across a floor or other surface, processing the debris signal in
conjunction with knowledge of the cleaning device’s movement to calculate a debris

25  gradient. The debris gradient is representative of changes in debris 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 pattetn of
movement of the device to clean a debris field most effectively. )

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

more apparent from the following description, in conjunction with the accompanying



Anot her aspect of the invention takes advantage of the notion of an
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acconpanyin raw ngs wherein: FIG | is a top-view schematlc of an
exenpl ary aWawWHEHBHECES eani ng device in 10 which the debris sensor of the

pent L on £an, mBrPlelyich] eyl AR RHFIRE ALY 2 v e
subsystmnhoivhmhmeldamucb nsumfﬁb@veﬁuo;ﬁcaabeemployecﬁw of the robotic de\él ce of
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cl eani ng or vacdﬁﬁrg W@Pé‘% "“W? Wa:f@ t-llﬁ}'°H‘§’c‘f14l‘13¥1"Elpswept by
the main claepmn @Jlﬁtﬁﬁgfhéﬂi'ﬁ@&nsoﬂ %@ﬂg@ng&ﬁoﬁded di agram of a

pi ezoel ectric debr| s sensor 1 n accordance wth the invention. FIG 5 is a
schemati ¢ di agr difGo3 isa sidsoview og&ns@otls deyied of jilGch showing ardebrist seusonr e

according to I r&mgF%o ﬁ%efnv}enhgﬁ/ 561 ha cleaning or vacuum pathway, where it will be
15  struck by debris upswept by the main cleaning brush element.,
FIG. 4 is an exploded diagram of a piezoelectric debris sensor in accordance

with the invention.
FIG. 5 is a schematic diagram of a debris sensor SIgnal processing architecture
according to the present invention.
20 FIG. 6 is a schematic diagram of signal processing circuitry for the debris sensor
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.
25
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
30  of an exemplary autonomous cleaning device shown in FIGS. 1-3. Further details of the

structure, function and behavioral modes of such an autonomous cleaning device are set



20 FIG 6 is a schematic diagram of signal processing circuitry for the
debris sensor architecture of FIG 5. FIG 7 is a schematic di agram show ng
the debris sensor in a non-autononmous cleaning apparatus. FIG 8 is a

fl omchart w0 2e0smeishpd according to one practice of the pgrusndosomsss 25

Det ai | ed Description of the Invention Wile the debris sensor of the present

i nvention can_he incorporated int wi.d ange of autoponous ¢l eani ng
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t he st r uct desetiptionncerganizedivtothdfllowinglseqtiotsss of such an aut ononous cl eani ng
device are set 5 WD 2005/083541 PCT/ US2004/ 002353 forth in the patent
applicatjons cited ahove i t%@%@ss-%fﬁ{ence ection, each of whichis
i ncor porated herein re éﬁ%i . P%P&()&Fﬁgtgl’ug %ol.l ogi ng detail ed
description is organilbed BehayirlMpdss obgh %‘@?ﬁ‘so(ﬁ@‘;‘m%ﬁ%“%(errpl ary

Aut onormous O eani ng BHvi c@_ep{ls \ﬁ“B‘PEIFe Modes of an Autononous C eani ng
Device 111. Debris $¥nsofigpekRrecasseg | V. Signal Processing V. Concl usions
10 6 WD 2005/ 083541 RCT/ US20d4si0B2353 1. Aut ononpus Cl eani ng Devi ce
Referri b now to the drawi ngs wherein |like reference nunerals identify
corresponding or simlar elenments throughout the several views, FIG | is a
top-view schematic of an exenplary autononous cl eani ng device 100 in which
a debris sensor 5 according to the present invention may be incorporated.
FIG 2 is a block diagram of



t he hardware of the robot device 100 of FIG 1. Exanples of hardware and
behavi oral nodes (coverage behaviors or patterns of novenent for cleaning
operations; escape behaviors for transitory novenent patterns; and safety
behavi or s wear2eesmssgency conditions) of an aut ononous clmamagudeyssse 100 10
mar ket ed by the i Robot Corporation of Burlington, MA under the ROOVBA
trademark, will next be described to provide a nore conpl ete understandi ng
of bow the debris sensing systemof the present invention may be enpl oyed.
However, the invention can also be enpl oyed in non-autononous cl eaning
devices, and an exanple is described belowin connection with FIG 7. 15 In
the follow ng description, the terns "forward" and "fore" are used to refer
to the primaryldimenomows Clkaning Device f or war d) of the robotic device (see

arrow identified by. reference character “FM.in FIG ... The fore/aft axis
FAX of the robo%ep e ltg?)grawgﬁ&v%ﬁ@?%ﬂtr?feﬁ‘}@cw %lqﬂlﬁﬁeter of the
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described below in connection with FIG. 7.

15 In the following description, the terms "forward" and "fore" are used to refer to
the primary direction of motion‘ (forward) of the robotic device (see arrow identified by
reference character "FM" in FIG. 1). The fore/aft axis FA, of the robotic device 100
coincides with the medial diameter of the robotic device 100 that divides the robotic
device 100 into generally symmetrical right and left halves, which are defined as the

20  dominant and non-dominant sides, respectively.

An example of such a robotic cleaning device 100 has a generally disk-like
housing infrastructure that includes a chassis 102 and an outer shell 104 secured to the
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

25  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 confrol 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

30 having a generally arcuate configuration and a nose-wheel assembly 108.



Whenever the robotic device 100 inpacts an obstacle (e.g., wall, furniture)
during 5 novenent thereof, the bunper 106 is displaced (conpressed) towards
the chassis 102 and returns to its extended (operating) position when

cont act wi wip Jobswsadast acle is term nated. The nose-wheedcroRemnoyssios is
mounted i n biased conbination with the chassis 102 so that the nose-wheel
subassenbly 108 is in a retracted position (due to the 10 weight of the
robotic device 100) during cleaning operations wherein it rotates freely
over the surface being cleaned. Wen the nose-wheel subassenbly 108
encounters a drop-off during operation (e.g., descending stairs,
split-level floors), the nose-wheel assenbly 108 is biased to an extended

position. The hardv@sraadbubiper POY\@usEHEd &8 sitigle cdinpimeit; Bgndtivelyeagidy to
power the 15 electrically-operated hardware ,of, the robotic device 100,
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assenbly _ 20 and t S - adj ust | eani head ste durin venment of
the robuti o Teamets e i ot 108 b Ssplpied (pieeeiPrat e chasS10F | o

mai n drive WagamakSeERlcn@sd (bperhting) hédRiod Wi cor8i0RiAhe dbitaeRendent
electric notors 114L, 114R, and electric notors 116, 118 for operation of

the side brdemminaiedenbl y and the sel f-adjusting cleaning head subsystem

respectively. 2 € ' t . r antcally coupled to
the main drive akggﬁse%fe%%%@ 1%%&%&&##@%&%@%@%&?%@@% ndependent |y
oper at ed by chaiisriof ssthaithé Sosegeliel aibasgerhbly108 is0oatréteictedgasition @ite & thesponse
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electric notors 114L, ws the malin wheel 12L, 1 12R to
be: (1) r ot arempoffdutingopseation {5 edestandingestaira,rmplitievel floowsh thongewbed005/ 083541
PCTI US2004/ QQ229R; 108 is biased to an extended position.
The hardware of the power system, which provides the energy to power the
15  electrically-operated hardware of the robotic device 100, comprises a rechargeable
battery pack 110 {and associated conduction lines, not shown) that is integrated in
combination with the chassis 102.
As éhown in FIG. 1, the motive power system provides the means that propels
the robotic device 100 and operates the cleaning mechanisms, e.g., side brush assembly
20  and the self-adjusting cleaning head system, during movement of the robotic
device 100. The motive power system comprises left and right main drive wheel
assemblies 112L, 112R, their associated independent electric motors 114L, 114R, and |
electric motors 116, 118 for operation of the side brush assembly and the self-adjusting
cleaning head subsystem, respectively.
25 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 grééter detail below, in response to debris signals generated by
left and right debris sensors 125L, 125R shown in FIG. 1.
30 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



propel the robotic device 100 in a straight line, forward or aft; (2)
differentially rotated (including the condition wherein one wheel assenbly
is not rotated) to effect a variety of right and/or left turning patterns
(over a spwe€x200ai83§41sharp to shallow turns) for the rolovuQoskdres 100; and
(3) rotated at the sanme speed in opposite directions to cause the 5 robotic
device 100 to turn in place, i.e., "spin on a dine", to provide an extensive
repertoire of novenent capability for the robotic device 100. As shown in
FIG 1, the sensor systemconprises a variety of different sensor wunits
that are operative to generate signals that control the behavioral node
operations of the robotic device 100. The descri bed robotic device 100

i ncl udes obsiragdl thedebdticdevite 10D it RistraightAthe, fokrwirll ofl Bft42) differedfidllysothdd, Wheel
drop sensors 124, an obstacle-follow ng unit 126, a virtual wall

omi di rect i dn&udwtb%m@tpwhemmwﬁwﬁemw fsgiot matedydo pifegh aaprietencoder
units 132 t right
debris sensorghl%%ﬁa{ﬁ%agg%gﬁ%gg%eﬁﬁ-g@gﬁ%ﬁ% al Whﬁﬁ’) n the
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| R br eak £nsor s nted in conbjnation. .wi | spl aceabl e support
nenber pai rgi’%*‘”% ﬂ@if Rarg B akgRLe 10@1“%%@:‘8"%3?8?9("? LSRRV 20 are
operative t Ges@dft 3t Rovéndit Sdpabllityefos theRaboticidedte Bio, Ny rel ative di spl acenent
bet ween one or nore support “nenber pairs whenever the robotic device 100

i npacts an obstafthéowmﬂﬁwéﬂhemsowﬁtmmmmm@wmwo differonpyeastied. These
signals are oxi mat e
poi nt of cont Pﬁ%r?%p‘fb‘% gg?%gié %ﬂﬁpﬁl%%nﬁgltbﬁb&% %@Th{&? %M%AX of the
robotic devi afehehﬁﬁot(cahmw @0, bBteadesarited robotie deice )0kinchdes bbytaid detction The

cliff detection are, d.in conbin on W|t eforward bunmper
106. Eacl? clantﬁlg{gtcfa"%ldieé\%ﬁ ”?gg‘@\eﬁl&%%%a Eqm O¥E¥ect or palmr)
confi gured Qﬂﬂl@ﬂ%ﬁiﬂﬂ%ﬂl%nﬁﬁ&%@hé&bd&e&t&q@h R4l é&s&%hs 1302 malBghed] | ON

emtted 25 dovvnvvardly by the emtter is reflected fromthe surface being
traversed arecotler uuitseld2iand, infecaidance wish the freseat ineantion, lefhandenight debiris not

det ected by ster {%@3 Ca§18r125 deescnbe%ﬂgoe%e?ﬁ%tﬁiﬁel ‘gncountered the cliff

detection uni ransm s a sign e control modul e (which causes
one or nore behanﬂfzrlﬂi:stnmdembbdmhﬁt,mmbmg('%hp")ﬂeMMQmmr 124

such as c svmtchlsmt ate ion .30 with each of the
Tan o i e IRl e sesesanopiag st o Jlspiacfble Support mézmber
pairs of the forward bumper 106. These detection units 120 are operative to generate

