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PATENT
PROGRAMMABLE LAWN MOWER
[0001] Cross-Reference To Related Applications
[0002] This application claims priority to and the benefit of co-pending U.S.

provisional patent application Serial No. 60/368,196, filed March 28, 2002, which

application is incorporated herein by reference in its entirety.

[0003] Field of the Invention
[0004] The invention relates to mobile robotic apparatus in general and particularly
to a robotic apparatus that comprises programmed instructions for traversing an area of

interest autonomously.

[0005] Background of the Invention

[0006] Tasks such as mowing lawns are tedious and can be unpleasant, but are
necessary. A common fantasy depicts a homeowner relaxing in a hammock with a cool
drink on a warm summer day, possibly in the shade of a tree, while a robotic device mows
the lawn.

[0007] The prior art includes a number of patents issued for robotic lawnmowers.
U.S. Patent No. 4,777,785, issued on October 18, 1988 to Rafaels, describes a method of
guiding a robotic lawnmower that relies on pairs of sensors, one of which emits and one of
which detects electromagnetic radiation. U.S. Patent No. 4,887,415, issued on December
19, 198§ to Martin, describes a robotic lawnmower that relies on infrared obstacle’detectors
to provide guidance signals. U.S. Patent No. 5,163,273, issued on November 17, 1992 to

Wojtkowski et al., describes a robotic lawnmower that relies on a buried wire to provide
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guidance. U.S. Patent No. 5,974,347, issued on October 26, 1999 to Nelson, describes a
robotic lawnmower that relies on a plurality of radio transmitters to provide guidance
signals. U.S. Patent No. 6,009,358, issued on December 28, 1999 to Angott et al., describes
a robotic lawnmower that relies on a plurality of transceivers, one that transmits signals
having different propagation velocities, and one that receives the signals. German Patent
No. DE3918867, which was published on October 19, 1989, also describes a robotic
lawnmower that employs buried iron bars as a guidance system. Friendly Robotics is the
assignee of U.S. Patent Nos. 6,255,793, 6,339,735, 6,417,641, 6,443,509, and 6,493,613, and
U.S. Design Patent D451,931, directed to robotic lawnmowers that use proximity sensors to
detect predefined boundaries.

[0008] The manual cutting of an edge is a variation on the installation of boundaries,
paths, buried wires, or transmitters/. Some robotic lawn mowers rely on distinguishing the
cut height of grass from the uncut, taller grass, and following the edge. One example is
described in U.S. Patent No. 4,133,404, issued January 9, 1979 to Griffin. A manually cut
edge or border is simply another predefined boundary or path, one that needs to be
“reinstalled” before each occasion when the grass is to be cut.

[0009] One problem that is common to each of the robotic systems described above
is the need to provide and to locate transmitters or other indicators of a desired path or
boundary. The necessity to place such transmitters or other locators involves considerable
expenditure of time, effort, and funds, and may require precise measurements over
considerable distances. Alteration of the desired actions of the robotic apparatus may
require further time, effort, and funds to change the configuration of the previously defined
path or boundary. There is a need for a robotic apparatus such as a lawnmower that can

operate autonomously without the necessity to define either a path or a boundary by the
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placement of transmitters or other indicators.
[00010] Summary of the Invention
[00011] In one aspect, the invention relates to a programmable robotic apparatus. The

programmable robotic apparatus comprises a drive system, the drive system comprising a
plurality of independently operable treads, a control module in electrical communication
with the drive system, the control module configured to command the operation of each
tread, a memory module in electrical communication with the control module, the memory
module configured to store and retrieve information, and a compass module in electrical
communication with the control module, the compass module configured to discern an
orientation of the programmable robotic apparatus.

[00012] In one embodiment, the apparatus is configured to operate autonomously
based at least in part on information stored in the memory module. In one embodiment, the
programmable robotic apparatus further comprises a tool configured to perform a
mechanical operation. In one embodiment, the tool configured to perform a mechanical
operation is selected from the group consisting of a cutting tool, a shoveling tool, and a
vacuuming tool. In one embodiment, the programmable robotic apparatus isa
programmable lawn mower.

[00013] In one embodiment, the memory module is selected from the group
consisting of a magnetic tape, a floppy disc, a hard disc, a CD-RW disc, RAM, EPROM,
EEPROM, and a flash memory. In one embodiment, the compass module is configured to
discern an orientation relative to the magnetic field of the planet Earth.

[00014] In one embodiment, the programmable robotic further comprises a cémmand

receiver module in electrical communication with the control module. In one embodiment,
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the command receiver module is configured to receive signals from a portable transmitter.
In one embodiment, the command receiver module is configured to receive signals
comprises directives.

[00015] In another aspect, the invention features a method of operating a
programmable robotic apparatus. The method comprises the steps of providing at least one
command recorded on a machine-readable medium, the at least one command representing
an instruction for traversing an area of interest, operating the programmable robotic
apparatus according to the at least one command recorded on the machine-readable medium,
discerning an orientation of the programmable robotic apparatus, comparing the orientation
of the programmable robotic apparatus to a direction recorded in the at least one command
to determine an error signal, and in the event that the error signal exceeds a predetermined
value, commanding the programmable robotic apparatus to take a corrective action, whereby
the programmable robotic apparatus autonomously traverses an area of interest.

[00016] In one embodiment, the steps of discerning an orientation, comparing the
orientation, and in the event that the error signal exceeds a predetermined value,
commanding the programmable robotic apparatus to take a corrective action, are performed
iteratively during a period of operation of the programmable robotic apparatus.

[00017] In one embodiment, the method further comprises the step of performing an
operation with a mechanical tool attached to the programmable robotic apparatus. In one
embodiment, the programmable robotic apparatus stands in one location during the
operation with the mechanical tool.

[00018] In yet another aspect, the invention relates to a method of providing at least
one command recorded on a machine-readable medium, the at least one command

representing an instruction for traversing an area of interest. The method comprises the
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steps of providing a programmable robotic apparatus, operating the programmable robotic
apparatus under external control, the programmable robotic apparatus receiving directives
from an external source and traversing an area of interest, taking readings from a compass
module of the programmable robotic apparatus, and recording the directives and readings on
a machine-readable medium for later recovery.

[00019] In one embodiment, the directives are recorded in the format in which the
directives are received. In one embodiment, the directives are recorded in a different format
from the format in which the directives are received.

