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AUTONOMOUS ROBOT 

RELATED APPLICATIONS 

0001. This U.S. Patent Application claims priority of com 
monly owned U.S. Provisional Patent Applications Ser. No. 
60/873,098, filed Dec. 6, 2006 and Ser. No. 60/873,097, filed 
Dec. 6, 2006, the disclosures of which are incorporated herein 
by reference. In addition, this U.S. Patent Application is a 
divisional of claims priority to, and incorporates by reference 
the disclosure of U.S. patent application Ser. No. 11/950,241, 
filed Dec. 4, 2007. 

BACKGROUND OF THE INVENTION 

0002 The present disclosure is directed to autonomous 
machines, such as robots. The robots may be, for example, in 
accordance with the robots disclosed in commonly owned 
U.S. Pat. No. 7,133,746 and commonly owned PCT Patent 
Applications Nos. WO 2001/70009 and WO 2005/074362, 
the disclosures of all three documents are incorporated by 
reference herein. The robots may also be suited for use with 
charging or docking stations, also disclosed in commonly 
owned U.S. Pat. No. 7,133,746 and commonly owned PCT 
Patent Application No. WO 2005/074362, and adapted for the 
particular robot. For example, and as disclosed below, the 
autonomous machine or robot is a robotic lawnmower in 
accordance with the robotic lawnmower disclosed in PCT 
Patent Application No. WO 2001/70009. The robot disclosed 
herein may use a perimeter wire, for example, in accordance 
with that described in commonly owned U.S. Pat. No. 6.255. 
793, the disclosure of which is incorporated by reference 
herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0003 FIG. 1 is an exemplary diagram showing a robot and 
charging station; 
0004 FIG. 2 is an exemplary schematic diagram showing 
the charging circuit in the charging station and its intercon 
nection with the robot; 
0005 FIG.3 is a diagram showing an exemplary sequence 
of signals sent from a robot to a charging station; 
0006 FIG. 4 is a diagram showing an exemplary sequence 
of signals sent from a charging station to a robot; 
0007 FIG. 5 is a flowchart showing an exemplary set of 
steps that may be performed in determining an operation 
schedule for a robotic lawnmower; 
0008 FIG. 6 is a diagram showing a prior art example of a 
random walk by a robot; 
0009 FIG. 7 is a diagram showing an example of an area 
Such as a yard or lawn, with a narrow passage and at least one 
wider area; 
0010 FIG. 8 is an exemplary diagram showing a method 
for parallel scanning of an area; 
0011 FIG. 9A is a flowchart showing an exemplary set of 
steps that may be performed in determining when to Switch 
the robot Scanning between random and parallel modes; 
0012 FIG.9B is an exemplary diagram showing switch 
ing between random and parallel scans in a typical yard or 
work area having a narrow passage; 
0013 FIG. 10 is an illustrative example of bisector rescue 
behavior performed by a robot; 
0014 FIG. 11 is a flowchart showing an exemplary set of 
steps that may be performed by a robot executing bisector 
rescue behavior; 
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0015 FIG. 12 is an illustrative example of wire-following 
rescue behavior performed by a robot; 
0016 FIG. 13 is a flowchart showing an exemplary set of 
steps that may be performed by a robot executing wire-fol 
lowing rescue behavior; 
(0017 FIGS. 14A and 14B show a set of examples illus 
trating path-finder rescue behavior performed by a robot; and 
0018 FIG. 15 is a flowchart showing an exemplary set of 
steps that may be performed by a robot executing path-finder 
rescue behavior. 

DETAILED DESCRIPTION 

0019. The robot disclosed herein may use a perimeter wire 
to serve both as a boundary and as a navigational guide. A 
charging station is typically installed on the perimeter wire, 
so that the robot can follow the wire and enter the charging 
station. The present robot may be designed for tasks, such as 
lawn mowing, vacuum cleaning, floor Sweeping, Snow 
removal, and the like. The robot disclosed herein includes 
control hardware, software or combinations thereof for con 
trolling the requisite operations, in the form of processors, 
Such as microprocessors, control hardware and firmware, and 
combinations thereof. 

I. Bi-Directional Communication Between Robot and Charg 
ing Station 
0020 FIG. 1 is an exemplary diagram showing an autono 
mous machine, or robot 100, and an associated charging 
(docking) station 101. In accordance with the present system, 
robot 100 and charging station 101 communicate through two 
power lines 109 of the charging station, through which lines 
the robot is charged. Power is supplied from charger 104 in 
charging station 101, through power lines 109, to the robot 
100, via a pair of mating charging pins 102 on both charging 
station 101 and robot 100. As described in this section of this 
document, robot 100 is, for example, a robotic lawnmower. 
This robotic lawnmower may be for example, the robotic 
lawnmower disclosed in commonly owned PCT Patent 
Application No. WO 2001/70009, the disclosure of which is 
incorporated by reference herein. 
0021. As shown in FIG. 1, charging station 101 includes a 
physical base 108, charging pins 102, a power supply 103. 
and an electronic board, that includes, for example, a charging 
circuit section 104 and a perimeter switch 105, both con 
trolled by one or more processors and associated hardware 
and/or firmware, such as microprocessor control circuit 106. 
Charging circuit section 104 drives perimeter switch 105, 
which applies and controls the current in one or more perim 
eter loops 107 which defines the operational Zone for the 
robot 100. In addition, sensors 108, such as sensors for sens 
ing wet or damp grass or ground, humidity, rain, can be added 
to the charging station. 
0022 Communication between the robot 100 and the 
charging station 101 allows the robot to control a perimeter 
signal (a signal received by the robot that causes the robot to 
stay inside of perimeter wires 107) by sending commands to 
the charging station. In addition, this communication 
between the robot and the charging station enables sending 
control information from the charging station to the robot, 
such as whether the perimeter loop is broken or its overall 
resistance and/or inductance is too high. If the perimeter loop 
is too long for a given current level, for example 1000 meters 
rather than 500 meters, its overall resistance and inductance 