.-

one or more signals indicating relative displacement between one or more support
member pairs whenever the robotic device 100 impacts an obstacle such that the
forward bumper 106 is compressed. These signals are processed by the control module
20  to determine an approximate point of contact with the obstacle relative to the fore-aft
axis FAX of the robotic device 100 (and the behavioral mode(s) to be implemented).
The cliff detection units 122 are mounted in combination with the forward
bumper 106, Each cliff detection unit 122 comprises an IR emitter - detector pair
configured and operative to establish a focal point such that radiation emitted
25  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
30  with each of the main drive wheel assemblies 1121, 112R and the nose wheel
assembly 108 and is operative to generatc a signal whenever any of the wheel



assenbly 108 and is operative to generate a signal whenever any of the wheel
9 WO 2005/ 083541 PCT/ US2004/ 002353 assenblies is in an extended position,
i.e., not in contact with the surface being traversed, (which causes the
control noMN{ 2003/¢83541pl enent one ore nore behavi oral nopEeRYs200d@2353
obstacle-following unit 126 for the described enpodinent is an IR emtter -
5 detector pair nounted on the 'dom nant' side (right hand side of Figure 1)
of the robotic device 100. The emitter - detector pair is simlar in
configuration to the cliff detection wunits 112,{but is positioned so that
the emtter emts radiation laterally fromthe dom nant side of the robotic
device 100. The unit 126 is operative to transmt a signal to the control

nodul e when ’ ghgi ' : e f [:fggi on reflected
10 fromthe%%@%%q%%% edggpse%ﬁ(gf’/li&g%&gle g&agcgﬁtﬁﬁtﬁe contbr%fd%g nodul e, in
response t o ttaversed, $whioh kausestie esntohmodule tooinegp] dnedni vmeosre nosobkavibml be

I mpl enent ed. @ virtual wall detection systemfor use in conjunction with the

descri bed # ment of the robotic device 100 conpri ses an ommidirectional

detector 128 nDyhe@EstadRlioMingauiitel?6 Forahe dekErbeddehtddiSiedH =2 IR Btter -
transmtting unit (not shown) that 15 transmts an axially-directed

confi nenent dséegtor painmovntash dn Heddomingnd vihei(xight hgnd side of Rgurp dxofttherobotis o t hat

the emtted nfi t b . . ' rking area,
t hereby r est‘fei “t :lﬁ‘g eeel?@%{}]t&ly&&%géﬁfeg S%@;?@x@égﬁr %P%%ﬁ%?ﬁ%ﬁé defi ned
wor Ki pg ar eauﬁtslm,gmﬁpasiﬂ@gﬂwthatmeemﬂfer' Bﬁitﬁhﬁlaﬁ]; ‘oﬁwtérﬂlydﬁaomf h de 108 Wi t hi E a
specific ropmto be c|eaned),. .Upon detecti,o f the,. confinenent, am the
omi di rect i dﬁ’&f’ﬂ%s‘géf’é‘g‘? Eﬁ%"g?ée ngﬁ‘%m&t &leﬁape%vettﬂ@a@am% dul e
(whi ch_caus&g gngnRé] disiufe whRR bAbBDH 88ielied e 1Bl GIFRRAEHA thfkecfRVC Lhe

robotic device 100 away fromthe confinenent beam generated by the
st and- al Bhe from therbsiaéle gndidrtected by the datéctare Tho conirel modae, insespentsety thised i n

conbination with each electric.mtor 114 114 116, 118 and operative to
transnit a st Pa’{SSS?Weor%’ﬁ?ﬁﬁa“%éﬁllo eségbﬁﬁ@ﬁblge Fhinge in current is
detected in the asse@halAdctdcaed Syisteniol Gde ih Vbhjaittios withahddbdribed of a

dysfunctional caondition in the correspondi ng driven har d&e). The control
modul e is op@ibediment phihe gahots dengeql 00 cemprises pp grnidirgetional defastor 12%e or nore

behavi oral  mounted atop the outer shell 104 and a stand-alone transmitting unit (not shown) that

15 transmits an axially-directed confinement beam, The stand-alone transmitting unit is
positioned so that the emitted confinement beam blocks an accessway to a defined
working area, thereby restricting the robotic device 100 to operations within the defined
working area (e.g.,ina doorwajr to confine the robotic device 100 within a specific
room to be cleaned). Upon detection of the confinement beam, the omnidirectional

20 detector 128 transmits a signal to the control module (which causes one or more
behavioral modes to be implemented to move the robotic device 100 away from the
confinement beam generated by the stand-alone transmitting unif).

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

25 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
30  main wheel assembly 1121, 112R and operative to detect the rotation of the'
corresponding wheel and transmit signals corresponding thereto the control module

10



nodes. An IR encoder unit 132 (see Figure 2) is integrated in conbination
with each 30 main wheel assenbly 112L, 112R and operative to detect the
rotation of the- corresponding wheel and transmt signals corresponding

t her et o t heocmsbsskl nodul e 10 WO 2005/ 083541 PCT/ US2004¢0a83B&002858heel
rotation can be used to provide an estimate of distance traveled for the
robotic device 100). Control Mdule: Referring nowto FIG 2, the control
nodul e conprises the mcroprocessing unit 135 that includes 1/0 ports
connected to the sensors and 5 control |l able hardware of the robotic device
100, a mcrocontroller (such as a Mdtorola MCO512E128CPV 16-bit
controller), and ROM and RAM nenory. The 1/0 ports function as the

| nterface Defed forkdih dih 66 SEAND b dElan ihodeb 6 ARARAEAYEIRA for e IGbHl N | €f

and right debris sensors cussed in greater detal el ow) and
control | abl gevikat@are, transferring signals generated by the sensor units

to the m crocont rﬁll r; !aﬁg, ransferri cantrol (i ructi.on), signals
generated by the o .éﬁ?fgqmggowﬁ%bf@&nﬁﬁgpﬁﬂ}ft%%(awé)pgesgtge i mpl ement
a speci fic haBRptReRIngMBHE 35 HACINGLAE WO PbrtddnfsctddSto BRAlendorymdt O execute
instruction sets for processing sensor signals, inplenenting specific

behavi or 8 reouellabledardwapnef therobotic davice 00, asmigrrepatrolles (ryckyaswMatarely cont r ol

(instructio ' 1 0, e

I mpl ement edr%gaglglﬁg%%ﬂ%%ie’g%?or éédrdo Olﬁa?ﬁ%%ﬁéﬁ%@en%ﬁ% W@Pégni ng

cover age andundtionts the ingerfage batvebwthe miierocattwllerand ¢he seasch dfitafimchatingleft i n t he
ROM of the m,cr cessin Lt 135, which.ingcludes the b vi oral nodes,
sensor procd® Fﬁﬁ‘p‘{e %ﬁﬁ?ﬁﬁ&ﬁ@ﬁ d?g@?tﬁﬁ%qw'@?x‘gﬁaﬁnflﬁﬂmé‘f ithms and a
prioritizat itRivwike @hhdféring g@uawlgén@fatedm tHe WAk Riniteidadé Micdbco@iRer @hd N0des ar e
to be given control of the robotic 20 device 100. The RAM of the

ni cr opr odes drangferiing contol (instruction) signalsiesnesated; by Hempigrocenteoller todke t he robotic

ey ce 100, ol o BRIl L b h e
associ at ed t her &bt nticrofemtrelerin gpeasiivieto éxzcttt (striictiontsets dor rocebsingseasdor ush
assenbly 14osign(a:ﬁ,n xgpge%e% asr,]p%ciﬁc behavioral modes based upon such processed signals,
and generating control (instruction) signals for ;he controllable hardware based upon
15 implemented behavioral modes for the robotic device 100. The cleaning coverage and
control programs for the robotic device 100 are stored in the ROM of the
microprocessing unit 135, which includes the behavioral modes, sensor processing
algorithms, control signal generation algorithms and a prioritization algorithm for
determining which behavioral mode or modes are to be given control of the robotic
20  device 100. The RAM of the microprocessing unit 135 is used to store the active state
of the robotic device 100, including the ID of the behavioral mode(s) under which the
robotic device 100 is currently being operated and the hardware commands associated
therewith. '
Referring again to FIG. 1, there is shown a brush assembly 140, configured and
25  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
30  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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25 operative to entrain particul ates outside the periphery of the housing

i nfrastructure and to direct such particulates towards the self-adjusting
cl eaning head system The side brush assenbly 140 provi des the robotic
device 100 with the capability of cleaning surfaces adjacent to base-boards
when the r'8BaesE8EF& i ce is operated in an Cbstacl e- FolPCoNiSHy4/EBIVI Or a
node. As shown in FIG 1, the side brush assenbly 140 is 30 preferably
nounted i n conbination with the chassis 102 in the forward quadrant on the
dom nant side of the robotic device 100. 11 WO 2005/ 083541 PCT/ US2004/ 002353
The sel f-adjusting cleaning head system 145 for the described robotic device
100 conprises a dual -stage brush assenbly and a vacuum assenbly, each of

whi ch is independently powered by an electric notor (reference nuneral 118
in FIG 1 act ualThy sélftadjusting eleaning headoysend b fordheedeserited motiotics - - one for

the brush assenbly and 5 one for 1 vacu assenbl y) . The, cl eani.ng

capabi lity o‘%v’(cﬁi&?%%ﬁsss ad@?; gL S"t@“&@%ﬁ%‘ﬁ?%&ﬁ%ﬂéﬂ”@%%@ Hnterns of
the wi dt h ofwhifleisGhdepstidegyhwadtraist areiccdf moOE(refeRh6y MMGRalANRiEEIET Wn FI G
1). Referring now to, FIG i n .one, enpodi nent of a_robotic c]eaning device,

the cleani ﬁmﬂnmn%&@m@emﬂﬂ#ie?e?caaqt?ﬁ%emeé?r the bRl pssergbliEndig | apper
and main s 19%&8 ot5he e 'ﬂ&%ﬁ@.ﬁ?ﬂeﬁ%ﬁ%ﬁﬂﬁ%@&hiézroﬂdﬁ%tdeﬁ&?1(5U3i§' tioned

forward of e vacuum asse | erative to direct particulate
debris 127 icotmaonly chamctztived id dams of thetwidt gf tigleating bbaslmystem 146 Gee3, t he

aut ononous cl gani ng appacat C also include Ileft and right debris sensor
el enent s 125‘5%”%?"&?%%5??6@& oel ectric sensor elenments, as described in
detai |l bel ow. ThReir@aORIVCRIFIGE3,d8bh¢ SmbeIaet ofh BSHRHE SleddbfevicaNthee 15

situated in a cleaning pathway of the cleaning device, nounted, for exanple,

in the roof clepinghaushiagssmblypompaiees asynmeic, soveie-ttatingidlapper gad ma es 127
swept upgoy ﬁrﬂ&e?%%% 92%8@2%@%3{2%? 'pSQFbﬁédtféfrvOé?&bﬂﬂévécﬁ&mdeb“ S

sensor el enents generate rical “pul ses representative of debris
i npacts and dsbenshly mlet 8heng opsratinedo dired phrticelaiedebriml 27rinta airemovrablehiush e |

ot angenont CABARF 1o 48 vy i IR S 8% elPsoufanuthiind ekt B kg inchdy "
subst anti al | yfi ahd Aght A¥brE séasopblamenty2SES, fhich canbk pitARREkicRENSPEEME s,

as described in detail below. The piezoelectric debris sensor elements 125PS can be

15  situated in a cleaning pathway of the cleaning device, mounted, for example, in the roof
of the cleaning head, so that when struck by particles 127 swept up by the brush
elements and/or pulled up by vacuum, the debris sensor elements 125PS generate
electrical pulses representative of debris impacts and thus, of the presence of debris in
an area in which the autohomous cleaning device is operating.

20 More particularly, in the arrangement shown in FIG. 3, the sensor elements
125PS are located substantially at an axis AX along which main and flapper brushes 94,
92 meet, so that particles strike the sensor elements 125PS with maximum force.