[00020] In a further embodiment, the invention features a computer program recorded
on a machine-readable medium. The computer program comprises a supervisory module
that controls the autonomous operation of a programmable robotic apparatus and that, as
required, receives information recorded on a machine-readable medium, an orientation
receiver module that receives orientation information from a compass module of the
programmable robotic apparatus, and a computation module that computes an error signal
based at least in part on orientation information from the compass module and information
recorded on the machine-readable medium.

[00021] In one embodiment, the computer program further comprises an instruction
receiver module that receives directives from an external source regarding operation of the
programmable robotic apparatus. In one embodiment, the computer program further
comprises an error correction module that, in the event that the error signal exceeds a
predetermined value, computes an error correction to be provided as a corrective action
command to the programmable robotic apparatus.

[00022] The foregoing and other objects, aspects, features, and advantages of the

invention will become more apparent from the following description and from the claims,



WO 03/083594 PCT/US03/09352

[00023] Brief Description of the Drawings

[00024] The objects and features of the invention can be better understood with
reference to the drawings described below, and the claims. The drawings are not necessarily
to scale, emphasis instead generally being placed upon illustrating the principles of the
invention. In the drawings, like numerals are used to indicate like parts throughout the
various views.

[00025] Figs. 1A-1D illustrate an exemplary embodiment of a robotic apparatus
suitable for mowing lawns that traverses an area autonomously, according to principles of
the invention;

[00026] Fig. 1E is an illustrative perspective representation of a robotic apparatus,
according to principles of the invention;

[00027] Fig. 2 illustrates an exemplary embodiment of an alarm circuit, according to
principles of the invention;

[00028] Fig. 3A illustrates a circuit suitable for detection of a signal from a LED, for
use according to principles of the invention;

[00029] Fig. 3B is a drawing in side section of an LED and an optical detector housed
within an opaque containment structure, for use according to principles of the invention;
[00030] Fig. 4 illustrates an embodiment of a corrective relay circuit, according to
principles of the invention;

[00031] Fig. 5 illustrates an embodiment of a joystick circuit that is useful for
providing directives during operation of the robotic apparatus, according to principles of the
invention;

[00032] Fig. 6 is a flowchart illustrating a method of providing at least one command
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recorded on a machine-readable medium, the at least one command representing an
instruction for traversing an area of interest, according to principles of the invention; and
[00033] Fig. 7 is a flowchart illustrating a method of operating the robotic apparatus,

according to principles of the invention.

[00034] Detailed Description

[00035] Robotic apparatus built and operated according to principles of the invention
provide systems and methods for operating in an autonomous manner under the control of a
programmed computer operating in communication with a digital compass configured to
discern an orientation of the robotic apparatus. In one embodiment, the digital compass
senses the magnetic field of the planet Earth. The digital compass can be implemented as a
device built on a circuit board, which can discriminate two or three axial directions.
Orientation readings provided by the com?ass are used during the operation of the robotic
apparatus. An electronic digital compass suitable for use with the present invention is
described in U.S. Patent No. 4,851,775, issued on July 25, 1989 to Kim et al., and assigned
to Precision Navigation, Inc. of Menlo Park, CA, the entire disclosure of which is expressly
incorporated herein by reference in its entirety. Electronic digital compasses of this type are
available commercially from Precision Navigation, Inc., for example as the Vector 2X
electronic digital compass. Technical application notes for the Vector 2X electronic digital

compass are available online at hitp://www.precisionnav.com/legacy/technical-

information/pdf/vector-2x.pdf.

[00036] In one embodiment, the invention finds use as a robotic apparatus that can
traverse an area of interest autonomously. In one exemplary embodiment, the robotic

apparatus is a lawn mowing machine.



WO 03/083594 PCT/US03/09352

[00037] In one embodiment, a robotic apparatus has two substantially similar electric
motors located on opposite sides of the apparatus, each connected to the frame or chassis
with bolis or the like. Speed reduction gears reduce the output rotational speed of each
motor. As will be described, the rotational speed and direction of each motor is individually
adjustable. The two motors are configured to be controlled individually. A drive system on
each side of the robotic apparatus, such as a chain drive connected to a sprocket on a wheel
assembly, provides power from each motor to a corresponding wheel. A rubber track is
provided on each of the two sides of the chassis. Each track is fastened to one or more
wheels, one of which is the wheel driven by the motor, which track moves the robotic
apparatus as required.
[00038] In one embodiment, a robotic apparatus intended for use as a lawn mower is
operated primarily through the use of a gasoline-powered engine. In one embodiment, the
apparatus derives its electrical energy needs by employing an alternator driven by the
gasoline-powered engine. The gasoline-powered engine also drives a rotating vertical shaft
that supports a cutting blade. The blade is connected to the motor by way of a clutch
mechanism, so that the motor can remain in operation while the cutting blade can be
disengaged. A portion of the AC current generated by the alternator is then converted to DC
power to provide for the energy needs of the remaining circuits.
[00039] In one embodiment, a machine of the invention is capable of recording

1
directives and digital compass readings while in operation for later playback, can play back
recorded instructions, and can operate autonomously according to the recorded instructions.
The directives can be provided from an external source. In one exemplary embodiment, a
person uses a hand held device such as a cell phone to issue commands that include

directives by pressing buttons on the cell phone. For convenience of exposition, a machine
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with this recording capability will be called a master. In some embodiments, a record and
playback device can be remote from the master robotic apparatus and bi-directional
communication between the master robotic apparatus and the record and playback device
can occur by short-range radio, for example using the 802.11 protocol. In another
embodiment, a machine of the invention lacks the feature of recording instructions, but can
play back pre-recorded instructions, and can operate autonomously according to the pre-
recorded instructions. For convenience of exposition, such a machine will be referred to as a
slave. In some embodiments, a slave machine may also lack the feature of receiving
directives from an external source, such as a remote control, but instead operates based on
recorded information and a start command or the like issued by manipulation of a control,
such as a key or a button on the apparatus. In some embodiments, a slave machine can
employ a playback device that would be unsuitable for a master machine (i.e., a device
lacking recording capability but having playback capability), such as a CD-ROM player, a
magnetic tape player, or the like. Such playback-only devices are useful because they have
fewer parts (i.c., less that can fail and require repair), and they may be less costly to acquire
and use. In some embodiments, a playback device can be remote from the slave robotic
apparatus and bi-directional communication between the slave robotic apparatus and the
playback device can occur by short-range radio, for example using the 802.11 protocol.
[00040] A machine according to the invention, which in one embodiment is powered
by a gasoline engine, and in other embodiments is powered electrically, provides mobility
through two independently operated electric motors that power treads, which can be rubber
tracks. The invention also provides a computer program recorded on a machine-readable
medium that operates on a computer, which can be a commercially available

microprocessor. One or more programmed computers provide the ability to control the
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behavior, including guiding a course of motion of the robotic apparatus, and controlling the
use of tools that are attached to the robotic apparatus.