US 2012/0226381 A1 

limits the current that can be driven into it, and the necessary 
current value may not be reached. In addition, such control 
information can include information about the grass and 
ground conditions, such as the grass humidity, through the 
wet-grass sensor 108. 
0023 FIG. 2 schematically describes the charging circuit 
104 in the charging station 101 and the charging pin mecha 
nism 102 for interconnection with an associated robot 100. 
Charging station pins 212 (defining at least a portion of the 
aforementioned power lines 109) physically interface with 
robot charging receptacles 214. Battery 203 in robot 100 has 
a nominal Voltage of, for example, approximately 24 volts, 
where the power Supply Voltage generated by the charging 
station is, for example, approximately 30 volts. 
0024 Switches SW 201 and SW 202 are electronic 
Switches that are controlled by circuitry (e.g., control circuits 
106 and 120) in the charging station and in the robot, respec 
tively. When the robot 100 is connected to the charging sta 
tion, both switches SW 201 and SW 202 are ON, and the robot 
battery 203 is charged by power supply 103. To effect bidi 
rectional communication between charging station 101 and 
robot 100, power supply 103 is switched between a first 
Voltage level and a second Voltage level in accordance with 
one or more predetermined signal patterns. The power line 
voltage is monitored at shunts V1 and V2 coupled between 
respective sections of power lines 109 in the charging station 
and in the robot. 

0025 Voltage measurements at shunts V1 and V2 are fed 
to respective control systems which are implemented by con 
trol circuits 106 and 120 (shown in FIG. 2) in the robot and in 
the charging station, to effect communication therebetween. 
Alternatively, communication between charging station 101 
and robot 100 may be controlled by monitoring the current at 
points I1 and I2 (in series with respective connecting power 
lines on the charging station and on the robot) and controlling 
the communication by Switching power Supply 103 in a man 
ner analogous to the Voltage monitoring/control method 
described below. 

0026 Robot 100 can signal the charging station 101, for 
example, to turn on power to perimeter switch 105, or to 
initiate another type of transmission to the charging station. 
This signaling is performed by electronically turning the 
robot switch SW 202 OFF and ON, in accordance with vari 
ous patterns, as noted above. One Such pattern that may be 
used is, for example, a sequence of 200 milliseconds ON, 
followed by 200 milliseconds OFF, repeating the sequence 
three times. This exemplary pattern represents is a command 
from the robot requesting data from the charging station 
including information concerning perimeter loop current(s), 
charging station version, and grass sensor readings. In these 
patterns, the Voltage at V1 will change according to the State 
of the robot charging switch SW 202. When charging switch 
SW 202 is ON, the charging station power supply 103 charges 
robot battery 203 and its voltage drops close to the battery 
Voltage, which may be, for example, approximately 24 volts. 
When charging switch SW 202 is OFF, charging station 
power supply 103 faces only a low load, and therefore the 
voltage at V1 will be approximately the power supply no-load 
voltage (for example 35 volts, which is higher than the power 
Supply Voltage when charging the battery). 
0027 FIG.3 is a diagram showing an exemplary sequence 
of signals sent from robot 100 to charging station 101. Call 
outs 301 and 302 respectively indicate the power supply 
no-load voltage as a function of the position of switch SW 
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202. By monitoring the Voltage across circuit V1, the charg 
ing station can determine the robot charging Switch position, 
and thus can recognize specific ON-OFF patterns, for 
example, as shown in FIG. 3. Each of these patterns is corre 
lated with a particular command by control circuits 106 and 
120, which command is then executed by a processor in the 
appropriate control circuit. 
0028 FIG. 4 is a diagram showing an exemplary sequence 
of signals sent from charging station 101 to robot 100. As 
shown in FIG.4, the charging station sends information (typi 
cally as modulated discrete Voltage-level signals) to the robot, 
by alternating switch SW 201 between the ON and OFF 
positions, according to the digital information to be sent from 
the charging station to the robot. Thus, communication 
between robot 100 and charging station 101 may be bi-direc 
tional. Callouts 401 and 402 respectively indicate the power 
Supply no-load Voltage as a function of the position of Switch 
SW 201. Robot 100 turns charging switch SW 202 OFF, and 
monitors the Voltage across V2. When charging station Switch 
SW 201 is ON, the voltage across circuit V2 is the power 
Supply no-load voltage, for example 35 Volts, and when 
switch SW 201 is OFF, the voltage across V2 varies between 
the power Supply no-load Voltage and Zero, with a nominal 
value of 14 volts, in one embodiment. 
0029. The above described communication channel 
between charging station 101 and robot 100, using the exist 
ing power connections between the robot and the charging 
station, is also useful for sending the robot data collected from 
stationary sensors, such as sensor 108. 
0030. For example, as shown in FIG. 1, a wet-grass or 
wet-soil sensor 108, for a robotic lawnmower, can send such 
information. Since it may not be desirable to mow wet grass, 
the information from such a sensor 108 can be used in order 
to avoid robot operation under damp or wet grass conditions. 
Although robot 100 may be equipped with a rain sensor, the 
grass can still be wet after precipitation has ceased). Wetgrass 
sensor 108 is electrically coupled to charging station 101 (for 
example, to control circuit 106), and information from sensor 
108 is sent via the above-described communication method to 
the robot 100. 