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

25  separate left and right side debris signals that can be processed to signal the robotic
device to ture 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

30 the cleaning device.
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92 neet, so that particles strike the sensor elenments 125PS wi th maxi num
force. As shown in FIG 1, and described in greater detail below the
robotic cleaning device can be fitted with left and right side

pi ezoel ect‘% 00 /F@é'{ls sensors, to generate 25 separate hﬁ@sﬁggg%rzi ht side

debris signal's can be processed to signal the rob 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
nodes based on the debris signals they generate, will be discussed bel ow
follow ng a brief discussion of general aspects of behavioral nodes for 30
the cl eaning device. 12 WO 2005/083541 PCT/ US2004/ 002353 11. Behaviora
Modes The robotic device 100 can oy a variety of behavioral nodes to
effectively clean a defined morQiﬁg%§¥@@1Vﬁéﬁb behavi oral nodes are | ayers

of control systemge foBatic dvRR 106 cARMASELvArTRHPH Rhd Bl ribkes I SERRYAF€SSOr
unit 135 is operative to execute a ‘prioritized arbitration schene’ to

i denti fy aneletmpilefined wodking anea where belavioral modepam dayetsrofcontrod systamsythatny  gi ven
scenari o ba i r e, : | oral nodes for
t he descri bg%dbreo gﬁﬁ%‘qﬁgﬂé&' mh‘gﬁﬁﬁ §%§§n&aﬁu§%2§€i§}o?gﬁéﬁv%§@%@% a(a:loverage
behavi or al prickétized adjtratea agteniead Mentifiyahd mglementanelof Mpreslofmirtayit behavi or al
nodes. Cove e, behavij oral nodes are primarily desjigned to allow the

roboti ¢ devf’gg“fﬁg“%@e Y EHVe oenarg é‘PB'bé’Péﬁsist’%% FEOAPr WPETci ent and
effective 5 mannghe BRdvibAE mBA&ABLhS BekcaRIdThbotRBMEL P0PéanBeURRadbiSzeRr | OTI LY

behavi oral nodes 1 nplenmented when a signal fromthe sensor systemi ndi cates

that nor nal agiBreavérage behaviotabmodisni2) escapahebaviogbmodes; ans(B) eudkty e. g. , obst acl e
cncount o pafgh sl el BRO S o BB AR, (o1 (1
10 robotic gsetic deviéd0l00n6 perfidin ifskleaninpopérationg ¢ ageffipient dRifedtine an
Cover ages pameEhd S 6 cse Snd B ERSBVIDE ass SpLeLy PABVORAES devi ce 100
to clean a khfbhededwRéh ¥4k BohliBe sedirisiedhn Wfidhted thafh&ihal SpethtiondF
O AT G o Tobotio devios 100 i impaired, o g, obstacls encountered. or is ikely to be
P B s y
impaired, e.g., drop-off detected.
Representative and illustrative coverage behavioral (cleaning) modes for the
10  robotic device 100 include: (1) a Spot Coverage pattern; (2) an Obstacle-Following (or
Edge-Cleaning) Coverage pattern, and (3) a Room Coverage patiern. The Spot
Coverage pattern causes the robotic device 100 to clean a limited area within the
defined working area, e.g., a high-traffic area. In a preferred embodiment the Spot
Coverage pattern is implemented by means of a spiral algorithm (but other types of self-
15  bounded area algorithms, e.g., polygonal, can be used). The spiral algorithm, which
causes outward spiraling (preferred) or inward spiraling movement of the robotic
device 100, is implemented by control signals from the microprocessing unit 135 to the
main wheel assemblies 112L, 112R to change the turn radius/radii thereof as a function
of time (thereby increasing/decreasing the spiral movement pattern of the robotic
20  device 100).
The robotic device 100 is operated in the Spot Coverage pattern for a
predetermined or random period of time, for a predetermined or random distance (e.g., 2
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

25  condition). Once a transition condition occurs, the robotic device 100 can implement or
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Coverage pattern is inplenented by nmeans of a spiral algorithm (but other
types of self 15 bounded area algorithns, e.g., polygonal, can be used). The
spiral algorithm which causes outward spiraling (preferred) or inward

spi ral i ng WbeHe83s410f t he robotic device 100, is inpl paeus®/d3IEONtro
signals fromthe mcroprocessing unit 135 to the main wheel assenblies

112L, 1 12R to change the turn radius/radii thereof as a function of tine
(thereby increasing/ decreasing the spiral novenent pattern of the robotic 20
devi ce 100). The robotic device 100 is operated in the Spot Coverage pattern
for a predeterm ned or random period of tinme, for a predeterm ned or random
di stance (e.g., a maxinmum spiral distance) and/or until the occurrence of a

speci fied evgmftionod differaf bbhAtdralindde, OF Ca SFaighr indbehhViBraPRo8SGH § det ection
units 120 (collectively a transition 25 condition Once a transition

condi tion otafereed embedimentef the rboticdevics d 08.4he Strwigksire bebaviorabmpds 5805/ 053541
PCT/ US2004/ YT hid QF ' : L Qs . 0. a

Strai ght Li (ril)@g%g%la idg?dg]& b%%r?%ﬁﬁg%&l%&%@%é@ﬁ@%@{%ﬁ%@ ﬁ"e&r%bot iC

devi ce 100, atphsetSeloaitybf apptoxéminelyi06mat) cradeune tehavioral @odoini ty, defaul t
behavi or .t hat propel s the ropot in an approximtely straight line at a
preset vél ol Btfona“ﬂﬂ’r?fg‘r‘ﬁﬁ% zrﬁe@hgwggaﬁﬁg%.or a Bounce behavioral node in 5
combi nat i on Wi t hifaheSkAritiah bondiiith 9 ERIUBIR e TONEC defics 160 édoaiRiriraQR

condition is the result of the robotic device 100 encountering an obstacle,

t he robot i c obstadle thexobpticalevice k@0 eantieke other petions inliqui of trapgitieningeiat i oning to a
different b | h | | . i1y inplenent
a behavi ongé%gﬁ%%O&l o?h%fé?g%de t gqgggﬁtg%ggg%g%&ﬁgﬁ%peration
under cont r dkhavfordl @ndda éo sypid ar esedpg dhel dbisar]lé andresumooperation ungdércantiol@fi n t he
sane direction), ternat.ively, the . robotic deyic 00 .can .,mnentarily

i npl erreﬂﬁ aﬂl?e%?%liAﬂltlﬁo e P SPirpligg intbe sarme ‘\quqgoébﬁlﬁlﬂa@gaﬁ&ﬂ? esune
oper ati on ungific &R 10 cath moRRn@Aly iddpletlediod bdhaWotaPodé f VORI orRRdAGS| t €

direction - reflective spiraling).” The Obstacl e-Fol | owi. ng Coverage pattern

causes t he ithstnbsipele grd/jesune oppration spdas gountnod of the spiel ialgerithm Gut inHke def i ned

wor ki ng are it9 direc 0 QQHQ ed- by wall's, and/or the perineter of an
obst acl e (efasl.)o%m?urmﬁ %r%@ew thin th% defined working area. Preferably

The Obstacle-Following Coverage pattern causes the robotic device 100 to clean

15  the perimeter of the defined working area, e.g., a room bounded by walls, and/or the
perimeter of an obstacle (e.g., furniture) within the defined working area. Preferably
the robotic device 100 of FIG. 1 utilizes obstacle-following unit 126 (see FIG. 1) to
continuously maintain its position with respect to an obstacle, e.g., wall, furniture, so
that the motion of the robotic device 100 causes it to travel adjacent to and |

20 concomitantly clean along the perimeter of the obstacle. Different embodiments of the
obstacle-following unit 126 can be used to implement the Obstacle-Following
behavioral pattern.

In a first embodiment; the obstacle-following unit 126 is operated to detect the
presence or absence of the obstacle. In an alternative embodiment, the obstacle-

25  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 smail CW or CCW turns to maintain its position with
respect to the obstacle. The robotic device 100 implements a small CW when the

30 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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the robotic device 100 of FIG 1 utilizes obstacle-followng unit 126 (see
FIG 1) to continuously maintain its position with respect to an obstacl e,
e.g., wall, furniture, so that the notion of the robotic device 100 causes
it to trawd:2esipgisant to and 20 concomitantly cl ean al bogUsResERIsZnet er of
the obstacle. Different enbodinents of the obstacle-followng unit 126 can
be used to inplenent the Obstacl e-Follow ng behavioral pattern In a first
enbodi ment; the obstacle-following unit 126 is operated to detect the
presence or absence of the obstacle. In an alternative enbodi nent, the
obstacle 25 following unit 126 is operated to detect an obstacle and then
mai ntain a predeterm ned distance between the obstacle and the robotic
devi ce 100. tlaBsitiéi ffomi Sdn-Euideah fRdtectibh ronFeMdcOR RGEBHRNDS). Siallarl 35 i s
operative, in response to signals fromthe obstacle- following unit, to

i npl enent s AEmngERhayiorompinpiemsnted by tiedelatis device Hiip madtaipiten” r espect to
t he obst acl ffared -%ﬁ@&i%ﬂaﬁce%ﬁﬁﬁ%o%&gcl%ml enents a snmall CWwhen the 30

robotic device 100 transitions from obstacle detection to non-detection
(reflection to Themboté devidtei 10A)s eperatel in gl @hstaie-Bolfowikg beb@idotalmodedoen t he
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defined working area that is bounded by walls, stairs, obstacles or other barriers (e.g., 2

15 virtual wall unit). A preferred embodiment for the Room Coverage pattern comprises

the Random-Bounce behavioral mode in combination with the Straight Line behavioral

mode. Initially, the robotic device 100 travels under control of the Straight-Line

behavioral mode, i.e., straight-line algorithm (main drive wheel assemblies 112L, 112R

operating at the same rotational speed in the same direction) until an obstacle is

g

20  encountered. Upon activation of one or more of the obstacle detection units 120, the
microprocessing unit 135 is operative to compute an acceptable range of new directions
based upon the obstacle detection unit(s) 126 activated. The microprocessing unit 135
selects a new heading from within the acceptable range and implements a CW or CCW
turn to achieve the new heading with minimal movement. In some embodiments, the

25  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

30  predetermined times, without input from the sensor system.
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defined working area that is bounded by walls, stairs, obstacles or other
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may be |npl or exanp response urrent rise in one of
the el ectric not &xthe Tifn behddomal mbds tisirdeotivrdasiloe #sersliy plhddinarrantond - st age
brush 15  direction, starting at higher velocity (e.g., twice normal turning velocity) and decreasing

to a lower velocity (one-half normal turning velocity), i.e., small panic tumns 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 100 from becoming stuck on room impediments; e.g., high

20  spot in carpet, ramped lamp base, from becoming stuck under room impediments, e.g.,
under a sofa, or from becoming trapped in a confined area.

In the Edge behavioral mode follows the edge of an obstacle unit it has turned
through a predetermined 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

25  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 112L, 112R momentarily, then stops them.

30 If the activated wheel drop sensor 124 deactivates within a predetermined time, the
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122 activat o f O8ev:580.%5ne skilled in the art will appreciate that the behavioral modes

15  described above can be implemented in other combinations and/or circumstances, and

other behavioral modes and paiterns of movement are also possible.

HI. Debris Sensor Structure and Operation
As shown in FIGS 1-3, in accordance with the present invention, an autonomous

20  cleaning device (and similarly, a non-autonomous cleaning device as shown by way of

example in FIG. 7) can be improved by incorporation of a debris sensor. In the

embodiment illustrated in FIGS 1 and 3, the debris sensor subsystem comprises left and

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

cleaning pathway of a cleaning device, and electronics for processing the debris signal
25  from the sensor for forwarding to 2 microprocessor 135 or other controlier.

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

30  are used to create a differential signal), or take other actions.