[00041] Because both master and slave machines according to the invention use the
Earth’s magnetic field as a reference, there is no requirement for the installation of any
artificial objects such as transmitters or barriers to control the motion or behavior of the
programmable robotic apparatus when it is operating autonomously. The magnetic field of
the planet Earth is a natural phenomenon that does not require the intervention of a human
for its presence. When a command or commands recorded on a machine-readable medium
are provided to the apparatus, the apparatus can operate autonomously and can take
corrective action when it senses that it has deviated from the expected operational behavior.
[00042] Turning to Figs. 1A-1D, there is shown an exemplary embodiment of an
apparatus suitable for mowing lawns that traverses an area autonomously. The relationship
of Figs. 1A-1D is shown schematically on Fig. 1C. Fig. 1A shows a remote input device
102 that a user employs for issuing directives, which in one embodiment is a joystick
configured to generate DTMF tones in response to manipulations by the user. In other
embodiments, the remote input device 102 is a hand held device such as a cell phone that
can generate DTMF signals. When a remote input device 102 is used, there is a
corresponding command receiver module configured to receive signals from the remote
input device or portable transmitter 102. The signals sent by the remote input device
comprise directives. The DTMF signals are communicated to a memory module 104 that is
configured to store and retrieve information. While being recorded, the DTMF signals are
also sent to a DTMF decoder for processing, so as to provide directives to operate the
robotic apparatus. In the embodiment of Fig. 1A, memory module 104 is a tape recorder

that can record the DTMF signals. In the embodiment shown, the DTMF signals are sent

10



WO 03/083594 PCT/US03/09352

out through the recorder’s earphone output jack by wire to be decoded by a DTMF decoder.
In other embodiments, the memory module is any device that can store and retrieve
information, such as on a floppy disc, a hard disc, a CD-RW disc, RAM, EPROM,
EEPROM, and a flash memory. In some embodiments, the directives are recorded in the
same format as the format in which they are received. In other embodiments, the directives
are recorded in a format different from the format in which the directive is received.
[00043] In the embodiment of Fig. 1A, the connection between the input device 102
and the memory module 104 is a cable 103. In other embodiments, the connection can be
made by electromagnetic wave signals, such as infrared, light, radio waves, and microwaves.
An optional alarm circuit 106, which is shown and described in more detail in Fig. 2, is in
electrical communication with memory module 104. A power source 108 is shown as an
electrical wall plug, to schematically indicate a source of electrical power fo operate the
circuitry described herein. The electrical power source can be a battery, an alternator run
from a combustion engine mounted on the robotic apparatus, a fuel cell, or any other
convenient source of electrical power.

[00044] Turning to Fig. 1B, there is shown a compass module 110, which in one
embodiment is a Vector 2X electronic digital compass. The compass module is in electrical
communication with a computer 112, which in one embodiment is a Parallax Basic Stamp
Model BS1-IC, available from Parallax, 599 Menlo Drive, Suite 100, Rocklin, CA 95765,

and having a website at http://www.parallax.com. Information about the BS1-IC can be

found at http://www.parallax.com/detail.asp?product id=BS1-IC. Information about the

BS2-IC can be found at hitp://www.parallax.com/detail.asp?product_id=BS2-IC. Other

computers 112 that can be used for interfacing with the Vector 2X electronic digital compass

are the Motorola 68HC705C8 processor, the Intel 8751 processor, the Maxim MAX7651

11
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processor, or the like. The computer 112 ié programmed with a computer program recorded
on a machine-readable medium, such as a program recorded on a memory medium, which
medium can be of the type of any of the memory media listed hereinabove. The computer
program operating on computer 112 comprises an orientation receiver module that receives
orientation information from the compass module 110. As will be understood, one
embodiment of circuitry used to practice the invention involves the computers 112 and 114.
Other processors having sufficient power may be used as a single processor in place of the
two computers 112, 114,

[00045] The computer program also includes other modules that perform specific
functions for the operation of a robotic apparatus. These modules comprise a supervisory
module that controls the autonomous operation of a programmable robotic apparatus and
that, as required, receives information recorded on a machine-readable medium, and a
computation module that computes an error signal based at least in part on orientation
information from the compass module and information recorded on the machine-readable
medium. The program in some embodiments further comprises an instruction receiver
module that receives directives from an external source regarding operation of the
programmable robotic apparatus. The program in other embodiments further comprises an
error correction module that, in the event that the error signal exceeds a predetermined value,
computes an error correction to be provided as a corrective action command to the
programmable robotic apparatus.

[00046] As indicated in the embodiment shown in Fig. 1B the computer 112
communicates with another computer 114. The computer 114 as depicted is also a Parallax
Basic Stamp Model BS1-IC. In other embodiments, the computers 112 and 114 can be the

same computer. Various aspects of the computer program described above can be divided

12
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between computers 112 and 114 in embodiments where they are distinct computers. In
general, it is not critical where a particular module resides or is operative. Microprocessors
are available that have sufficient computational power and speed to be successfully applied
in embodiments of the invention. Another issue in addition to power and speed may be the
unit cost of the microprocessor. In the future, there will likely be many additional
microprocessors that are even more powerful and even less costly than those available today,
and which may include some of the features necessary for operation of embodiments of the
invention. For example, a new line of chips was introduced on March 12, 2003 by Intel
Corporation under the trademark Intel® Centrino™. Some of the features of such newer
chipsets include wireless communications, features designed to enable extended battery life,
make possible thinner and lighter mobile computer designs, and improved mobile
performance.