0031. The charging station may be connected to an elec 
tronic irrigation system 130 and thus indicate to the robot that 
the irrigation system is powered on (or the charging station 
may simply cancel Scheduling the robot to operate in this 
situation). Robot 100 may also send other data or commands 
to charging station 101, including: 

0.032 a. commands for activating a specific perimeter 
loop 107 (in the case of multiple loops); 

0033 b. commands to control the signal level on the 
perimeter loop (i.e., the amount of current used to drive 
perimeter wire 107): 

0034 c. information regarding the robot battery type 
and battery voltage (so that robot 101 can adapt the 
charging current and corresponding charging algorithm 
accordingly): 

0035 d. commands for controlling an electronic irriga 
tion system 130 (such as clear to operate or specific 
commands to turn the irrigation system on or off). Thus, 
the robot can replace an irrigation computer by sending 
commands to the charging station that will turn on/off 
electrical taps; and 
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0036) e. commands for controlling other devices such as 
garden lamps, etc. 

II. Scheduling System for a Robot 

0037. This section describes an exemplary process of 
determining an operation schedule for a robot or other 
autonomous machine in accordance with robot 100 detailed 
above, for example, a robotic lawnmower. In one embodi 
ment, robotic lawnmower 100 is a fully automatic mode, 
wherein the robot's battery 203 is charged inside a charging 
station 101 (such as the charging station detailed above), and 
the robot departs to mow the lawn according to a set program 
(including day-of week and time-of-day data). After each 
operation (either due to a timeout or a low battery level), 
where the timeout or low battery level, for example, is in 
accordance with the disclosure in U.S. Pat. No. 7,133,746, the 
robot returns to the charging station, where it is charged until 
the next excursion. 
0038. The number of operations (i.e., lawn mowing ses 
sions) during a given period of time depends on factors 
including the mowing capacity of the robotic lawnmower 100 
(i.e., the area to be covered for a particular period of opera 
tion), the lawn area, and the type of grass (including factors 
Such as speed in which the grass grows, and the frequency 
which it needs to be cut). It is desirable to program the robot 
to operate for only the minimum number of times that will 
maintain the lawn at the desired cut level. Previously, the 
schedule programming process required a relatively large 
number of input operations from the user, including inputting 
data such as the exact date and time of the week the robot 
should engage in the mowing process. Also, a user was pre 
viously required to change the scheduling program during an 
initial period of operation until an optimum operation sched 
ule was determined The presently disclosed method for robot 
scheduling automatically determines the required scheduling 
data by employing at least one of the methods described 
below. 
0039. In one embodiment, a user enters a value indicating 
the area of the lawn, into a robot 100 that has been adapted to 
receive the programmed data. The data is received by the 
robot control circuit 106, which automatically sets the mow 
ing schedule according to the average area coverage of the 
robot per operation (typically preprogrammed into the robot). 
For example, if the robot covers in average 100 square meters 
per operation of mowing period, the operation program can 
be as follows, as listed in Table 1 below. Table 1 shows, in 
each row, the excursion time of the robot for each day of the 
week: 

TABLE 1. 

Mon- Tues- Wednes- Thurs- Fri- Satur- Sun 
Area day day day day day day day 

O-100 11:OO 
1OO-200 11:00 11:00 
200-300 11:00 11:00 11:00 
300-400 11:00 11:00 11:00 11:00 
400-500 11:00 11:00 11:00 11:00 11:00 
600-700 11:00 11:00 11:00 11:00 11:00 11:00 
700-800 11:00 11:00 11:00 11:00 11:00 11:00 11:00 
800-900 11:00 11:00 11:00 11:00 11:00 11:00 11:00 