17



10 that a predeterm ned period of time, the robotic device 100 is generally
cycled to an off state. In addition, an audi ble alarmnay be generated. The
foregoi ng description of behavioral nodes for the robotic device 100 is
merely repwoenigdsive of the types of operating nodes tpgiussdmios8ss

I npl emented by the robotic device 100. One skilled in the art wl|

appreci ate that the behavioral nodes 15 descri bed above can be i npl enented

i n other conbinations and/or circunstances, and other behavioral nodes and
patterns of novenent are al so possible. Ill. Debris Sensor Structure and
Operation As shown in FIGS 1-3, in accordance with the present invention, an
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create a differential sj ), .ar take other actiagns. 7 2005/ 083541
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al so be i noQighGloePdighPiifl SmBELReAKORORRS fdvedi Ng device. Wien enpl oyed in
a non-autononous cl eaning device such as,” for ‘exanple, an otherw se

rel ati v y convdeialgodthmiaaspests of the aperatia®f the debris seasorshbsysteinard| G 7, t he

debris signal 706 e iezoelectric debris, 5. sensor 704PS
ot ed o Do PRIAG, s oyl BFA SRR abpRERl o S ER fel 0 ool oyed
by a cont r dhéthdedeficin@RfGE Sigh debASsipihld lepreRdifive bf ddbeis vigikew Badthagner 702 to

generate a user-perceptible si?nal (such  as % | i ghti % a light 710), to
i ncrease povidhe Presenve qeaRtifyrypiumes and diregtion of bﬁk@o% etBEBRnat i on of

actions (SUgla8ndl h3E bFighim of movement (such as Spot Coverage) based on the debris
15  signal values (804); selecting a direction of movement based on differential left/right
debris signals (e.g., steering toward the side with more debris) (806); generating a user-

perceptible signal representative of the presence of debris or other characteristic (e.g.,
by Hluminating a user-perceptible LED) (808); or otherwise varying or controlling an
operational condition, such as power (810).

20 A further practice of the invention takes advantage of the motion of an
autonomous cleaning device across a floor or other surface, processing the debris signal
in conjunction with knowledge of the cleaning device’s movement to calculate a debris
gradient (812 in FIG. 8). The debris gradient is representative of changes in debris
strikes count as the autonomous cleaning apparatus moves along a surface. By

25  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

30  used in the debris sensor subsystem of the invention. Piezoelectric sensors provide
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"hi gh power"” light and sinultaneously increasing power). 10 The algorithmc
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bonded to the topside (with a total thjckness of O. , oun 0 an
used as inexpensive sounders, can be used. However, flexible plezoelectnc film can

also be advantageously employed. Since the film can be produced in arbitrary shapes,

15  its use affords the possibility of sensitivity to debris across the entire cleaning width of
the cleaning device, rather than sepsitivity in selected areas where, for example, the
disks may be located. Conversely, however, film is at present substantially more
expensive and is subject to degradation over time. In contrast, brass disks have proven
to be extremely robust.

20 The exemplary mounting configuration shown in FIG. 4 is substantially
optimized for use within a platform that is mechanically quite noisy, such as an
autonomous vacuum cleaner like that shown in FIG. 3. In such a device, vibration
dampening or isolation of the sensor is extremely useful. However, in an application
involving a non-autonomous cleaning device such as a canister-type vacuum cleaner

25  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

30 inplace. The smaller the footprint of this clamped “dead zone”, the more sensitive the

piezoelectric element will be.
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el astoner pad 404, a plastic dirt sensor cap 406, a debris sensor PC board
with associated el ectronics 408, grounded netal shield 410, and retai ned by
nounting screws (or bolts or the like) 412 and el astonmer grommets 414. The
el ast omer woowsaisss410 provide a degree of vibration da i96h4Rb235 50! ation
bet ween the piezoelectric sensor elenpent 125PS and the cleaning device. In
the exanple shown in FIG 4, arigid piezoelectric disk, of the type
typically wused as inexpensive sounders, can be used. However, flexible
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typically designed for use as audio transducers, for example, to generate beep tones.
15 When an AC voltage is applied, they vibrate mechanically in step with the AC
waveform, and generate an audible output. Conversely, if they are mechanicalty
vibrated, they produce an AC voltage output. This is the manner in which they are

employed in the present invention. In particular, when an object first strikes the brass

face of the sensor, it causes the disk to flex inward, which produces a voltage pulse.

20 Filtering: However, since the sensor element 125P8 is in direct or indirect
“contact with the cleaning device chassis or body through its mounting system (see
FIGS. 3 and 4), it is subject to the mechanical vibrations normaily produced by motors,
brushes, fans and other moving parts when the cleaning device is functioning. This
mechanical vibration can cause the sensor to output an undesirable noise signal that can

25  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

30 way to filter out extraneous signals.
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sensor 125PS (see FIG 3). In an autononous cl eaning device, as shown in
FIG 3, the 5 debris sensor 125PS can be | ocated substantially at an axis AX
al ong which main brush 94 and fl apper brush 92 neet, so that the particles
127 are thwowmsmgssand strike the sensor 125PS with mapichibde@os8ss AS | S
wel | known, a piezoelectric sensor converts nechanical energy (e.g., the
kinetic energy of a debris strike and vibration of the brass disk) into

el ectrical energy -- 10 in this case, generating an electrical pulse each
time it is struck by debris -- and it is this electrical pulse that can be
processed and transmtted to a systemcontroller (e.g., controller 135 of
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debri s- stri knavidbP eRREhe abfbrRas B entcd @ Bel&éd Speratibnal Or BetaVioRM tnodb, seklr) . Thus,

It is useful to provide a 0 way to filter out extraneous signals. 20 WO

2005/ 083541 aRdw wemplthe op3sianing sndg dengribed abgverwhany debriglissacamicred) In
el ectroni ¢ foh |8t RolsiE HehBing bfifHrints Ale'tfilt ¥R in FIG. 7, the debris signal 706

15 from the debris sensor 704PS can be used to cause a user-perceptible light 710 to be

illuminated (e.g., to signal to the user that debris is being encountered), to raise power
output from the power until 703 to the cleaning systems, or to cause some other
operational change or combination of changes (e.g., lighting a user-perceptible “high
power” light and simultaneously raising power).

20 Moreover, as noted above, two debris sensor circuit modules (i.e., left and right
channels like 1251 and 125R of FIG. 1) can be used to enable an autonomous cleaning
device to sense the difference between 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

25  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 .
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

30 otherwise select a pattern of movement or behavior pattern such as spot coverage or
other.
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the | ower frequency signal conponents to inprove signal-to-noise
performance. Exanples of the architecture and circuitry of such filtering
and signal processing elenments will next be described in connection with
FIGS. 5 amslo@oosmsisvi Si gnal Processing FIG 5 is a schegafissoodosmgsam of the
signal processing elenments of a debris sensor subsystemin one practice of
the invention. As noted above, one purpose of a debris sensor is to enable
an aut ononmous 10 cl eani ng apparatus to sense when it is picking up debris
or otherw se encountering a debris field. This informati on can be used as
an input to effect a change in the cleaning behavior or cause the apparatus
to enter a selected operational or behavioral node, such as, for exanple,

t he spot cl eanin ' IS, 4l red. In an
non- aut ononous cﬁ%@%?ﬁ%%ﬁg%ﬁaﬁ gg@%eliﬁg?x agﬁgmqlﬁﬁ'ﬁ%%%teﬁﬁggdebri S
signal 706 Hebrs sendor behsokedm tlmt cmrontainidiPEftiead ripkt sidecfiatkme]sC s eight
user-perceptjble light 710t ,ge .illumnated (e.g., to sjignal to the user
that debri s sidg chrmmglys arhsavially idenfical; apd ity structurs aad opgation willthesaforke power
until 703 t%n%é}&o&dﬁéﬁi@oﬁmgﬂﬁcus@{on.to cause sone ot her operational
change or conbi nati on of changes ée.g., | ighting a user-perceptible "high
power" | Bght andAsishewt aiGusIthe lefiichinmgl gosists pf a SMisdrtelement (piczaelectdt ed above,

two debr i i rcuit npdul B, | EF i ght, _ch. li ke 125L
b 195K of JEREA 5 aateoTRrEhOr R RET et Shdud R, b e el R S v co co
sense the digfbRheIeR] BRIHRATS0E M ABNrS08] a itiiatatorF10Eebotpaip thBe i ght

and left sides of the cleaning head assenbly. For exanple, "'if the robot
encount er s @utputs|of theratterpatar apd feforence deve] ganeratar pnd apmylse |siwgiches S8 Heor i s

sensor may i ndi | Lt ' ls 5. si.de « L Rdi cates no
(or a low r:ft’{;l gjhg%tﬁ%g@%rgg%ﬁg%rﬁa%Uslggﬁl%)?%‘rl{eéﬁ |a}°2aostﬁf S%tw%g&t}fegméée&gused by
the m crQpr @ecssor 1350shbwnid FIG. 8f i.eara controlanuiteblecioeasiingelettinpar (such as
controller 135 ofmﬂ,g.. 1 and 2) to steer the device in the direction of the
debris (e.g.opeRgo Vi0f-eft if the left-side debris sensor is generating

hi gher signal vahyeahixge vitidn Hﬂérmﬁif@%r%ﬁiék 562 SR Qedignddto Prdigde Se€

choose a vector in the direction of the debris; or to 30 othefw se select a

pattern of signifieantatiepuation fin ooy embadiment, bettetthan-48@B Volts) ardigdlask mast her .

of the lower frequency, slow rate of chﬁnge mechanical vibration signals, while

15  permitting higher frequency, fast rate of change debris-strike signals to pass. However,
even though these higher frequency signals get through the filter, they are attenuated,
and thus require amplification by the Signal Amplifier block 504.

In addition to amplifying the desired higher frequency debris strike signals, the

very small residual mechanical noise signals that do pass through the filter also get

20  amplified, along with electrical noise generated by the amplifier itself, and any radio
frequency interference (RFT) components generated by the motors and radiated through
the air, or picked lip by the sensor and its conducting wires. The signal amplifier's high
frequency response is designed to minimize the amplification of very high frequency
RFI. This constant background noise signal, which has much lower frequency

25 ° 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

30  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



21 WD 2005/ 083541 PCT/ US2004/ 002353 Thus, FIG 5 illustrates one channel
(for exanple, the left-side channel) of a debris sensor subsystemthat can
contain both left and right side channels. The right side channel is

subst ant i 3kd Yoosok3s41i cal , and its structure and operati periklobsdodszef ore be
understood fromthe fO||OWI ng discussion. 5 As shown in FIG 5, the left
channel consists of a sensor elenent (piezoelectric disk) 402, an acoustic
vibration filter/RFlI filter nodule 502, a signal anplifier 504, a reference
| evel generator 506, an attenuator 508, a conparator 510 for conparing the
outputs of the attenuator and reference | evel generator, and a pul se
stretcher 512. The out put of the puI se stretcher is a logic |evel output
signal to a sy controller like rocessor 135 shown in FlIG 2;
i.e., a confl eﬂ tg reteregee éee‘ﬂéefq makepcompaasonasdasribedhavi or .
The Acousti ge\i prat lon Filter/RFl Fi I ter block 502 can be designed to
provide significant attenuation (in one enbodi nent, better than -45dB