[00047] As depicted in Fig. 1B, the computer 114 generates instructions for the
operation of the robotic apparatus, which can be communicated electrically to the
electromechanical portions of the apparatus. In the embodiment of Fig. 1B, the computer
114 communicates by way of a plurality of opto-isolators 120 which are shown in greater
detail in Fig. 3A as described below. In one embodiment, there are ten communication
channels each having an opto-isolator 120 therein. Circuitry 122 for detecting a signal from
an LED is provided for each opto-isolator 120. An exemplary embodiment of a detection
circuit for detecting the presence of light from an LED is shown in Fig. 3B and described in
greater detail with regard to that figure. For each communication channel, the circuitry 122
drives a corresponding relay124 based on the state of the detected signal (i.e., “on” or “off”).
Each relay 124 is connected to another relay 126 that has a normally open trigger

connection 130. The trigger 130 is used in what will be called “playback” mode,

13
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corresponding to operation using pre-recorded instructions in the form of directives and
compass readings. In the mode of operation under control by an external source, which will
be called “command” mode or “live” mode, such as control by a user providing signals from
a portable transmitter, the trigger input 130 is held high. When in “command” mode, the
relays 126 communicate their signals by way of their “normally closed” contact to DTMF
encoders 132. In one embodiment, the least significant digit of each numeric value
generated by the compass is ultimately stored as a unique DTMF tone when in “command”
mode. When in “playback” mode, the relays 126 communicate their signals by way of their
“normally open” contacts to circuitry 140, 142 that decodes the least significant, or “units”
digit of a reading obtained from the compass module 110.

[00048] The compass module 110 and the computers 112, 114 are used to measure the
orientation of the compass module 110 (and thereby the orientation of the robotic apparatus
to which it is mechanically attached) relative to the magnetic field of the planet Earth. The
compass module can be oriented with regard to the robotic apparatus by attaching the
compass module 110 to the robotic apparatus, and aligning one of its magnetic coils along a
desired direction (such as directly forward) and aligning another of its magnetic coils in a
perpendicular orientation to the desired direction so as to define a plane that is substantially
parallel with respect to a plane upon which the robotic apparatus rests when the compass
module is attached.

[00049] The compass module 110 provides electrical signals that can be decoded to
derive a magnetic compass heading in increments of one degree, ranging from zero degrees
to 359 degrees. For the purpose of controlling the robotic apparatus, an angular correction
of one degree or less is sufficient for acceptable operation. In order to observe a change in

direction, it is sufficient to observe the change of the least significant digit (or units digit)
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value of the decoded heading. For example, a change in direction from 72 degrees to either
73 degrees or 71 degrees involves observing the change of the least significant digit value
«“27 to either “3” or “1.” Therefore, decoding signals from the compass 110 so that the least
significant digit (i.e., ranging from 0 through 9) is discriminated provides enough signal to
deduce that an error has occurred and that a correction is needed. For appreciable changes in
direction, for example in excess of 9 degrees, a counter is implemented to tally the
successive changes of one degree so as to have available a new heading relative to a
previous heading. One can also calibrate the compass to obtain a “true” magnetic heading if
that is necessary. The calibration process is explained in U.S. Patent No. 4,851,775,
previously incorporated herein by reference.

[00050] Turning to Fig. 1C, during operation in the “command” mode, signals from
the remote input device 102, or during operation in the “playback” mode, signals recorded
on the memory module 104, are electrically communicated to each of a plurality of DTMF
decoders 160. In the embodiment of Figs. 1A and 1C, the communication from memory
module 104 to DTMF decoders 160 is by wire. In the embodiment shown in Fig. 1C, there
are four DTMF decoders 160, one each to determine the presence of a signal corresponding
to a command to move in one of four directions, which may be understood as “forward,”
“backward,” “to the right,” and “to the left.” It is possible that signals for more than one
direction can be present at a given time, for example a signal to move forward, and a signal
to move to the right, having independent “magnitudes,” so as to affect motion in a direction
selected within a 90 degree arc. The “magnitudes” can be defined by either or both of an
amplitude of a tone signal and a ratio of “on” and “off” durations of the DTMF sigl;al within
a time period (i.e., a “duty cycle” of the DTMF signal). Each DTMF decoder 160 is

configured to decode only a specific DTMF combination, and to ignore other signals. In
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response to a DTMF signal specific for a decoder 160, each decoder 160 is activated and
trips one or more switches so as to apply electrical signal to motor speed controllers 148,
154, and forward/reverse switches 150, 156, which apply power to driving motors 152, 158
which, respectively, are connected to and which reversibly drive the right tread and the left
tread of the robotic apparatus.

[00051] Fig. 1D shows additional portions of the control circuitry of the robotic
apparatus. A plurality of DTMF encoders 132 is provided. Each DTMF encoder 132 is
electrically connected to a normally closed contact of a respective one of the relays 126.
During operation in the “command” mode, when a signal from a selected one of relays 126
is applied to the corresponding DTMF encoder 132, a specific DTMF signal is generated,
and is communicated to and recorded by memory module 134 that is configured to store and
retrieve information. In the embodiment of Fig. 1D, memory module 134 is a tape recorder
that can record the DTMF signals. In other embodiments, the memory module 134 is any
device that can store and retrieve information, such as on a floppy disc, a hard disc, a CD-
RW disc, RAM, EPROM, EEPROM, and a flash memory. In some embodiments, the
memory module 134 and the memory module 104 can be the same memory module.
[00052] When the robotic apparatus is in “playback” mode, the relays 126 are
respectively connected from their normally open contacts to circuitry that decodes the value
of the least significant digit (from “0” to “9”) that is being asserted in response to the signal
from the compass module 110. The circuitry that decodes the least significant digit value is
shé)wn in the embodiment of Fig. 1D as two BSC IC Stamp computers 140, 142 that
respectively decode the digits 0-4 and 5-9. In other embodiments, other circuitry, suchasa
hard-wired logic circuit having 10 inputs and binary coded decimal (BCD) output, can be

employed.
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[00053] When the robotic apparatus is in “playback” mode, the memory module 134
“plays back” its information, or otherwise makes the information recorded thereon available
for use. The information, including DTMF signals corresponding to previously recorded
least significant digit information, is made available to a plurality of DTMF decoders 138.
In the embodiment of Fig. 1D, there are 10 DTMF decoders 138, each configured to decode
a signal corresponding to a particular value of a least significant digit pre-recorded in the
form of a DTMF signal, as explained above. A decoded signal from DTMF decoders 138 is
also applied to the decode circuitry 140, 142. In an alternative embodiment, a second hard-
wired logic circuit having 10 inputs and binary coded decimal (BCD) output receives as
input the decoded signals from DTMF decoders 138.