22:00 
900-1000 11:00 11:00 11:00 11:00 11:00 11:00 11:00 

22:00 22:00 
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0040 Robot 100 can learnfestimate the area of the lawn by 
various methods and assign numerical values to portions of 
the area. These numerical values are typically, for example, 
represented as a range between 0-1000, with ranges subdi 
vided by hundreds, although any applicable ranges of num 
bers may be assigned. For example, a table Such as Table 1 
above is representative of programming guidelines for Sched 
uling mowing based on the estimated lawn area. 
0041. Several methods of estimating the lawn or work area 
may be employed. In accordance with one method, robot 100 
manually or automatically traverses the perimeter of a lawn or 
yard, with the path creating a polygon, and the overall area of 
the polygon is calculated. Numerical values are then assigned 
to subdivisions of the calculated overall area, where each of 
the Subdivided areas is approximately equal in size. The 
maximum size of each subdivided area is a value that is either 
predetermined, or a function of user-entered parameters, such 
as average precipitation rate, desired lawn height, type of 
grass, and/or estimated lawn growth per unit time (e.g., aver 
age growth per week). 
0042. Alternatively, the lawn area to be mowed may be 
estimated according to the average leg length determined by 
the robot during an initial scanning operation. A leg is defined 
as the distance the robot travels between essentially opposite 
boundaries. For example, when the robot 100 reaches part of 
a perimeter wire 107 which is laid around the yard or lawn 
area, it changes direction and moves until it reaches another 
portion of the perimeter wire. In one embodiment, robot 100 
essentially reverses its previous direction, and in another 
embodiment, the robot turns in place to a different angle and 
continues forward. A practical minimum number of legs that 
may be traversed to determine a Suitable average leg Value is, 
for example, 50 legs. In this method of lawn area determina 
tion, the robot is typically moving in an autonomous manner, 
in accordance with one of the scanning methods described in 
the section below. 

0043. The calculation of lawn/work area is based on the 
formula A=2*L2 where L is the average leg length as deter 
mined, for example, by traverses of multiple legs at random 
angles. The random angles are, for example, as follows: when 
robot 100 reaches perimeter wire 107 (traversing a straight 
leg), the robot turns in place until its front endpoints back into 
the lawn/work area, and from there it turns in a random angle 
between approximately 20 and 160 degrees. In an embodi 
ment wherein the robot is moving essentially only forward 
and backwards, the random angle is +/-90 degrees from the 
robot's current position. 
0044. The robot can further utilize electric current read 
ings from the motors that rotate the blades during the mowing 
operation, for example, resulting from resistance on the 
blade, as detailed in commonly owned PCT Patent Applica 
tion No. WO 2001/70009. If the majority of time the robot is 
mowing at Small current loads, it indicates the robot is tra 
versing an already cut area (because of low mowing blade 
resistance from the lawn), and therefore can Soon return to the 
charging station and possibly delay or cancel the next mow 
ing excursion, based on the determined height of the lawn. 
Thus, if the mowing current is detected to be less than a 
nominal value for more than a predetermined amount of time, 
the robot may inhibit one or more of the previously scheduled 
excursions. If a Sufficient amount of the mowing operation 
takes place at relatively high current loads (i.e., there is rela 
tively large lawn resistance on the blades), the robot may need 
to spend more time mowing the lawn. Additional operations, 
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Such as including more excursions in a weekly schedule, may 
be added in response to information determined during a 
mowing operation by robot 100. 
0045 FIG. 5 is a flowchart showing an exemplary set of 
steps that may be performed in determining an operation 
schedule for a robotic lawnmower. As shown in FIG. 5, at step 
505, an initial decision is made as to the method to be used in 
determining the area of the lawn to be mowed. If a manual 
estimate is to be used, then at step 510, the user enters an 
initial lawn area estimate. Alternatively, the robot determines 
the lawn area, and may do so using either of two methods, as 
determined at step 515. 
0046. In the first alternative method, at step 520, the robot 
estimates the lawn area by performing an autonomous scan 
ning operation to determine a polygonal lawn area by travers 
ing the lawn perimeter, as described above. In the second 
alternative method, at step 525, the robot estimates the lawn 
area by performing an autonomous scanning operation to 
determine the length of the average leg after multiple 
traverses of the lawn. 
0047 Next, at step 530, the estimated lawn area thus deter 
mined is Subdivided into a number of approximately equal 
smaller areas, as described above. At step 535, during a lawn 
mowing operation, the robot may optimize the length of a 
particular scheduled mowing session by utilizing real-time 
information obtained during the session, or obtained from the 
charging station prior to the session, as described above. 
0048. At step 533, the operation schedule is determined by 
setting the mowing schedule according to the average area 
coverage of the robot per operation. That is, the mowing 
schedule is determined in accordance with the nominal size of 
an area that can be mowed by the robot in each mowing 
session, by dividing the determined total lawn area by the 
nominal area that can be mowed per session. The result is the 
number of mowing sessions that are required within a par 
ticular period, Such as a week. These sessions can then be 
scheduled on a per-day basis in accordance with a chart Such 
as that shown in Table 1. 
0049. At step 540, the robot mowing schedule may be 
adapted according to a calendar, such that the number of 
mowing excursions in a given period of time may be 
increased or decreased in accordance with the present date. In 
addition, input from environmental sensors other than, or in 
addition to, wet grass sensor 108 (e.g., temperature sensors, 
rain sensors, humidity sensors, etc.) may be used to determine 
whether it is a potentially a fast growing period, and adapt the 
robot mowing schedule accordingly. 