Vol ts), and to bRefekingmgsin toFIG. 5eithﬂ@\kwsehnﬁlqu&ns'§gnalﬁmmmmpﬁfm604ishange

mechani cal vj b t.i,on sjgnals erm tii her fr en f ast
rate of chafge® 3‘%‘?'@%‘? tgi‘g]:,\@ﬁaﬁ% @é\%@%}ggesto &u 'ﬁ%h t hese

hi gher f§equgwns Gepdr@oabos, &?ﬁ:éd’ﬁomiﬁﬁitdd’l%af d:dn‘tﬁﬂim b6t YheHigh ﬁé(}tﬁﬂ@at ed, and
thus require anpllflcatlon by the Signa Anpllfler bl ock 504. In addition to

anpl i fying sigeal ebinterest (isi.g¥hen debrisciiee (e sanspr)gnd theilpwerdregrency noispe  very

smal | resid ggﬁﬂﬁ had @E’gﬂf; LIter also
get 20 anpl :i?tll'e a gﬁﬁg%/ad?ﬁe%%%eﬁc%@ilﬂ?g%fnm s%‘gg%"g%?% h p’he anplifier
itsel f, andamplytudaoﬁtbe m@m&t@mmﬁqRafeteacé bevehGenet 4851 5060)dmpmda’tbr$ igener at ed by

t he rmt ors ang %gll ated through the air, or picked up by the sensor and its
conducti ng tj’ﬂ’& arrpl ifier's high frequency response is

desi gneggt o i mmezeo:h&eataﬁm&hﬁﬁtesaﬁmmvﬁeyus%&&gef Glue BFthe Thi s

constant background noi se signal, which has nmuch | ower frequency 25

conponent s sigoal ﬁtonethdééﬁenwrdﬁﬁtd the mﬂllf@ﬁsﬁhg Rafegence Eeveb Generator 306 Ref erence
Level Cene .Th modul e 5 s to cLe
ref erence ﬁgﬁgﬁn %Ihb?(gf 8 o%ﬁ%ﬁﬁg 5‘&““&5&“%"&%%“%2}?“ eI ope, of
the noi se sk@Bédelenhdnt, ctﬁeﬁmbtentsmﬁs vdltagﬁxﬁnné ot ftthe efereh@ TadvelGeneiit@r est ,
i.e., the S|gnal t hat, resul ts when debris strikes the
will be lugher than the voltage coming out of the Attenuator block 508. This
15  canses the Comparator block 510 to output a high logic level signal (logic one), which
is then inverted by the Pulse Stretcher block 512 to create a low logic level (logic zero).
However, when debris strikes the sensor, the voltage from the Attenuator 508
exceeds the voltage from the Reference Level Generator 506 (since this circuit cannot
track the high frequency, fast rate of change signal component from the Amplifier 504)
20  and the signal produced by a debris strike is higher in voltage amplitude than the

constant background mechanical noise signal which is more severely attenuated by the

Acoustic Vibration Filter 502, This causes the comparator to momentarily change state
to a logic level zero. The Pulse Stretcher block 512 extends this very brief (typically
under 10-microsecond) event to a constant 1 millisecond (+0.3mS, -OmS) event, so as to
25  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
30  Filter block 502, this filter serves to attenuate the very high frequency radiated electrical
noise (RFT), which is generated by the motors and motor driver circuits.
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sensor, is also fed into this block. Thus, the Reference Level Generator

bl ock circuitry 30 is designed so that it does not respond quickly enough to
hi gh frequency, fast rate of change debris-strike signals to be able to
track thewiopsossmmeous peak val ue of these 22 WO 200B¢D62H611002353

PCT/ US2004/ 002353 signals. The resulting reference signal will be used to
make a conpari son as described below Referring again to FIG 5, it wll be
seen that the signal fromanplifier 504 is also fed into the Attenuator

bl ock. This is the sane signal that goes to the Reference 5 Level Cenerator
506, so it is a corrposite si gnal containing both the high frequency signal
of interest (i.e., when debris strikes the sensor) and the | ower frequency
noi se. The Att ehusuhmi QBeﬂladmasclfchm'yannﬁactcddieﬂﬁfseﬁsbtaemmmﬁésb%mthat it

normal ly is below th de of the signal om t, e Reference Level
Gener at or S%P&ﬁgﬁawgﬁ'%gk O@atﬁnr?aﬁsﬁb""’?‘ﬁ'ﬁ 9«9{’& ntatiys ofh e

Conparat or  dh1&AMHREFRe ﬁﬁng%ﬁto t?%ﬁ%&ﬂ&h&ﬂ%k?ﬁg& %kglrﬁgjﬁlnﬂﬁe()f the

signal fromthe Attenuat e Si gna from nce Level
Gener at or 5@B0 picked wuby the smtsenelemmt,cané radjatgd vadiefreqencyt dlevtridabneismni ng and

debris are not n L. a us oltage
com ng oat é’deP ed% 1%85'”1}_ v‘r%a‘?]ﬁt of T%ggr%ﬁfh Béh %gﬁﬁﬁb% han t he
vol t age comichgstadtibackirotbdndiéd i m&ﬂtto estibilisk & dixtihic feférenckihat presests Five

Conpar ator bl ock 510 {0 putp { a hi gh | ogi c, |, ev si.gnal, (| ogic one), which
is then i nv@F‘?r@cP'“BEF‘PqEP g gc@f}tg “YSeTAidt e a | ow | ogiC

| evel (logic zer&)]?racdéevmyﬁfe%m@ﬂm&ﬁm Sysiin] {0k i ol SEARAsec'slE, HP! L 20

fromthe Attenuator 508 exceeds the voltage fromthe erence LCev
Gener at or S%alécsdasxgeect tioibslponingmize theamaebanical muktmtﬁmemhjahdnroequamhat f ast

rate of an nal ent fromthe Anmplifier 504) 20 and the signal
producec} aﬁ%%gxglsgasgtieﬁ%@% s higher in voltage anplitude than the constant

background nmec hagigaall Progéssifs Cirgiify: WE. 6his 4 Getattidcliednstic Aiagradd éfenuat ed by t he
Acousti c \/bratlon F [ter 502. ' This causes, the conparator to nonentarily

change st at &xempplary depy ﬁ?“?%\?EF“‘EE-r'BhOW W%@WWH@ mB’I‘!eTextends
this very br | ﬁgp& taﬂ#"e ant 1
mllisecond e%[ﬁ%dlébgﬂ ﬁ%%ﬂg\k}ﬂb@%ﬁng;cgng%ﬁ{rg %rﬂgi)x\?ﬁ/&a syst em cont roller

(e.g., cont rvdthircthe $&Bvaé ofthGmidpcantrbfiérdd &.nWithi referenoe ool 6, the illustrated
15  example of suitable signal processing circuitry contains the following elements,

operating in accordance with the following description:
The ground referenced, composite signal from the piezoelectric sensor disk (see

piezoelectric disk 402 of FIG. 4) is fed into the capacitor C1, which is the input to the 5-
pole, high pass, passive R-C filter designed fo attenuate the low frequency, acoustic

20  mechanical vibrations conducted into the sensor through 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 signal pole, low pass, passive R~C filter 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

25  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 RS and R6. These two resistor values are selected
such that their thevenin impedance works with C5 to maintain the fitter's fifth pole

30 frequency response correctly.
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t he signal. When the systemcontroller "sees" this 1-mllisecond | ogic zero
pulse, it interprets the event as a debris strike. Referring nowto the RF
Filter portion of the Acoustic Vibration Filter/RFlI 30 Filter bl ock 502,
this filtwomesnesesiito attenuate the very high frequencycTastoakmwzssel ectri cal
noi se (RFl), which is generated by the notors and notor driver circuits. 23
WO 2005/ 083541 PCT/ US2004/ 002353 I n summary, the illustrated circuitry
connected to the sensor el enent uses both anpli‘tude and frequency
information to discrimnate a debris strike (representative of the cleaning
devi ce picking up debris) fromthe normal background nechani cal noise also
pi cked up by the sensor elenent, and the radiated radio frequency el ectrical
noi se 5 produceEUlB.yUﬂBemMiIeirrassoaiatbdrmmponaﬁtsif\zmiad:\w stagd, ac-ciptednnon¥al , t hough

undesirabl e, _constant background ise is, used t t abl i sh.a dynam c
reference tHAETIISAMP i}ﬁt’% g“é‘ﬂ:}&égﬁf’f% %gcﬁngéﬁﬁéﬁ? \76?1’5“%”’1‘% ntai ning a
good si gnalgaa%w&&;&a&esowhﬂempms ﬁsnkt&mlﬂﬁ@gﬂﬂamkﬁmu@khaes system for

the sensor elenment (see FIG 4) is also designed to help mnimze the

nechani cal Theasidheazetival firquonayrasronse Mﬁ!el tgrmn&ttoﬂmnmlﬁ@m@mth%a sensor
| | ' 3y | di
e oS G BB At 5 e LA B SRR O oo

exenpl ar ens Cl rcw
under st and ph.#sa‘bgpbmeomﬂebreake'iﬂmdiammt $00kihe~3Sdmbade; ank%4Mig, can be

partially |y |nedadexected within the software of the
m crocont rgppﬁbﬁé %WF‘?@FE’F%% andrpgs the illustrated 15 exanple of
sui tabl e signal TR gaBaISHIAY th%'aﬁfﬁﬂﬁ&fﬁsﬁl&%ﬁi&fe&u&%t?@ihﬁ%R%%ﬁ%m S,

operating in accordance wth the foll'owm ng descr i on: The ‘ground

r ef er enced othepinibe mnsmsrc@namput o 1GieThsi mbgm Rk‘bﬁ@ﬁm@&dl@(t@e _
Plngﬁ?e!tlgct F&ﬁ"ﬁ%@égg% g ? %)I}i%stgég %egztét;\% '1{32%%% 'Fﬁlatr g%‘%%gﬁggo' 3@? ggui’its et ne
the | ow fr edieesigal beemol fbincheSutpet ol & Bdafed\intb mtr:onnﬂvsrﬁmxginpmt&d into the
Frequency FBRMAFQLET DR doNe O EELamdbe SEpastb et R (S S B 15 fed to
a signal pgig, 2)foMh PAABwWaRE DOl FRulcdbtbdthe r’[‘lﬂ%ﬁ#&ﬁ@ deSaydHnied AHAefby
R13 and R12, respectively. The output from this circuit is fed to the non-inverting input
15  of U2A through R16. R16 along with R19 provide hystefesis to improve switching
time and noise immunity. U2A functions to compare the instantaneous value between
the output of the peak detector to the output of the R14-R15 attenuator,
Normally, when debris is not striking the sensor, the output of the peak detector
will be greater in amplitude than the output of the attenuator network. When debris
20  strikes the sensor, a high frequency pulse is created that has a higher amplitude coming
out of the front-end high pass filter going into U1A than the lower frequency
mechanical noise signal componeat. This signal will be larger in amplitude, even after
coming out of the R14-R15 attenuator network, than the signal coming out of the peak
detector, because the peak detector cannot track high-speed pulses due to the
25  component values in the R13, C11, R12 network. The comparator then changes state
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.
30 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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any very high frequency RFI. This filter has a 1.06M1z, -3dB corer frequency
rolling off at -20dB/ Decade. The output of this filter is diode clanped by
D1 and D2 in order 25 to protect U from high voltage transients in the
event the @p9eP8384lenent sustains a severe strike thabpcyesmaéessia vol t age
pul se greater than the anplifier's supply rails. The DC biasing required
for signal-supply operation for the anplifier chain and subsequent
conmparator circuitry is created by R5 and R6. These two resistor values are
selected such that their thevenin i npedance works with C5 to naintain the
filter's fifth pole 30 frequency response correctly. 24 WD 2005/ 083541