[00054] The two sets of signals represent the least significant digit available in
“playback” mode, one from the compass module 110, and one from the memory module
134. The two representations of the least significant digit are then compared. The
comparison circuitry of the embodiment shown in Fig. 1D is a computer 140, 142. In an
alternative embodiment, a hard-wired comparator circuit can be used. If the result of the
comparison is equality to within a range of tolerance, there is no error and no corrective
action is needed. However, if the two signals representing the least significant digit differ by
more than the range of tolerance, i.e., if the difference exceeds a predetermined value, then
the comparison circuit generates a correction signal depending on whether the recorded least
significant digit represents a greater or a lesser angular heading than that represented by the
measured orientation from the compass module 110. In this logic, looking at the least
significant digit alone, zero is greater than “9” but less than “1,” as in 139 < 140 < 141, or
359 <0< 1. If the recorded (i.e., planned) heading is greater than the measured (i.e., current

actual) heading, the robotic apparatus is commanded to make a rightward correction, and if
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the recorded heading is less than the actual heading, the opposite correction is applied. As
long as corrective action is taken sufficiently often and the correction is applied promptly,
the robotic apparatus will be prevented from deviating far from the desired direction, and
will follow the expected path to within a tolerable error.

[00055] In the embodiment of Fig. 1D, the result of the comparison by computers
140, 142 appears as a signal that is sent to the motors driving the treads of the robotic
apparatus 10, so as to turn the robotic apparatus 10 in the required direction to correct the
behavior of the apparatus. One method of applying the corrective action is to slow the
motion of the tread on the side to which the turn is to be made relative to the motion of the
tread on the opposite side. In other embodiments, the tread on the side opposite to the
turning direction is caused to speed up. In yet other embodiments, both corrections are
applied tégether. In some embodiments, causing a tread to slow its motion relative to the
other tread can involve reversing the direction of motion of the tread which is to be caused to
slow down.

[00056] Fig. 1E is an illustrative perspective representation of a robotic apparatus 10,
showing a chassis 12 that supports all of the operative mechanisms of the apparatus,
including the control system (not shown), the drive motors 152, 158 (shown in phantom),
and the treads 180, 182, and that has fittings for attaching thereto one or more tools for
performing functions such as grass cutting, vacuuming, snow removal, digging or drilling, or
the like, including motors and the like for moving the tools as needed. The tools are not
shown. The tools are computer controlled, either by a computer resident in the robotic
apparatus, or by a computer provided with the tool that is in communication with the control
system of the robotic apparatus.

[00057] A “slave” apparatus, as indicated above may lack the remote input device
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102, and may comprise a memory module, 104, 134 that employs only pre-recorded media,
and that is not capable of recording new information.

[00058] Fig. 2 illustrates an exemplary embodiment of an alarm circuit 200. In one
embodiment, one or more proximity sensors 202 are located on a bumper that covers the
entire perimeter of the covering shroud of the robotic apparatus 10. The purpose of the one
or more proximity sensors 202 is to detect objects in a timely fashion as to avoid possible
damage to the under c;arriage, or to the object. Each sensor 202 is wired in parallel, thereby
allowing each to trip an alarm circuit in and by itself. When an alarm is activated, the
robotic apparatus can be commanded to terminate forward movement, suspend playback,
and provide an audible and or visual notification. A manual reset control 222 is provided to
deactivate the alarm condition. This prevents continuation of operation until a person
intervenes.

[00059] The circuit of Fig. 2 includes a switch 204, such as a relay, that receives the
alarm signal from the sensor 202. The swiich 204 activates a plurality of alarm circuits 206,
208. One alarm circuit 206 activates a switch 220, such as a relay, that stops the “playback”
of recorded instructions. Another alarm circuit 208 activates a switch 210 that disables the
switch 204, temporarily disconnecting the proximity sensor 202 from the alarm system.
Switch 210 also activates switch 212, which can be a relay, that in turn activates a visual
signal 214 and an audio enunciator 216. When the reset 222 is activated, all of the switches
204, 210, 212, 220 and the alarm circuits 206, 208 are returned to the state that they had
prior to the activation of the proximity sensor. Normally, the robotic apparatus 10 is
adjusted, by being moved or by removing the object, before the reset 222 is activated.
[00060] The covering shroud comprises a fiberglass body hinged at one end for

internal access. Air intakes that provide air to the combustion engine are located on either

19



WO 03/083594 PCT/US03/09352

side of the shroud. The intakes also provide air circulation to cool operating circuits.
[00061] A proximity sensor bar detects objects and sends a signal to alarm circuits. A
suitable proximity sensor can be constructed using the touch switch kit available from
Ramsey Electronics, Inc., 793 Canning Parkway, Victor, NY 14564. The company has a

website http://www.ramseyelectronics.com. Information about the touch switch can be

found at

http://www.ramseyelectronics.com/cgi-bin/commerce.exe?preadd=action&key=TS1.

[00062] Fig. 3A illustrates a circuit suitable for detection of a signal from a LED. In
Fig. 3A, resistor 302 and photoconductor 304 form a voltage divider between a higher
voltage reference 306 (such as +9 Volts) and a lower voltage reference 308 (such as ground
potential). In the embodiment of Fig. 3A, the voltage at the node 310 between the resistor
302 and the photoconductor 304 will vary between 0 and 9 volts in proportion to the
resistance of the photoconductor to the sum of the resistances of the resistor 302 and the
resistance of the photoconductor 304. Since light falling on the photoconductor 304 raises it
conductance (i.e., diminishes its resistance) in proportion to the intensity of the light and the
number of carriers generated within the photoconductor, higher illumination will reduce the
voltage at the node 310. The node 310 is connected to op amp 320 at the negative input
terminal 322 thereof.

[00063] A variable resistor 312 is connected between voltage references 306 and 308.
The variable voltage terminal 314 of variable resistor 312 is connected to the positive input
terminal 324 of op amp 320. Reference voltages 306 and 308 also power op amp 320. Op
amp 320 provides an output signal at an output terminal 326 thereof. When operated “open
loop” as depicted in Fig.3A, the output signal of op amp 320 is substantially the value of the

higher reference voltage (the “positive rail”’) when the voltage on positive input terminal 322
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exceed the voltage on negative input terminal 324. When the voltage on negative input
terminal 324 exceeds the voltage on positive input terminal 322, the output signal of op amp
320 is substantially the value of the lower reference voltage (the “negative rail”). The
transistor 330 (in the embodiment shown, an NPN 2N2222) turns on when the output of the
op amp 320 is at the positive rail, and current flows through the relay 340, activating the
relay 340. As will be recognized by those of ordinary skill in the electronic arts, setting the
value of the variable resistor 312 as set by contact 314 will determine what level of
illumination is needed to activate relay 340.