III. Scanning Method for Area Coverage 
0050. In an exemplary embodiment, robot 100 autono 
mously determines a path to take when performing a particu 
lar task. Robot 100 may be a robotic lawnmower, as detailed 
above, or a robotic vacuum cleaner, for example, the robotic 
vacuum cleaner described in commonly owned U.S. Pat. No. 
7,079,923, the disclosure of which is incorporated by refer 
ence herein. 
0051 FIG. 6 is a diagram 600 showing an example of a 
prior art random walk by a robot or other object 600, where 
the object makes Successive random angular movements A1, 
A2, etc., each time the object encounters an obstacle. The 
simplest method of covering an area is by a random walk or 
random scan taken by a robot or other device, for example, as 
shown in FIG. 6. Elementary statistics show that on typical 
yards (lawns or gardens) or other work areas, such as Square 
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and rectangular shaped areas, a robot, on a random walk 
strategy (i.e., where an object makes successive random 
angular movements A1, A2, etc., each time the object encoun 
ters an obstacle), can reach an area coverage of approximately 
98% of an area at about 4. times. A/(D*Vx), where A is the 
area, D is the diameter of the payload (for example the cutting 
blade diameter in the case of a lawnmower) and VX is the 
vehicle (or robot) average velocity. 
0.052 FIG. 7 is a diagram showing an example of an area 
such as a yard or lawn, with at two relatively wide areas 700 
and 703 and a passage 701 with a width 702 which is rela 
tively narrow in comparison to the width of areas 700 and 703. 
In some yards or work areas, where there are narrow pas 
sages, for example, as shown in FIG. 7, the time to cover the 
entire yard (lawn) or work area is extremely long, since there 
is a low probability that the robot will get inside the narrow 
passage within areasonable time period. Accordingly, there is 
typically a high probability that the robot will not get into the 
narrow passage 701 in a normal random walk session, as 
indicated by robot random path arrows 705 within wide area 
700. Thus, the robot may not be able to enter the second wide 
area 703 within a reasonable time period. However, if the 
robot does move into the narrow passage 701, it may spend a 
relatively longtime maneuvering in that area before it reaches 
area 703, which will thus increase the time required to cover 
the entire area to be mowed, i.e., areas 700,701, and 703 in the 
example of FIG. 8, described below. 
0053. The present scanning method enhances the scan 
ning method relative to random coverage of lawns or other 
work area segments by Switching to parallel scanning once 
the robot detects it is in a narrow passage. FIG. 8 is an 
exemplary diagram showing a method for parallel scanning 
of an area 800 by a robot 100. In performing this parallel 
scanning method, the robot travels in a pattern comprising 
alternating pairs of relatively parallel lines or paths, as indi 
cated by path pairs 802(a)/802(b) and 803(a)/803(b) in FIG. 
8. As shown in FIG. 8, robot 100 travels in relatively equal 
lateral distances AD (the advancement distance), between 
opposite edges P1 and P2 of the perimeter of a yard or lawn 
800, which edges are relatively or substantially parallel. 
Another scanning pattern used by the present robot 100 may 
be, for example, the scanning pattern of commonly owned 
U.S. Pat. No. 6,615, 108. 
0054. A first turn angle TA, and a second turn angle CA 
(which is a complementary angle relative to angle TA), each 
occurring at the end of every other path, are calculated 
according to the advancement distance AD of the path. For a 
parallel scan, angle AT may be any arbitrary or calculated 
angle, as long as a complementary turn angle CA is used on 
the Subsequent leg. The advancement distance AD can be 
measured, for example, by an odometer, counting the number 
of revolutions a wheel on the robot turns. Turn angles TA and 
CA may be calculated by other types of sensors, such as a 
compass. A GPS (global positioning system) device may be 
used to determine path distance and direction where relatively 
large areas are to be traversed. 
0055 Since the present method of parallel scanning 
results in a significant lateral advance (in direction 801), it is 
useful for crossing narrow passages and reduces the time 
spent in narrow passages traveling between two wider areas. 
FIG.9A is a flowchart showing an exemplary set of steps that 
may be performed in determining when to Switch robot Scan 
ning between random walk and parallel scanning patterns. As 
shown in FIG. 9A, switching between a random walk scan 
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and a parallel scan is initiated by monitoring the distance of 
each robot path (i.e., straight leg) before an obstacle is 
encountered, at step 905. If the path distances fall below a 
certain threshold (the narrow path maximal distance) for a 
predetermined minimum number of (e.g., two) consecutive 
paths, and are longer than another threshold (the narrow path 
minimal distance), as indicated by steps 910 and 915, robot 
100 will enter a parallel scanning pattern or mode, at step 920. 
Typically, two such paths are traveled before switching into 
parallel scanning mode. However, other numbers of consecu 
tive paths may be used as a function of the relationship 
between the time it will take to detect the fact that a path is a 
narrow, and the probability of failing to detect narrow paths. 
At step 925, once the path distance has increased to more than 
the narrow path maximal distance, the robot Switches back to 
random walk scanning, at step 930, having detected that the 
robot has crossed the narrow passage. 
0056 Exemplary values for narrow path minimal distance 
and narrow path maximal distance are 65 cm and 150 cm, 
respectively. In one embodiment, if robot 100 travels a path 
length in-between these minimum and maximum distances 
for 2 legs, a parallel scan is started. In the same embodiment, 
if the robot travels for more than the narrow path maximal 
distance for 2 legs, it Switches back to random walk scanning. 
Other values for narrow path minimal distance and narrow 
path maximal distance may be determined as a function of the 
specific geometry of the robot, typical work area, and other 
factors. In certain situations, it may be necessary to traverse 
several legs that are longer than the narrow path minimal 
distance in order to reliably detect the situation before switch 
ing back to random walk mode. 
0057. If consecutive (e.g., two) paths cover less distance 
than the narrow path minimal distance, it is determined that 
the robot has reached a corner, and the robot control logic 
(control circuit 106), causes the robot to perform a maneuver 
to leave the corner. Such a maneuver may be performed in 
accordance with the rescue behavior described in the fol 
lowing section. 
0058 FIG.9B is an exemplary diagram showing switch 
ing between random and parallel scans in a typical yard 
(lawn) or work area 900 having a narrow passage 902 
between two wider areas 901 and 903. As shown in FIG.9B, 
robot 100, initially in relatively wide area 901, enters the 
relatively narrow passage 902, and determines that the pas 
sage requires parallel scanning, after traversing two consecu 
tive paths 904 and 905 that are longer than the narrow path 
maximal distance. Robot 100 then switches to parallel scan 
ning mode, as described above, traveling in a pattern com 
prising alternating pairs of relatively parallel paths, beginning 
with the path indicated by line 906. This parallel scanning 
continues until the path distance has increased to more than 
the narrow path maximal distance, indicated by point 907. 
The robot then Switches back to random walk scanning, hav 
ing detected that the narrow passage has been crossed. 