PCTI US20041002353 ULA, U B and their associ ated conponents fornma two stage,

ac- coupl ed, ; FGRG $91338R Q1 IC13 cOliibs the LiQRATRL ' 41. C9
and Cl O ser]\lllgwtﬁgjﬂr% n(iSIIrrdi)ﬂzﬂ%1 ga!Qn at |COV\]/§f reaulgﬁégi es%?@gggl@gﬁgﬁgﬁmrk to

rol | the gaURCefd itsasseiated easeppaenis.cQ1 furhensme thetlprkontchyi ledding thequiput y
response fr filter i Lif]e t J.S si ngl e pole
hi gh pass rgt‘seé%‘%ew %n%l%e_é%@%ﬁﬁegéggﬁe%8@/1%@%%%&3{ ]%Yntge §mf pol e | ow
pass r esponshstaht foredaiR I, €42 antR E8; and tht Qéfksidrce leviR eddbipgigeRIF0-RANd 5. 4MHz, -
100M Decade, together farm ng a hand-pass_filter. gge output fromthe

anpl i fiet i@l?g?&ﬂdewmsmgw‘ﬁ e%g‘gﬁ f{g&iﬂ%@t, ;3 e digatedbyfts to the
non-i nverti Pi'kéiﬂéﬁft atd \Redt | ' R14 is attenuated by the
10 R14-R15 {/é t age Sdﬂﬂiléageoﬁw andefh%ﬁ%%g%ﬂﬂ%?%ﬂof&ﬁ%ri nverting input of

conpar at or 132A. Poree forttheedebris ganaor dincuih istprévided tyHE andiassaciatdd U1B is fed into

t he non-inverting i t of a fier G ,UIC al.ong-.with U D.and the
conmponent s ?moggxétf.\?@g# a?lggpgﬁ)é%ﬁﬁregl%tbﬁpﬁogpﬁ %S'P@#f’% ; cposi tive
peak det ect gireguldted ddliage Ro@rike @ootaonbodre batiepoeidedte pbiber igid. R12,
respectively. The output fromthjs circuit is fed . to the non-inverting input

15 of UMA t hr oughra pquireds cizquét adiugimentsreas be, seh by Bd4 apd Ra2-ekiese t o i nprove
O r AR : . o
Phbt ant aneos PPt oIPURA, ST epohiefo by REEL BT SHbR G °

“the oatput o e peak detector to the out put
of the R14-R15 aintagmoduction deNinerod thiskinditin exigeoted that powertintef andlsignal dube sensor,

the output of,t eak detectar, .wll .be er...n_anplitude than the
out put of t@%&%@ﬁmmﬁmwd °W’étr4)°_5‘§%?ﬁ§5 B b???’?fge{iﬁ%ﬁgmr , a high
frequency pbdas®viashielded bk, t Aledmatiasly sndidediiRts muaxpbd substRuied for B use of
15  shielded cable, reducing the cost of wiring. The cable shield drain wire 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 should have all components on the topside with solid
ground plane on the bottom side. The sensor PCB should be housed in a mounting

20  assembly that has a grounded metal shield that covers the topside of the board to shield
the components from radiated noise pick up from the robot's motors. The piezoelectric
sensor disk can be mounted under the sensor circuit PCB on a suitabie mechanical
mounting system, such as that shown in FIG. 4, in order to keep the connecting leads as
short as possible for noise immunity.

25

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

30 cleaned, with reduced sensitivity to variations in airflow, instantaneous powet, or other

operational conditions of the cleaning device.
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out of the front-end high pass filter going into UM than the | ower
frequency nechani cal noise signal conmponent. This signal will be larger in
anplitude, even after conmng out of the Rl 4-Rl5 attenuator network, than

t he si gnalwcmodmgssaut of the peak detector, because therpeak@eisgct or
cannot track high-speed pul ses due to the 25 conponent values in the R13, C
i, RL2 network. The conparator then changes state fromhigh to |ow for as
|l ong as the anplitude of the debris-strike pulse stays above the dynamc,
noi se generated, reference-level signal com ng out of the peak detector.
Since this conparator output pulse can be too short for the system
controller to see, a pulse stretcher is used. 30 The pul se stretcher is a

one- shot nonost apj, #ﬁg&%ﬁﬂ%@ﬁ&d&mﬁe Mﬁﬂgﬁ%taﬁ aﬂfoﬁé(fﬁ&%sr om U2A is

re-triggering unti the tinmeout perio e out put
fed 25 WO R0ELASESE b PRATHLIBZPertiona3ssct from emphgopemtivnalanodss, C13 and Q .

Cl13 coupl es_the signal int he nonost abl.e for by . U2C and,its associ at ed
conponent s PAFT B#%PY%E@S& \goqswmfve@dﬁtﬁtgf&e&r%ﬁgrm&byOf W2A | ow
until the reReas Heldevict iRGrdirtier igeds bisea vh sipailk g@hekaﬁecswth@ue&iae tine
constant fornmed by R22, C 12 and R18, and the reference |evel set by the
R20- R21 % \i6Pokge divider. This time can adjusted for InS, +0.3nS, -O OOnS
as dictated by t |§'sgs\!. @m’ﬁ’ WehRortb . .
controller/proce-@ggreﬁ o%%’? or tl%feen{&g@re?;ﬁ%enso? Cl gl‘gw I d“’B’%"S\S/F"ded by U3
and associ adoatiol, ssbevp omenny eperdtivnalanadek ofieithervar autormvemus orgwl-atamormbhat provi des
a 5-volt Olr:lé ut. The unregul ated voltage fromthe robot's onboard battery
provi des t &Wp‘frﬁ%t . 10 Wen required, circuit adjustments can be set
by R14 and R12. ]B&S8on, H disld¥Bdéignalptocesting Qréhithdure lahd birduithyeigponse to be
tuned in a short period of tinme In a production device of this kind, it is
expect el t Hpertiqulapkyrusefpl s conjyaction gyit a piepoclegitic defarischensor tp meyidohigki r cui t
printed ci r%%”ai CB) will be transferred to the nain board via

shi el ded ca e_to%%?%?%tfggi vely, noise filters may be substituted for the use
of 15 shiel ded ciobeskilieddn dicragt willappresiate dliat aiwidewgngeldfenaiifidatiomstsndl d drai n

W re can be ', r,oung%j at the s§nsor Ci rbieuit P i de onl ﬁiet'The .shield is not
to carry an(rigHensof theqesertjpvention arg possible and SPaRS; o the ipventiony| e i | |
carry poverriy Rbiésendd? cae s Be employed for purposes, and in devices, other than those

15  described herein. Accordingly, the foregoing is presented solely by way of example,

and the scope of the invention is limited solely by the appended claims.
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noi se, the production sensor PCB should have all conponents on the topside
with solid ground plane on the bottom side. The sensor PCB should be housed
in a nounting 20 assenbly that has a grounded netal shield that covers the
topside of the board to shield the conponents fromradiated noise pick up
fromthe robot's notors. The piezoelectric sensor disk can be nounted under
the sensor cir ithCB on a suitable nechanical nounting system such as
that shown in G in order to keep the connecting | eads as short as
possi bl e for noise j rﬁwmtg%mog&lym%mgjs%ﬁi fidfel Nvention provides a
debris sensor that 1s not subject to gradhtigh by accretion of debris,

but is capabl e of iadiivaRysdieopGible HEMSHIBehorbrdert @ heRibafiglg bppaaialy:i s strikes,
and thus inmmediately responsive to debris on a floor or other surface to be
30 cl eaned, with redwowoles engimmwiitagion withahd difvie spstern thaconfioter, inglndib@at aneous
power, or other operational conditions of the cleaning device. 26 WO

2005/ 083541 PCTTRRSS:90 2pdiefiatyronippidhe diins: systeny to steqd auqviemsipf s deaningt he

i nvention enabl es_a %éhononnus cl eaning device to control its operation or
sel ect from andRg 8perdti onal nodes, patterns of novenent or behaviors

responsi ve o det eql @it Sepbiivey Apl:Gmplts (nEHBRfdrAbhdriifbgdiitbre Lovard

"dirtier" areas based on signals generate ris ensor. The

debris sensor GighabindiRatiify thaRhe)QMingRhppatnabdiseacs@tseddedari ng devi ces to
control, select or vary operational nbdes of either an autononous or

non- aut ononous ¢l edwreiy thepperessouis responsacdo thiealebrig $ignalltestdeo swaterneny 0él
processing architecture and circuitry is 10 particularly useful in

conj unction wi tthe eleiingappiatis inte aﬁ@b’ﬁ‘i‘@ pagieraf moyergens hipviag Ackangingityial to
noi se ratios. Those skilled in th appreci ate %hat a W de range of

. t il
Todi i cati ons dAGISyarbsRRlY tpmeinty odkran e onRihg dhris cortreioisig and

within the scongupfqeh gsi?rmenti on. The debris sensor can al so be enpl oyed
for purposes, and I n devrces, other than those

2. The apparatus of claim 1 wherein the at least one pattern of movement
comprises spot coverage of an area containing debris.

3. 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 steer movement of the cleaning
apparatus and provide at least one pattern of movement of the cleaning apparatus,
and

a debris sensor responsive to debris impacts thereon for generating a debris
signal indicating that the cleaning apparatus has encountered debris;

wherein the processor is responsive to the debris signal to select a spot mode
from among predetermined operative modes of the cleaning apparatus, the spot
coverage mode coverage comprising steering movement of the cleaning apparatus to
substantially immediately cover an area containing debris corresponding to the

debris signal.
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15 described herein. Accordingly, the foregoing is presented solely by way
of exanple, and the scope of the inventionis |limted solely by the
appended clainms. 27 W claim 1. An autononous cl eani ng appar at us,
conprising: a drive system operable to enabl e novenent of the cleaning
apparatus; a controller in comunication with the drive system the

control | er including e BBhAsES slaiRPERARLS sEl@ctfbgrbgég[r)?érgl?veq}i&dé%oﬁléﬁgﬁm. to

steer novenent of the cleaning apparatus; and S sensor responsive to
debris inpacts deleetigpnpdtern gfen@enihtng a debris signal indicating that the
cl eani ng apparatus has encountered debris; wherein the processor is

responsi ve to the debFliesippirgtnapf damst whereimbhasatidaast ak pattdie of mewemienyy appar at us
into a spiralling pattern of novenent havjing a changing turn radius, to
substantial |y i SPHRIRESBPYCONEIES ofgR aracaniagiedelithg debris corresponding to
the debris signal. 62.Tme aargtgag fus f. clai rgsl yvhegpi n the at | east one
pattern of novenent™ on'BP| ) scp%f" c‘gbeer?'gé]% R AN %%‘%“éﬁfﬁf%g debri s.
3. An autonom%e&ihgmlmnﬁgaaﬁﬂtuém S Hﬁrﬂaﬁérﬂ%wﬁd?ﬂﬁgﬁré&&}fﬁhﬁ gRfr abl e to

enabl e novenent of the cleanihg apparatus, a contro In co ni cation
w th the drive ®ysipmlingbethedetirisaidng) i ncluding a processor operable to
control the drive systemto steer novenent of the cleaning apparatus and
provi de at | east onk Pwtapparatusfs imove nbelaime B-G wWhereindkandabys sgpparcampsises and a
debris sensor responsive to debris_inpacts thereon for, generating a debris
si gnal i ndi cat i Pacedraart fift apd wapndisbensrapiag glsmenis r@nm%wp@ablaécm is;

i i.ve to the.debris signal to select a spot

wherein the processor.i s r,espo

node from aﬁon%enﬁ?gefgftépﬂfﬁgﬂggﬁéﬂsﬁgfl?}&aﬁgdes of the cleaning apparatus,

the spot coverage \Qﬁh‘iléin?lﬁe Sc%gs%rﬁ%gﬁbhﬁ"z _tl%tfrﬁrdnﬁged?im{ﬂé‘ﬁ—ﬁtsi bisige
ubst 'y "1 nedi ately

cl eani ng apparatus to s anti a cover an areda containing
debri s correspoftch@pdtRm dfenovdfleat s si gnal .