[00064] Fig. 3B is a drawing in side section of an LED and an optical detector housed
within an opaque containment structure. In Fig 3B, the LED 350 is present within housing
352. Photoconductive element 304 is positioned with housing 352 to receive light emitted
by LED 350. The housing 352 is opaque in the range of optical signals that activate
Photoconductive element 304, so as to eliminate stray radiation that might cause false
triggering of photoconductive element 304.

[00065] Fig. 4 illustrates an embodiment of a corrective relay circuit. The circuit 400
of Fig. 4 is used to correct the speed of a motor, such as motors 152, 158. The circuit 400
comprises a relay 402 that can receive a corrective signal, as needed, from a source by way
of inputs 404. The relay 402 is connected by way of a normally closed contact 406 to a
device to be controlled, such as one of motors 152, 158. The relay 402 has a second
connection to one of motors 152, 158 by way of a normally open contact 410 and a variable
resistor R, 408 having an output terminal 414, The relay 402 is powered by connection to
power supply +Vi, which is connected to input terminal 412 of relay 402. Upon activation
of the corrective signal at terminals 404, the normally closed contact opens and the normally

open contact closes, thereby providing a reduced current and/or voltage to motor 152 or 158,
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respectively. The motor is thus caused to reduce its speed, thereby driving its tread at a
slower rate. A preferred principle of operation of the DC motor speed control circuit is to
vary the amount of time that supply voltage is provided to the motor.

[00066] Fig. 5 illustrates an embodiment of an input circuit 500 that is useful for
providing directives during operation of the robotic apparatus. In one embodiment, a
joystick provides the input signals under the conirol of a user. The following illustrates the
schematic layout of the joystick control. The control uses a 5089 DTMF generator chip 502
with a crystal oscillator (xtal) 504 operating at 3.57 MHz. The 5089 DTMF generator chip
(or its equivalent) is available from a number of vendors, including for example the
TCM5089 from Texas Instruments, Dallas, TX. Terminal 6 of the DTMF generator chip is
connected to ground potential 506. Terminals 1 and 15 of the DTMF generator chip 502 are
connected to a positive voltage supply 508, which is some embodiments is +5 Volts. By
connecting any of terminals 3, 4, 5, 9, 11, 12, 13, and 14 of DTMF generator chip 502 to
ground 506, for example by way of switches 510, a DTMF frequency is generated, and
appears at terminal 16 of DTMF generator chip 502. The control can generate 8 distinct
frequencies, which can be taken in combinations of two to denote a particular direction (i.e.,
forward, reverse, right and left). In one embodiment, the frequencies are provided as an
electrical signal to the microphone input terminal of a tape recorder for recording. Four
switches 510 are implemented within the joystick 102 of Fig. 1A, and by connecting
terminals 3, 4, 5, 9, 11, 12, 13,and 14 in pairs to a single switch two tones are generated
when any switch in the joystick is caused to close.

[00067] Fig. 6 is a flowchart 600 illustrating a method of providing at least one
command recorded on a machine-readable medium, the at least one command representing

an instruction for traversing an area of interest. Each box in flowchart 600 can indicate
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either or both of a step in a process and a module in a computer program recorded on a
machine-readable medium for operation of the programmable robotic apparatus of the
invention. As indicated at box 602, a compass, such as the electronic compass 110
described above, takes readings of its own orientation (and thereby, the orientation of the
robotic apparatus). In box 604, a computer processor on which the computer program is
operating manipulates the raw data from the compass 110 to calculate reading corresponding
to a heading, using an orientation receiver module that receives orientation information from
the compass module of the programmable robotic apparatus. At box 606, the heading
readings are further manipulated to extract control information, such as a least significant
digit of a reading. At the same time, the robotic apparatus 10 is being operated by user
employing a control apparatus, such as a hand held apparatus like a cell phone, which is an
external source of directive for the robotic apparatus, as denoted by box 608. Thus, box 608
will be understood to denote also an instruction receiver module that receives directives
from an external source regarding operation of the programmable robotic apparatus.

[00068] At box 610, there is denoted a device that records information, including the
directives from box 608, and the readings of orientation and headings. This will also be
understood to denote a module that controls the recording of information on a machine-
readable medium for recovery and use at a later time. At box 612, there is denoted a storage
step, which is the step of recording the directives and compass readings (in raw and/or in
decoded format) on a recordable machine-readable medium, as described hereinabove.
[00069] At box 614, signals including directives and compass readings are decoded as
necessary, and are provided to switches that control aspects of the operation of the robotic
apparatus. At box 616, the switches (in some embodiments, relays) are activated. Atbox

618, the robotic apparatus is activated by way of driving motors and the like.
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[00070] Fig. 7 is a flowchart 700 illustrating a method of operating either a master or
a slave robotic apparatus autonomously. Each box in flowchart 700 can indicate either or
both of a step in a process and a module in a computer program recorded on a machine-
readable medium for operation of the programmable robotic apparatus of the invention.
While not indicated in flowchart 700 explicitly, as previously described, a user places the
robotic apparatus in operating mode. As indicated at box 702, a compass, such as the
electronic compass 110 described above, takes readings of its own orientation (and thereby,
the orientation of the robotic apparatus). In box 704, a computer processor on which the
computer program is operating manipulates the raw data from the compass 110 to calculate
reading corresponding to a heading, using an orientation receiver module that receives
orientation information from the compass module of the programmable robotic apparatus.
[00071] At box 706, the heading readings are compared with information, such as
information recorded in prior operation of a master robotic apparatus. This information is
made available by way of a machine-readable medium in a storage device, as denoted by
box 710. Atbox 712, the stored information is decoded as needed, and is supplied both to
the comparison circuit at box 706, and to switches, such as relays, as indicated at box 714 to
operate the apparatus. Thus, box 706 will be understood to denote also a computation
module that computes an error signal based at least in part on orientation information from
the compass module and information recorded on the machine-readable medium. Box 706
can compute whether there has been an error in the operation of the robotic apparatus 10, by
comparing the actual orientation signals and the expected (i.e., previously recorded)
orientation signals and directives to look for discrepancies. Box 706 will also be understood
to denote an error correction module that, in the event that the error signal exceeds a

predetermined value, computes an error correction to be provided as a corrective action

24



WO 03/083594 PCT/US03/09352

command to the programmable robotic apparatus. Box 706 can thus send corrective
information to box 720.