IV. Self-Rescue Behavior 

0059. The term ‘self-rescue behavior may be defined as 
the maneuvering performed by a robot 100 to extricate itself 
from problem areas. Self-rescue behavior is initiated by the 
robot when it has moved into a place from which it is difficult 
for the robot to extricate itself by performing normal maneu 
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Vers, such as those associated with a random walk or parallel 
scanning, as described in the above section. 

Bisector Rescue Behavior 

0060 Bisector rescue behavior handles scenarios where 
the robot is temporarily immobilized in a problem area sur 
rounded by obstacles, which prevent it from completing its 
desired turn movements (which can be in-place turns, pivot 
turns, or other types of turns, or any other movement the robot 
is attempting to perform. In performing bisector rescue 
behavior, robot 100 finds a clear sector between these 
obstacles and then moves through the middle of that sector 
(the bisector) to avoid contact with the obstacles. 
0061 FIG. 10 is an illustrative example of bisector rescue 
behavior performed by a robot 100. In FIG. 10, objects A and 
B represent obstacles in a work area (e.g., lawn) Surrounded 
by a perimeter wire 107. FIG. 11 is a flowchart showing an 
exemplary set of steps that may be performed by a robot 100 
executing bisector rescue behavior. Operation of the present 
system is best understood by viewing FIGS. 10 and 11 in 
conjunction with one another. 
0062. As shown in FIG. 10, in diagram 1001, robot 100 is 
performing a forward leg towards a problem area represented 
by obstacles A and B. As shown in FIGS. 10 and 11, at step 
1102 (and in diagram 1002), robot 100 encounters obstacle A 
and saves its present heading direction as heading H1. At step 
1103 (diagram 1003), the robot performs an in-place turn in a 
first direction T1 (counter-clockwise as seen from above, in 
the present example) in an attempt to avoid encountering the 
obstacle. It should be noted that the turn directions used in this 
and in the following examples may be reversed; that is, clock 
wise turns may be substituted for counter-clockwise turns, 
and Vice-versa, as long as the entire sequence of directional 
movement is reversed in a consistent manner. 

0063. At step 1104 (diagram 1004), the robot encounters 
obstacle Band saves the heading direction when this obstacle 
was encountered as heading H2. At step 1105 (diagram 1005), 
the robot performs a turn in the reverse direction T2 of the first 
turn (clockwise as seen from above, in the present example) to 
the bisector of the sector bounded by headings H1 and H2. At 
step 1106 (diagram 1006), the robot continues its operation 
with a forward leg, moving between obstacles A and B, in 
direction Hbs, which is a heading whose angular direction is 
equal to the bisected angle H1-H2. 
0064. It should be noted that the obstacles which create the 
sector used in bisector rescue behavior do not have to be solid 
objects, meaning that even virtual obstacles Such as the 
perimeter wire Surrounding the work area, for example, act as 
obstacles with respect to this behavior. Therefore, assuming 
that there is sufficient space between the obstacles, bisector 
rescue behavior can be used to find a navigable path between 
two solid obstacles, one solid obstacle and the perimeter wire 
or other combination of obstacle types. 