8. The apparatus of claim 7 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.

9. The apparatus of claim 3 wherein the debris sensor comprises a
piezoelectric sensor element located proximate a cleaning pathway of the cleaning
apparatus and responsive to a debris impact to generate a signal indicative of such
impact.

10. A cleaning apparatus comprising:

a cleaning pathway for transporting debris,

a piczoelectric sensor located proximate to the cleaning pathway and
responstve to a debris impact thereon to generate a debris signal indicative of such
impact, and

a processor responsive to the debris signal indicative of a debris impact

thereon, and configured to cause the cleaning apparatus to enter a substantially spiral

movement mode having a reduced movement speed.
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28 4. The apparatus of claim 3 wherein selection of an operative node
conprises selecting a pattern of novenent. 5. The apparatus of claimi4
wherein the at | east one pattern of novenent conprises spot coverage of an
area containing debris. 6. The apparatus of claim4 wherein the spot
coverage node conprises steering the cleaning apparatus in a spiral pattern
toward an area containing debris corresponding to the debris signal. 7. The
apparatus as in one10fThe hppaf@usof@laanetherditite eefinGoIROSOEtafIR spisdS
spaced-apart first and second debris sensing elenents respectively operable
to generate fimstementimedscionctotwhniedbwihgnlhinsipatandfasirgierceptitde prdaewssor i s
responsive to the first and second debris signals to select a pattern of
novenent. 8. THéﬁépparatus of claim?7 further wherein the processor is

responsive to differences in.t first .and second debris.signals tq steer
the cl eaning appara u?ﬂf’ﬁp‘&’m (Fr}é&“?’c}ﬁ Wdlfere&%?ﬂt?“@g. Ofﬁ{h%mﬁ’ﬁ gﬁ‘@?’ﬁ@”ﬁf claim
3 wherein the J i i i nt

Cocat ed proxi e s ok s aCUBRLEE o PR bl o R eI
responsive to aygelris inpact to generate a signal indicative of such

i npact. 10. A cleaning apparatus conprising: a cleaning pathway for
transporting debri sl3. & gabeis seiserctor & clemamgsappatane ahe debpis ssnsnatanpirsinghe

cl eani ng pathway and  responsjve to a debris inpact thereon to generate a
debris signal indi GRigapelegtfic glemsnt ipgatodairoximate to a glearing pyhwaeelibhisi ve to the

cause the ol carf ) AIBLraBL e SRR e o Ehps e Gy BaePaRe afBYenent mode
havi ng a reduc gp;ﬁg[ggtwe ﬁg@&.qunpgg; ani- The apparatus of claim 10 wherein
ubst rally s

the entering of The s ant piral
a processor operable to process the first signal to generate a second signal

representative of a relative quantity of debris being encountered by the cleaning
apparatus and to cause the cleaning apparatus to enter a substantially spiral
movement mode having a reduced movement speed, in response to the second
signal.

14. The sensor of claim 13 wherein the processor is further operable to
process the first signal to generate a signal representative of a vector from a present
location of the cleaning apparatus to an area containing debris.

15. The sensor of claim 13 wherein the processor is further operable, in
response to the second signal, to change an operative mode of the cleaning
apparatus.

16. The sensor of claim 15 wherein the change of operative mode comprises
changing a power setting.

17. The sensor of claim 16 wherein the change of operative mode comprises
illurninating a user-perceptible indicator light.

18. The sensor of claim 13 wherein:
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novenent node is acconpanied by the illum nation of a user-perceptible
indicator light. 12. The apparatus of claim 10 wherein the entering of the
substantially spiral novenment node is acconpani ed by the changing of a
power setting of the drive system 13. A debris sensor for a cleaning
apparatus, the debris sensor conprising: a piezoelectric elenent |ocated
proxi mate to a cl eaning pathway of the cleaning apparatus and responsive to

a debris inpact theapepzdeRcHRMBnAnCisdndunted proxirh&B @ tht ORhGAL FMEwa)SUCh
i npact; and a processor operable to process the first signal to generate a

second signal meptiegelktmehisyandof a rel ative quantity of debris being
encountered by the cleaning apparatus and to cause the cl eani ng apparatus
to enter a subst antthameyntigjelementseoypresat lGsiRae MOpnHRE Tevedcasepcintsde nent
speed, in response to the.second  signal. 14. The sensor of claim 13 wherein
the processor iS3UPE M IENESBWELt 0 process the first signal to generate a

i gnal r epr esent at i ke 4. g ¥eGim 15 ReA PHES ALbmel AEAKIA B MmbIE:lieani ng

apparatus to an area contal ni ng bris. e sensor o erein

the processor itge fduhthf scRPAnARPEidds RibrdtRaRIAMPEnidOok bR preoaBeriskigmadht, t0
change an operative node of the cleaning apparatus. 16. The sensor of claim

15 wher ei n t he mangiprofimafedo dici clanimg getheonpy tleesountihgsgewig a power setting.
17. The sensor of claim 16 wherein the change of operative node conprises
illuminating a user2Opdhgespspefelaimdi adeesin the gigoelactric aleyaens spprisedf cl ai m 13
wherein: 30 th iezoel ﬁ%trisﬁ el ement is nounted proximate to the cleaning
pat hway by mllﬁ?‘ﬁ'mﬁp@?‘? Ftd'Mand the nounting el enents conprise at | east

one mounting screw ANqA3E0ELAL §itiaif! (B3SHHAPE mIPHIbLH SLRM Blement

comprises a flexible piezoelectric film having multiple electrically isolated sections.

22. A method of operating an autonomous cleaning apparatus, the method
comprising:

steering movement of the cleaning apparatus in at least one pattern of
movement of the cleaning apparatus;

generating with a debris sensor responsive to debris impacts a debris signal
indicating that the cleaning apparatus has encountered debris; and

steering movement of the cleaning apparatus into a spiralling pattern of
movement having a changing turn radius to substantially immediately cover an area
containing debris corresponding to the debris signal.

23. The method of claim 21 wherein the at least one pattern of movement
comprises spot coverage of an area containing debris.

24. The method as in one of claims 22 or 23 wherein the debris sensor
comprises a piezoelectric sensor element located proximate to a cleaning pathway of
the cleaning apparatus and responsive to a debris impact to generate a signal

indicative of such impact.
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19. The sensor of claim 18 wherein the el astoner nounting grommet receives
the nounting screw and provides vibration danpening for the piezoelectric
el enent nounted proximate to the cl eaning pathway by the nounting screw
20. The sensor of claim 13 wherein the piezoelectric el enent conprises a
flexi bl e piezoelectric film 21. The apparatus of claim 13 wherein the
pi ezoel ectric sensors el GEmBY of&ﬂéi’ﬂi’iﬁg§§§ut§n3ﬁ&ébﬁhﬂngh;§ﬁ%ﬁs?ﬁfeﬁﬁ&hcﬁ I m havi ng
multiple electrically isolated sections. 22. A nethod of oOperating an
aut ononous cl easenipgisidappar at us, the nmethod conprising: steering novenent of
the cleaning apparatus in at |east one pattern of novenent of the cleaning
appar at us; gener at istegring miovemené bf ths cleemspapparspda §i atdeasiond @bitérs of npact s a
debris signal indicating that the cleani ng apparatus has encountered
debris; and st dBPYHYThovenent of the cleaning apparatus into a spiralling
pattern of novenent having.a changing turn radi 1o _substantiall

eneratin 9«1tﬁadc€nsgsr%ns%a Lgsponsiv (ii() aezogg Ampge sga?gbqst%gnélebri s

i mredi ately cover area” ‘contar ning or

signal . 23. ThengRihedhthedi@hiRg2ppahias Risnddatepld dnqec%&asemﬁr?niag%pr n of

novenent conprises Spot coverage of an area containing de . 24. The
met hod as i n ondebaf; aglai N8 22 or 23 wherein the debris sensor conprises a
pi ezoel ectric sensor elenent |ocated proximate to a cl eani ng pathway of the
cl eani ng appar at us saledtinge s pnt sovegage onagle diwby drgonigmpedstermimed eperatameanadesi gnal
i ndi cative of such inpact. 31 25. A nethod of operating an autononous
cl eani ng appar atfife clegnmnegAppHaYs MIsHRsR e ty: scusrated dekyispigpahimiauss the e
cl eani ng apparatus.to. in at. l.east.one pattern of novenent .. generating,
with a debris Saruge PRERTG DRI uct corpalid g tethiee
i ndi cating thatghhesighfani ng apparatus has encountered an increased anmount
of debris; and

26. The method of claim 25 wherein, when in the spot coverage mode, the

cleaning apparatus is steered in a substantially spiralling pattern toward an area
containing debris corresponding to the debris signal.

27. The method as in one of claims 25 or 26 wherein the debris sensor
comprises spaced-apart first and second debris sensing elements respectively
operable to generate first and second debris signals; and

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

28. The method of claim 27 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.

29. The method as in one of claims 25-28 wherein the debris sensor
comprises a piezoelectric sensor element located proximate a cleaning pathway of
the cleaning apparatus and responsive to a debris impact to generate a signal
indicative of such impact.

30. A method of operating a cleaning apparatus, the method comprising:
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sel ecting a spot coverage node from anong predeterm ned operative nodes of
the cl eaning apparatus in response to the generated debris signal, to cause
the cleaning apparatus to inmmediately traverses an area corresponding to
the increased debris signal. 26. The nmethod of claim25 wherein, when in

t he spot coverage node, the cleaning apparatus is steered in a
substantially spir i ni I
corresponding to t?ghéégtglrgﬁg%i@BIEE&Q%QG%EEQ%%%@Q%%ﬂrz}a(r)t%eag og p'a?]gla?fm 25 or
26 wherei n t he ofeirdiéanigrppdratus SidneipdasveRacRbramsatt, b deétgls samdl second debri s
sensing el ements respectively operable to generate first and second debris
signal s; and wisdiedtive af pcbémpastranils responsive to the first and second
debris signals to select a pattern of novenent. 28. The method of claim 27
further wherein théaﬁbﬁ"lﬁ: gg‘sm%anpé@ﬂ{sﬁ%?w a ybstafitialy sRIppd BOVEMERt BOdE | r st and
second debris als FLeer 1 eanjn ratus .in.a direction of
debris. 29. Thtsah ﬁ@g ﬂveé?]eélpg}egcl’c F 95238% ‘%hﬂ?%%alt he debris sensor
conprises a piezoelsgc 9@59& ng

pat hway of the c|é§nﬁﬁgﬁ§§§§?§?ﬁ§5an respgﬁélv ?@ég@gg%§ﬁxﬁkﬁ§§gt to
generate a si gnibris sipiehl aRbperativeimale tiat bormpisks ildMinafingR U@ PeRbptitder ati ng a

cl eani ng apparatus, the nethod conprising: 32 generating mnt% a

pi ezoel ectri c gedisaor lightat ed proxinmate to a cleaning pathway of the

cl eani ng apparatus and res?on5|ve to a debris inpact, a debris signal

i ndi cative of such ¥ m?faefne hod @f elau%?(hyherﬁ@ thy @ansen'g OREFIHYRILS IPBATer a

substantially Sc%l ral  nov nr? de having a reduced novenent speed in
response to thé 3%?3%1’%‘?"3% 831. The nmethod of claim30 further conprising

changing in respon tAOmbME. Fdsie §1 aﬁﬂﬁr (Y {B@k. conpri ses
illumnating a use?sperc%pt?gﬁgg2#55?8%1 g%ﬁ) g% ‘ﬁm PL géof cl aim 30
wherein the change deflerfdgy with ¥ @ei&tb%trfc@l’ﬂ%ﬁdnﬁ%‘éated proximate to a cleaning

pathway of the cleaning apparatus and responsive to a debris impact thereon a first
signal indicative of such impact;

processing the first signal to generate a second signal representative of a
relative quantity of debris being encountered by the cleaning apparatus, and

in response to the second signal, entering a substantially spiral movement
mode having a reduced movement speed.