[00072] At box 720, there is denoted a device that issues commands including
correction signals to control the robotic apparatus 10 to take corrective actions. At box 714,
signals including operational signals and corrective signals, as required, are provided to
switches sucﬁ as relays that control aspects of the operation of the robotic apparatus. Atbox
718, the switches (in some embodiments, relays) are activated. At box 718, the robotic
appartatus is activated by way of driving motors and the like. The computers that control
both master robotic apparatus and slave robotic apparatus include a supervisory module that
controls the autonomous operation of a programmable robotic apparatus and that, as
required, receives information recorded on a machine-readable medium. When the robotic
apparatus has completed its programmed activities, it is turned off, either by an éxplicit
instruction in the computer program, or by the intervention of the user.

[00073] In an exemplary embodiment, the robotic apparatus is a modified 20"
mowing chassis containing twin electric motors adjacent from one another providing
mobility. Bach motor is bolted to the frame with sliding mounting brackets to aid in chain
tension. From each of the motors, reduction gears are connected to chain assembly, which
transfers power down to a sprocket mounted drive wheel. These rotations are counted as
electrical pulses and stored for later distance measurements. Maintaining distances ensures
the machine does not wander without detection. Rubber tracks are there powered to provide
for smooth mobility over diverse terrain. Tension is applied to the tracks with the aid of
tension bars, which contain adjustable springs delivered by stainless steel wheels. By
applying pressure on the bars in the opposite direction, tension is removed momentarily

from the belt thereby allowing for replacement.
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[00074] In the exemplary embodiment, power is generated by the use of an alternator
from which it derives its power by the rotating vertical shaft controlled by a gasoline engine.
The AC generated by the alternator is then converted to DC with the aid of a conversion
circuit. The electricity is then sent to a central panel where it sources out its DC power to the
remaining circuits. A battery stores the remainder of unused electricity for later recall.
[00075] In this exemplary embodiment, the vertical shaft powered by the gasoline
engine is monitored for strain or an increase in load by a current monitoring circuit. Asa
load increases, current follows in direct proportion. This detection serves as a monitor for
cutting tall grass and prevents the engine form stalling out under duress. Should the current
increase sufficiently enough to be detected, an additional circuit will be employed to slow
the forward progress and if necessary, stop and reverse before continuing.

[00076] In this exemplary embodiment, each drive motor is controlled by a variable
speed limiting circuit, which determines their revolutions per minute. Resistance added
within this circuit reduces the amount of current fed to the motors, ultimately slowing
revolutions for slight directional tuning, Each circuit also has the ability through relays, to
switch rotational directions for forward and reverse commands.

[00077] In one exemplary embodiment, to begin programming the system, a user
designates a starting location. Once an area has been selected, four hollow spikes or tubes
are then introduced into the earth to be made flush with the surface. This is achieved by
applying slight pressure with ones foot in order to set the spikes. In areas where the earth’s
density is greater than tapping with the aid of a hammer may be used. A set of guides allow
for an accurate placement, as they need to be aligned with the machine. Once the hollow
spikes or tubes are made flush, the machine is then placed over the configuration and aligned

with placement rods. A rod is placed in each of the four comers of the chassis, allowing for
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an accurate initial alignment. A consistent starting location is useful to the machines
playback operation.
[00078] In one exemplary embodiment, a joystick is used to control four commands
during programming, forward, left, right, and reverse. Bach command is selected by
positioning the controller in the four directions. In other embodiments, a hand held
transmitting device, such as a cellular telephone, can be used to provide commands. The
command generates a unique frequency corresponding with each command. The data ig
then entered into a recording device through a microphone input and is stored on magnetic
tape. Data is simultaneously fed out through the output of he tape player into a series of
frequency decoders. These decoders look for unique signatures responsible for controlling
the drive motors. This gives immediate feedback to the programmer by viewing the
movement behavior of the machine.
[00079] A digital compass module, the Vector2x, will enhance the programming data
by providing raw measurements to correspond with command inputs. The compass is read
by a stamp circuit, which provides for a numeric output. The data is then fed to an adjoining
(
stamp circuit where it is broken into ten possible combinations. Each is represented with a
light emitting diode that signals its presence by illuminating. The illumination is detected by
light sensitive circuits, which then activate specific relays. These relay control frequency
encoders that generate a signal to represent each of the ten possible data outputs. The
signals are then fed through a microphone input into a magnetic tape recorder for storage.
[00080] In one exemplary embodiment, the programmer overlaps the cutting of the
grass by 1/3 the width of the lawn mower. This safeguards any slight changes throughout

the entire playback procedures and offers a margin of error.

[00081] In the exemplary embodiment described, upon playback, the digital compass
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serves as a live reading from which recorded data is then compared to. There unique
frequencies are detected and their corresponding relays are activated. The electrical signals
provided from the decoders are sent to two processors for comparison to those provided
from the compass. The two sets of signals representing compass readings are then compared
for analysis. This step determines whether the machine is in one of three possible states.
They include 1 degree right, 1 degree left and or, center. Of these three states, only the first
two signify a need for correction. The processors indicate the status of the three states and
output a corresponding signal by activating a light emitting diode.

[00082] In the exemplary embodiment, when the diode representing left is activated, a
light sensitive circuit senses its presence and triggers a relay. This relay sends a signal to the
right side drive motor control where, it increases electrical resistance thereby slowing the
motor in direct proportion. When the correction is complete, electrical resistance in the
motor controls is returned back to its normal state. This allows the machine to correct its
heading slightly to the right, returning back onto its intended course while in forward
motion.

[00083] In the exemplary embodiment, when the center position is activated, there are
no commands being sent to the drive motor control’s as there in no correction needed. The
diode representing the center position is primarily used to allow a user to calibrate the
system.

[00084] In the exemplary embodiment, when the diode representing right is activated,
a light sensitive circuit senses its presence and triggers a relay. This relay sends a signal to
the left side drive motor control where, it increases electrical resistance thereby slowing the
motor in direct proportion. When the correction is complete, electrical resistance in the

motor controls is returned to its normal state. This allows the machine to correct its heading
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slightly to the left, returning back onto its intended course while in forward motion.