Wire-Following Rescue Behavior 

0065 Wire-following rescue behavior handles scenarios 
where a robot 100 has moved into a problem area partially 
surrounded by obstacles and the perimeter wire 107, where 
the obstacles prevent the robot from getting to the rest of the 
work area (e.g., lawn). In executing wire-following behavior, 
a robot 100 follows perimeter wire 107, which should even 
tually lead the robot out of the problem area. 
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0066 FIG. 12 is an illustrative example of wire-following 
rescue behavior performed by a robot 100. FIG. 13 is a flow 
chart showing an exemplary set of steps that may be per 
formed by a robot 100 executing wire-following rescue 
behavior. As shown in FIGS. 12 and 13, in diagram 1201, and 
at block 1301, initially, robot 100 gets trapped in a problem 
area 1215, due to an obstruction 1207 such as a partial enclo 
Sure. At this point, the robot is scanning normally, but is 
unable to escape from the problem area 1215 using conven 
tional scanning behaviors. At step 1302 (diagram 1202), the 
robot initiates wire-following rescue behavior by acquiring a 
signal from perimeter wire 107 and proceeding in one (arbi 
trary) direction along the wire. 
0067. At step 1303, and as shown in diagrams 1203 and 
1204, the robot follows the perimeter wire, and escapes from 
the problem area 1215. At step 1305 (diagram 1205), the 
robot ends the wire-following rescue behavior and switches 
to a normal scanning operation. 

Path-Finder Rescue Behavior 

0068 Path-finder rescue behavior handles scenarios 
where a robot 100 has moved into a problem area partially 
Surrounded by an obstacle with an essentially continuous 
boundary (with no accessible perimeter wire to guide the 
robot), preventing it from accessing the rest of the work area. 
In executing path-finder rescue behavior, a sequence of 
maneuvers (not based on perimeter wire guidance since the 
perimeter wire 107 is not accessible in the present case) is 
commenced which causes the robot to follow the perimeter of 
the obstacle until a clearpath out of the problem area is found. 
0069 FIGS. 14A and 14B show a set of examples illus 
trating path-finder rescue behavior performed by a robot 100. 
FIG. 15 is a flowchart showing an exemplary set of steps that 
may be performed by a robot 100 executing path-finder res 
cue behavior. In the present scenario, initially, a robot 100 is 
scanning normally until it gets trapped in a problem area 
1415. While still scanning, the robot is unable to escape from 
the problem area using conventional behaviors. As shown in 
FIGS. 14A and 14B, in sequentially-ordered diagrams 1401 
1412, robot 100 performs path-finder rescue behavior based 
on the following rules, as shown in FIG. 15. 
0070 Initially, at step 1501, a straight leg is traversed by 
robot 100 until an obstacle is encountered. In the present 
scenario, the obstacle is a wall 1420, as shown in diagram 
1401. 
0071. At step 1502, once an obstacle is encountered, a 
Small clockwise turn (for example, 15 degrees) is performed, 
and robot 100 continues with a straight leg traverse. As shown 
in diagram 1402, a clockwise turn CW1 is initially made, 
followed by a straight leg traverse in direction D1, as indi 
cated in diagram 1403. The present example illustrates a 
clockwise rescue behavior, but the same procedure applies to 
a rescue where a series of counterclockwise turns are 
employed. Although Smaller angles may be more effective in 
typical situations, it should be noted that any turn angle less 
than approximately 180 degrees may be employed with the 
present method. 
0072 A check is then made at step 1503 to determine 
whether the robot is still inside the problem area 1415. This 
determination is made by observing that a straight leg is 
longer than Some predetermined value, or that a leg is tra 
versed that is some percentage longer than the average of the 
past two (or more) legs traversed while in path-finder mode, 
or the perimeter wire 107 is detected. The above procedure is 
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performed (i.e., steps 1501 and 1502 are executed) until the 
robot is no longer inside the problem area. 
0073. In accordance with the rules set forth in the flow 
chart of FIG. 15, and as shown in FIGS. 14A and 14B, in the 
present example the following operations are performed by 
robot 100 in executing the present path-finder rescue behav 
1O. 

0074 Step 1501: The robot encounters an obstacle 
(wall 1420), as indicated in diagram 1404; 

0075 Step 1502: a clockwise turn CW2 is made (dia 
gram 1405), and a straight leg traverse in direction D2 is 
then made (diagram 1406); 

0.076 Step 1501: the robot again encounters wall 1420 
(diagram 1407); 

0.077 Step 1502: a clockwise turn CW3 is made (dia 
gram 1408), and a straight leg traverse in direction D3 is 
made (diagram 1409); 

0078 Step 1501: the robot encounters wall 1420 (dia 
gram 1410); 

0079 Step 1502: a clockwise turn CW4 is made (dia 
gram 1411), and a straight leg traverse in direction D4 is 
made (diagram 1412); and 

0080 Step 1503: the robot then travels a distance L1, 
which is longer than a minimum predetermined dis 
tance, so a determination is made that the robot has 
extricated itself from inside the problem area 1415. 

I0081. At step 1504, the robot then traverses a straight leg 
until perimeter boundary is encountered. When the robot 
detects a perimeter boundary (via a perimeter wire 107) at 
step 1505, path-finder rescue behavior is terminated and nor 
mal scanning mode is resumed. 
0082 In this document, references are made to directions, 
Such as left, right, front, rear, clockwise, counterclockwise, 
etc. These directional references are exemplary, to show the 
disclosed subject matter in a typical orientation, and are in no 
way limiting. While preferred embodiments of the disclosed 
subject matter have been described, so as to enable one of skill 
in the art to practice the disclosed Subject matter, the preced 
ing description is intended to be exemplary only, and should 
not be used to limit the scope of the disclosure, which should 
be determined by reference to the following claims. 