34. The method of claim 33 further comprising processing the first signal to
generate a signal representative of a vector from a present location of the cleaning
apparatus to an area containing debris.

35. The method of claim 33 further comprising changing, in response to the
second signal, an operative mode of the cleaning apparatus.

36. The method of claim 35 wherein changing the operative mode comprises
changing a power setting,

37. The method of claim 35 wherein the change of operative mode comprises

illuminating a user-perceptible indicator light.
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changi ng a power setting. 33. A nethod of operating a cleaning apparatus,
the nmethod conprising: generating with a piezoelectric elenent |ocated
proximate to a cleaning pathway of the cleaning apparatus and responsive to
a debris inpact thereon a first signal indicative of such inpact;
processing the first signal to generate a second signal representative of a
relative quantity afg %Qgie&oﬁ%kpgin?ﬁ:ﬁﬁ'ﬂ%ﬂo%ﬁ % the cl eaning apparatus, and
in response to the second signal, entering a su §tant|ally spi ral novenent
node having a reduaeshntiny hepivzosdaetcelerdént pldxénire tdiael clefinif pdthvadustdgdi her
conprising processing the first signal to generate a signal representative
of a vector frdeashonErmemting kuewandassodiatedheatdreermagtinggoamattus to an area
contai ning debris. 35, The nethod of claim 33 further caonprising changing,
in response to the 39sdbeAythod ghslpim 3§ whereindhs ¢lestorperangimting, grogymeAn ng
apparatus. 36. The thod of claim 35 erej n.changi ng the. operatiyve node
conpri ses char‘f&‘feﬁ'ﬁs 9 Wé‘ﬁ“%%‘i’?‘?’ ﬂlbd.gprﬁlfl. eSS HeR %’%’eg%gg?raq’ﬁ&%oe\@ﬁ%}cei n the
change of oper gl i i | i - i ble

ndi cator |1 gnioenir FRHRCTRRRINES e CHIARG B S RbuR A SR . Crount i ng
the piezoel ectric eloeThemefHod i olaine33 Fhérbia thd piaicRotrivaldivay consprizgs @4t | east
one nounting screw and associ ated el astoner nounting grommet. 39. The net hod
of cl ai m 38 whédegible pihzoelsctistidmer nounting grommet receives the nounting
screw and provides vibratiaon danpening for the piezoelectric elenent

mount ed proxi mate t43- tihe methodof pigimhaQ Fherginghe pigeoelestiissensgr demett. 40, The

met hod of cl aim 33 wherein,the pjezoelectric element conprises.a .flexible
o ezoel ect 11 ¢ eTRAEGS fexblé HErRIEEGTIB Al g s Mes TR Gl Bevaner v o
sensor el enent 4CONQY hii&nfoul Eﬁﬁ%&p@aﬁ%}) fsikC filmhaving multiple
electrically isolated sections. . An aut ononous cl eani ng appar at us,

conpri si ng: a drive system operable to enable movement of the cleaning apparatus

over a surface;

a debris conduit for transporting debris from the surface;

a controller in communication with the drive system, the controller

including a processor operable to control the drive system to steer

movement of the cleaning apparatus; and

a debris sensor being
disposed proximate the debris conduit and configured so
that debris traversing the debris conduit will impact on it,
said debris sensor being
responsive to debris impacting thereon for detecting
increased levels of debris in an area on a surface, and for
generating a debris signal indicating that the cleaning

apparatus has encountered increased levels of debris;
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a drive systemoperable to enabl e novenent of the cleaning apparatus over a
surface; a debris conduit for transporting debris fromthe surface; a
controller in conmmunication with the drive system the controller including
a processor operable to control the drive systemto steer novenent of the
cl eani ng apparatus; and a debris sensor being disposed proximate the debris

condui t and confi gur edyserein tR@proeaBériiScdnfigV el & &%&nﬁ% AREbS s&‘@ﬁﬂw towill
impact on it, said debris sensor being responsive to debris 1hpacting

t hereon for detecting direuttheabed sysenetoravérsel@biresin whielntha itecaoed lavedur f ace,
and for generating a debris signal indicating that the cleaning apparatus
has encount ered i ncr eagsédebriewetesdetsktedebri s; 34 wherein the processor is

configured to rgspond to the debris signal to . direct the drive systemto
traverse an ar€a- i rfn“?/\ﬂ'ﬂt‘&‘}?nmécﬁeﬁﬁ?%%@é WSeRPIIEISINGE  debris were detected. 43.

An aut ononous cl eani ngagﬁggﬁ?{ﬁgs?g%ggg{)ialz%b?cqmm%ngetrn{ %ﬁhi%{‘%%nﬁlm%ﬂﬁ’%%ﬁg' eto

enabl e novenent of the a contr nication

with the drive system ;thfirdHeNnc@hfhicaliGtoh8ihe Aride BRGE HRAUonRARabl e to
control the drive systemto steer novenent of the cleaning apparatus, a

debris sensor suit abl enichidinget @odessof opdrsblems@etrblaheditvealysteahs steeri N an ar ea
on a surface, and configured for generating a debris signal indicating that
t he cl eani ng appar at us meaemeniebibacleneiog ipraratessed | evel s of debris; wherein

the processor is responsive to the debris signal to contrql the drive
systemto steer the cl ééﬁl?rﬁg‘e%*ﬁb%‘é?]ﬁ@ﬁq’?teﬁ“%ﬁﬁﬁgﬁeﬁgi(feé’Flls;??Q‘thsélP i #g2

pattern of movement. therchy, 4 aUSEsl itk DEx@eRTnd B NG bk REERRG har ©VEl S
the cleaning apparatus has encountered increased levels of debris;
wherein the processor is responsive to the debris signal to control the
drive system to steer the cleaning apparatus in a substantially spiralling
pattern of movement, thereby traversing the area in which increased
levels of debris were encountered.

44, The apparatus of claim 42, wherein the processor responds to the debris signal
by selecting and actuating one of a variety of modes, the selection of such
modes being dependent of the debris signal.

45. The apparatus of claim 44, wherein each mode corresponds to a method of
controlling the drive system according to a pattern of movement.

46. The apparatus of claim 45, wherein processor selects and actuates a spot
coverage mode corresponding to a control of the drive system to move the
cleaning apparatus to cover a detected area of increased levels of debris.

47. The apparatus of claim 46 wherein the spot coverage mode comprises steering
the cleaning apparatus in a spiral pattern toward an area containing debris
corresponding to the debris signal.

48. A cleaning apparatus comprising:
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44. The apparatus of claim42, wherein the processor responds to the debris
signal by selecting and actuating one of a variety of nodes, the selection
of such nodes being dependent of the debris signal. 45. The apparatus of
claim44, wherein each node corresponds to a nethod of <controlling the
drive systemaccording to a pattern of novenent. 46. The apparatus of claim

45, wherein processor gglieclysethensdlcistbleAmsRatent &fqr{@aﬁagﬁngcqlbg&ams,

corresponding to a control of the drive systemto nove t ani ng
apparatus to cover a detkesiirglpalesy fof ram3psreiag acbrisdrond ssipfacelelarthe. 47. The
apparatus of claim46 wherein the spot coverage node conprises steering the
cl eani ng apparatus in eleagpig appajgtusisiravetsoigar d an area contai ning debris
corresponding to the debris_ signal. 48. A cleani apparatus conprising: 35

a drive system oper abl @ Piegocleg _ S@“ﬁ?ﬁlﬁ%‘ﬁﬁ’li’r%l‘maﬂ?\g’qﬁ? elsiingpaiypayaad us, a
cl eani ng pat hway for transpori E'e%fig@‘Fédc?thfcxregrrlnsgid%%s%?ﬁeﬁn%c?a%%blgg cl eani ng

apparatus is traversing, a plezoe I'’csensor |'ocat e Xinmate to the

cleaning pathway and p&asRRBMY&Rsddle NS @bl an hREHEAP ravdidd t38RSOr bei ng
capabl e of detecting increased |evels of debris froman area being

traversed by the cl eacdeatnggparnaisisd gamndatingradediis ignad irdigdativsofngnal
indicative of an increased |evel of debris inpacts, and a processor
responsive to the debr insregsegrenel efii¢buvimiagiarasd to direct the drive system

to cause the cleaning apparatus to hone in ,on an area _adjacent the area
where an increased Iev%BPOB?SSBFéB?HOgS‘Y%?é]E:‘Td:,"bﬁéwal;é%&w”&"@t‘@gt‘%@?ec&g{e The

apparatus of clai m10 whergig,he, &l 830106, BRRSLALUS thieGRUPEdLLE home in
a S [0) S

on an area adjacent the ar r\}[\l/ﬁe_re an-incre evel "or i mpac have been
detected by nmoving in edj@ekaﬁ&aakh%leﬁéaﬁmc&-@ahem@bg%@bgafsmﬁﬂactsﬁﬁvg peeget hod of

oper ating an aut ononous “cl eani ng apparatus, the nethod conprising:
detected.

49. The apparatus of claim 10 wherein the cleaning apparatus is caused to home in
on an area adjacent the area where an increased level of impacts have been
detected by moving in a substantially spiral configuration.

50. A method of operating an autonomous cleaning apparatus, the method
comprising:

steering movement of the cleaning apparatus in at least one pattern of
movement of the cleaning apparatus;

detecting an increased level of debris by means of a debris sensor;
generating a debris signal in response to the detected increased level of
debris; and

steering movement of the cleaning apparatus into a spiralling pattern of
movement having a changing turn radius to substantially immediately
cover an area containing debris corresponding to the debris signal.

51. A method of operating an autonomous cleaning apparatus having a debris

sensor which levels of debris impacting on it , the method comprising:
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steering novenent of the cleaning apparatus in at |east one pattern of
novenment of the cleaning apparatus; detecting an increased | evel of debris
by neans of a debris sensor; generating a debris signal in response to the
detected increased |level of debris; and steering novenent of the cleaning
apparatus into a spiralling pattern of novenent having a changing turn

radius to substantiallﬁtkﬁgg hat& & débn GOBL flerd IS
corresponding to the de%rls g?g%a%¥m%lgyifﬁgﬁﬁggﬁ%?ﬁ%pe?%?%ﬁgs%ﬁggutononDus
cl eani ng apparatus havifegh sh dehris sensor which | evels of debris inpacting
on it, the method conprising: 36 detecting an increased |evel of debris

i npacting on the debri gemseatingr debrianigahinaespansege terdetacted incrahetst lewelsf gnal in
response to the detected increased |evel of debris; and steering the

cl eani ng apparatus in de¥Femik to the generated debris signal into a
substantially spirallin attern of novepent to cause the cleani.n

Spparatus 1o traverse ancnranE ol ARERLFR sl b bl Pl e
ncreased | evel s of delyh g sWRiGidE! Hakftle pRter dfifiolBRIAC el GORAT ! a1 M

50 or 51, wherein the rs sens conprises a piezoelectric sensor
el ement | ocated proxi Mapgarites @ tab&sdin WeRatbayialdf adjitent 16 iRt ghappar at us

and responsive to a debris inpact to generate a signal indicative of such
i npact. 37 increased levels of debris were detected.
52. The method as in one of claims 50 or 51, wherein the debris sensor comprises
a piezoelectric sensor element located proximate to a ¢leaning pathway of the

cleaning apparatus and responsive to a debris impact to generate a signal

indicative of such impact.
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