[00085] In one embodiment, each electrical circuit and/or device that can generate
electrical fields or hat can be affected by electrical fields, can be enclosed, or “wrapped”
with a grounded shield mesh (i.e., a Faraday cage) to prevent interference between
components.

[00086] In another embodiment, for example for use in a “surveillance” mode or
“night watchman” mode of operation, the robotic apparatus can have a plurality of sets of
instructions pre-recorded, each set of instructions corresponding to one of a plurality of
paths traversing an area of interest. One of the pre-recorded sets of instructions can be
selected for use in any particular traverse of the area of interest, so that tﬁe robotic apparatus
behaves in a manner that is not predictable with certainty by a disinterested observer. For
example, the selection of a particular set of instructions can be based on a random number
generator that can be programmed as a random number generator module in the computer
program recorded on a machine-readable medium. The selection can in different
embodiments be made by the robotic apparatus itself, or by an external actor, such as a user,
or a computer program under the controllof a user. The robotic apparatus can use tools such
as an electronic camera, a video camera, a radio, a chemical sensor, a biological sensor and
the like to detect and to report a condition that deviates from a pre-defined base condition.
[00087] Those of ordinary skill will recognize that many functions of electrical and
electronic apparatus can be implemented in hardware (for example, hard-wired logic), in
software (for example, logic encoded in a program operating on a general purpose
processor), and in firmware (for example, logic encoded in a non-volatile memory that is
invoked for operation on a processor as required). The present invention contemplates the

substitution of one implementation of hardware, firmware and software for another
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implementation of the equivalent functionality using a different one of hardware, firmware
and software. To the extent that an implementation can be represented mathematically by a
transfer function, that is, a specified response is generated at an output terminal for a specific
excitation applied to an input terminal of a “black box™ exhibiting the transfer function, any
implementation of the transfer function, including any combination of hardware, firmware
and software implementations of portions or segments of the transfer function, is
contemplated herein.

[00088] While the present invention has been explained with reference to the structure
disclosed herein, it is not confined to the details set forth and this invention is intended to

cover any modifications and changes as may come within the scope of the following claims.
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What is claimed is:

1. A programmable robotic apparatus, comprising:
a drive system comprising a plurality of independently operable treads;
a control module in electrical communication with said drive system, said control
module configured to command the operation of each tread;
a memory module in electrical communication with said control module, said
memory module configured to store and retrieve information; and
a compass module in electrical communication with said control module, said
compass module configured to discern an orientation of said programmable
robotic apparatus.
2, The programmable robotic apparatus of Claim 1, wherein said apparatus is
configured to operate autonomously based at least in part on information stored in said
memory module.
3. The programmable robotic apparatus of Claim I, further comprising a tool
configured to perform a mechanical operation.
4, The programmable robotic apparatus of Claim 3, wherein said tool configured to
perform a mechanical operation is selected from the group consisting of a cutting tool, a
shoveling tool, and a vacuuming tool.
5. The programmable robotic apparatus of Claim 3, wherein said programmable robotic
apparatus is a programmable lawn mower.
6. The programmable robotic apparatus of Claim 1, wherein said memory module is
selected from the group consisting of a magnetic tape, a floppy disc, a hard disc, a CD-
ROM, a CD-RW disc, RAM, EPROM, EEPROM, and a flash memory.
7. The programmable robotic apparatus of Claim 1, wherein said compass module is
configured to discern an orientation relative to the magnetic field of the planet Earth.
8. The programmable robotic apparatus of Claim 1, further comprising a command
receiver module in electrical communication with said control module.
9. The programmable robotic apparatus of Claim 8, wherein said command receiver
module is configured to receive signals from a portable transmitter.
10.  The programmable robotic apparatus of Claim 8, wherein said command receiver

module is configured to receive signals comprising directives.
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11. A method of operating a programmable robotic apparatus, comprising the steps of:
providing at least one command recorded on a machine-readable medium, said at
least one command representing an instruction for traversing an area of
interest;
operating said programmable robotic apparatus according to said at least one
command recorded on said machine-readable medium;
discerning an orientation of said programmable robotic apparatus;
comparing said orientation of said programmable robotic apparatus to a direction
recorded in said at least one command to determine an error signal; and
in the event that said error signal exceeds a predetermined value, commanding
said programmable robotic apparatus to take a corrective action;
whereby said programmable robotic apparatus autonomously traverses an area of
interest.
12.  The method of Claim 11, wherein the steps of discerning an orientation, comparing
said orientation, and in the event that said error signal exceeds a predetermined value,
commanding said programmable robotic apparatus to take a corrective action, are performed
iteratively during a period of operation of said programmable robotic apparatus.
13.  The method of Claim 11, further comprising the step of performing an operation with
a mechanical tool attached to said programmable robotic apparatus.
14.  The method of Claim 13, wherein said programmable robotic apparatus stands in one
location during said operation with said mechanical tool.
15. A method of providing at least one command recorded on a machine-readable
medium, the at least one command representing an instruction for traversing an area of
interest, the method comprising the steps of:
providing a programmable robotic apparatus;
operating said programmable robotic apparatus under external control, the
programmable robotic apparatus receiving directives from an external source
and traversing an area of interest;
taking readings from a compass module of said programmable robotic apparatus;
and
recording said directives and readings on a machine-readable medium for later

recovery.
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16. The method of Claim 15, wherein said directives are recorded in the format in which
said directives are received.
17. The method of Claim 15, wherein said directives are recorded in a different format
from the format in which said directives are received.
18. A computer program recorded on a machine-readable medium, said computer
program comprising:
a supervisory module that controls the autonomous operation of a programmable
robotic apparatus and that, as required, receives information recorded on a
machine-readable medium,;
an orientation receiver module that receives orientation information from a
compass module of said programmable robotic apparatus, and
a computation module that computes an error signal based at least in part on
orientation information from said compass module and information recorded
on said machine-readable medium.
19.  The computer program of Claim 18, further comprising:
an instruction receiver module that receives directives from an external source
regarding operation of said programmable robotic apparatus.
20.  The computer program of Claim 18, further comprising:
an error correction module that, in the event that said error signal exceeds a
predetermined value, computes an error correction to be provided as a

corrective action command to said programmable robotic apparatus.
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