What is claimed is: 
1. A method for communication between a charging station 

and a robot, via at least one pair of power lines coupled 
between a power Supply in the charging station and a battery 
in the robot, the method comprising: sequentially Switching 
the power Supply between a first voltage level and a second 
Voltage level in accordance with a predetermined signal pat 
tern; and monitoring the Voltage level on the powerlines in the 
robot; wherein the signal pattern monitored by the robot is 
correlated with a specific command to be executed by the 
robot. 

2. The method of claim 1, wherein the command executed 
by the robot is selected from the group consisting of com 
mands for activating a specific perimeter loop controlling the 
robot, commands for controlling a signal level on the perim 
eter loop, commands for indicating a battery type in the robot, 
commands for indicating the Voltage of the battery in the 
robot, and commands for controlling an electronic irrigation 
system. 

3. The method of claim 1, wherein the power supply is 
switched in an ON and OFF sequence by a switch in the 
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charging station to establish the signal pattern, and wherein 
the robot determines the signal pattern by monitoring the ON 
and OFF sequence. 

4. The method of claim 1, wherein the signal pattern is 
established by the robot by switching the power received on 
the power lines by the robot in an ON and OFF sequence by 
a Switch in the robot, and wherein the charging station deter 
mines the signal pattern by monitoring the ON and OFF 
sequence via detection of respective Voltage levels on the 
power lines, and wherein the signal pattern is correlated with 
the specific command to be executed by the charging station. 

5. The method of claim 1, wherein bidirectional commu 
nication is effected between the robot and the charging station 
by performing additional steps comprising: establishing a 
second signal pattern by Switching the power received on the 
power lines by the robot in an ON and OFF sequence by a 
Switch in the robot, wherein the charging station determines 
the second signal pattern by monitoring the ON and OFF 
sequence via detection of respective Voltage levels on the 
power lines, and correlating the sequence with the specific 
command to be executed by the charging station. 

6. The method of claim 5, wherein the electrical current 
level, in lieu of the voltage level, on the power lines, is 
monitored to determine the signal pattern in the robot and the 
second signal pattern in the charging station. 

7. A method for scanning, by a robot, a work area to be 
covered by the robot, wherein the robot travels inside the 
work area in Successive paths, each initiated when the robot 
changes direction, the method comprising: Scanning the Work 
area using a first scanning pattern; monitoring the length of 
each of the paths traveled by the robot; Switching from the 
first scanning mode to a second scanning pattern when an 
obstacle is encountered on a minimum number of consecutive 
said paths each having a length between a first threshold 
distance and alonger, second threshold distance; and Switch 
ing back to the first scanning pattern when the length of one of 
the paths has increased to more than the second threshold 
distance. 

8. The method of claim 7, wherein the first scanning pattern 
comprises the robot traveling in a random walk pattern, and 
wherein the second scanning pattern comprises the robot 
traveling in a pattern comprising alternating pairs of essen 
tially parallel paths, wherein a first one of the paths in each of 
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the alternating pairs is oriented at an angle between approxi 
mately 120 and 240 degrees from the angle of the immedi 
ately previous one of the paths. 

9. The method of claim 7, wherein, if a predetermined 
number of consecutive paths traveled by the robot are each 
shorter than the first threshold distance, determining that the 
robot has reached a corner, in response to which the robot 
performs a maneuver to exit from the corner. 

10. The method of claim 7, wherein the robot changes 
direction in the first Scanning mode and in the second scan 
ning mode when a work area boundary is encountered and 
when an obstacle is encountered. 

11. The method of claim 7, wherein the minimum number 
of consecutive paths is at least two. 

12. A method for maneuvering a robot to extricate a robot 
from a problem area comprising: saving the heading of the 
robot as heading H1, when the robot encounters a first 
obstacle; performing an in-place turn in a first direction; 
saving the heading of the robot as heading H2, when the robot 
encounters a second obstacle; performing a turn in the reverse 
direction of the first turn substantially toward the bisector of 
the sector bounded by headings H1 and H2; and continuing 
operation with a forward leg to move between the first 
obstacle and the second obstacle, in a heading whose angular 
direction is substantially equal to the bisected angle H1-H2. 

13. The method of claim 12, wherein the first obstacle and 
the second obstacle are selected from a combination of 
obstacles consisting of two Solid obstacles, and one solid 
obstacle and a perimeter boundary wire. 

14. A method for maneuvering a robot to extricate a robot 
from within a problem area bounded partially by an obstacle 
comprising: (a) traversing a straight leg until an obstacle is 
encountered; (b) performing a turn in a first direction; (c) 
continuing a straight leg traverse; (d) determining whether the 
robot is still inside the problem area; and (e) repeating steps 
(a) and (b) until the robot is no longer inside the problem area. 

15. The method of claim 14, wherein the turn has an angu 
lar value of between approximately 10 and 30 degrees. 

16. The method of claim 14, wherein the step of determin 
ing whether the robot is still inside the problem area is per 
formed by observing that a straight leg traversed by the robot 
is longer than a predetermined value. 
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