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(54) System and method for deploying portable landmarks

(57) The different illustrative embodiments provide
an apparatus comprising a landmark controller, a land-
mark deployment system, and a number of portable land-
marks. The landmark controller has a landmark position

and placement process. The landmark deployment sys-
tem has a number of manipulative components. The
number of portable landmarks are configured to be de-
ployed to a number of locations within a worksite.
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Description

Field of the Invention

[0001] The present invention relates generally to sys-
tems and methods for navigation and more particularly
to systems and methods for navigation using visual land-
marks for localization. Still more specifically, the present
disclosure relates to a method and system for deploying
portable landmarks.

Background of the Invention

[0002] The use of robotic devices to perform physical
tasks has increased in recent years. Mobile robotic de-
vices can be used to perform a variety of different tasks.
These mobile devices may operate in semi-autonomous
or fully autonomous modes. These robotic devices may
have an integrated navigation system for performing the
variety of different tasks in semi-autonomous or fully au-
tonomous modes. Mobile robotic devices often rely on
visual landmarks for localization and navigation. Visual
landmarks may not be present in certain areas of a work-
site or in some worksites at all, such as large, open fields,
for example. A worksite may be any area or location
where robotic devices are used to perform physical tasks.
Other visual landmarks that may be present, such as
natural landmarks, for example, may have ambiguity and
seasonal occlusion from vegetative growth during certain
times or seasons.

Summary

[0003] The different illustrative embodiments provide
an apparatus comprising a landmark controller, a land-
mark deployment system, and a number of portable land-
marks. The landmark controller has a landmark position
and placement process. The landmark deployment sys-
tem has a number of manipulative components. The
number of portable landmarks is configured to be de-
ployed to a number of locations within a worksite.
[0004] The different illustrative embodiments further
provide a method for landmark placement by map. A map
of a worksite is identified. A mission having a number of
tasks for the worksite is identified. Landmark positions
and placements are determined for the mission using the
map of the worksite. A number of landmarks are deployed
using the landmark positions and placements deter-
mined for the mission.
[0005] The different illustrative embodiments further
provide a method for landmark placement by rule. A first
landmark is positioned for localization on a perimeter of
a worksite. A simultaneous localization and mapping
process is executed until a distance to the first landmark
reaches a predefined threshold. A determination is made
as to whether the perimeter has been circled.
[0006] The features, functions, and advantages can
be achieved independently in various embodiments of

the present invention, or may be combined in yet other
embodiments in which further details can be seen with
reference to the following description and drawings.

Brief Description of the Drawings

[0007] The novel features believed characteristic of
the illustrative embodiments are set forth in the appended
claims. The illustrative embodiments, however, as well
as a preferred mode of use, further objectives and ad-
vantages thereof, will best be understood by reference
to the following detailed description of an illustrative em-
bodiment of the present invention when read in conjunc-
tion with the accompanying drawings, wherein:

Figure 1 is a block diagram of a worksite environment
in which an illustrative embodiment may be imple-
mented;
Figure 2 is a block diagram of a data processing sys-
tem in accordance with an illustrative embodiment;
Figure 3 is a block diagram of a navigation system
in accordance with an illustrative embodiment;
Figure 4 is a block diagram of a mobility system in
accordance with an illustrative embodiment;
Figure 5 is a block diagram of a sensor system in
accordance with an illustrative embodiment;
Figure 6 is a block diagram of a behavior database
in accordance with an illustrative embodiment;
Figure 7 is a block diagram of a mission database in
accordance with an illustrative embodiment;
Figure 8 is a block diagram of a landmark deployment
module in accordance with an illustrative embodi-
ment;
Figure 9 is a block diagram of a worksite map in
accordance with an illustrative embodiment;
Figure 10 is a block diagram of a worksite map in
accordance with an illustrative embodiment;
Figure 11 is a flowchart illustrating a process for land-
mark placement by map in accordance with an illus-
trative embodiment;
Figure 12 is a flowchart illustrating a process for land-
mark placement by rule in accordance with an illus-
trative embodiment;
Figure 13 is a flowchart illustrating a process for ex-
ecuting a path plan in accordance with an illustrative
embodiment;
Figure 14 is a flowchart illustrating a process for ex-
ecuting a path plan using simultaneous localization
and mapping in accordance with an illustrative em-
bodiment;
Figure 15 is a flowchart illustrating a process for ex-
ecuting an area coverage path plan using sector de-
composition in accordance with an illustrative em-
bodiment; and
Figure 16 is a flowchart illustrating a process for gen-
erating an area coverage path plan using sector de-
composition in accordance with an illustrative em-
bodiment.
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[0008] With reference to the figures, and in particular
with reference to Figure 1, a block diagram of a worksite
environment is depicted in which an illustrative embodi-
ment may be implemented. Worksite environment 100
may be any type of worksite environment in which an
autonomous vehicle can operate. In an illustrative exam-
ple, worksite environment 100 may be a structure, build-
ing, worksite, area, yard, golf course, indoor environ-
ment, outdoor environment, different area, change in the
needs of a user, and/or any other suitable worksite en-
vironment or combination of worksite environments.
[0009] As an illustrative example, a change in the
needs of a user may include, without limitation, a user
moving from an old location to a new location and oper-
ating an autonomous vehicle in the yard of the new lo-
cation, which is different than the yard of the old location.
As another illustrative example, a different area may in-
clude, without limitation, operating an autonomous vehi-
cle in both an indoor environment and an outdoor envi-
ronment, or operating an autonomous vehicle in a front
yard and a back yard, for example.
[0010] Worksite environment 100 includes network
101 in one embodiment of the present invention. In this
example, back office 102 may be a single computer or a
distributed computing cloud. Back office 102 supports
the physical databases and/or connections to external
databases which may be used in the different illustrative
embodiments. Back office 102 may supply databases to
different vehicles, as well as provide online access to
information from databases. Back office 102 may also
provide path plans and/or missions for vehicles, such as
number of autonomous vehicles 104, for example.
[0011] Worksite environment 100 may include number
of autonomous vehicles 104, number of worksites 106,
user 108, and manual control device 110. As used herein,
a number of items means one or more items. For exam-
ple, number of worksites 106 is one or more worksites.
[0012] Number of autonomous vehicles 104 may be
any type of autonomous vehicle including, without limi-
tation, a mobile robotic machine, a service robot, a field
robot, a robotic mower, a robotic snow removal machine,
a robotic leaf removal machine, a robotic lawn watering
machine, a robotic vacuum, a mobile robotic landmark,
and/or any other autonomous vehicle. Autonomous ve-
hicle 112 may be an illustrative example of one of number
of autonomous vehicles 104. Autonomous vehicle 112
may include navigation system 114 and landmark de-
ployment module 116.
[0013] Navigation system 114 provides a base system
for controlling the mobility, positioning, and navigation
for autonomous vehicle 112. Base system capabilities
may include base behaviors such as, for example, with-
out limitation, base mobility functions for effectuating ran-
dom area coverage of a worksite, base obstacle avoid-
ance functions for contact switch obstacle avoidance,
base dead reckoning for positioning functions, and/or any
other combination of basic functionality for autonomous
vehicle 112. Landmark deployment module 116 provides

a system for planning and executing landmark deploy-
ment across a worksite, such as number of worksites
106. Landmarks deployed by landmark deployment mod-
ule 116 may be used in localization and path planning
by navigation system 114.
[0014] Number of mobile robotic landmarks 118 may
be another illustrative example of number of autonomous
vehicles 104. In one illustrative example, number of mo-
bile robotic landmarks 118 may deploy autonomously in
response to instructions received from landmark deploy-
ment module 116. In this example, autonomous vehicle
112 may be a utility vehicle designated for an area cov-
erage task within number of worksites 106, and number
of mobile robotic landmarks 118 may be deployed for
use in localization by navigation system 114 of autono-
mous vehicle 112 during execution of the area coverage
task.
[0015] In another illustrative example, number of mo-
bile robotic landmarks 118 may include leader 120 and
number of followers 122. Leader 120 may include land-
mark deployment module 124 and navigation system
126, similar to landmark deployment module 116 and
navigation system 114 of autonomous vehicle 112. Lead-
er 120 may be an illustrative example of autonomous
vehicle 112 where autonomous vehicle 112 is a leader
in a number of mobile robotic landmarks, for example. In
this illustrative example, leader 120 may deploy autono-
mously to a location of a worksite and send instructions
to number of followers 122 to deploy in a pattern following
leader 120 to cover a worksite or area of a worksite, for
example.
[0016] Number of worksites 106 may be any area with-
in worksite environment 100 in which number of auton-
omous vehicles 104 can operate. Each worksite in
number of worksites 106 may be associated with a mis-
sion. Worksite 128 is an illustrative example of one work-
site in number of worksites 106. For example, in an illus-
trative embodiment, worksite 128 may be a back yard of
a residence of a user. Worksite 128 includes mission 130
having number of tasks 132. In an illustrative example,
mission 130 may include mowing the back yard of the
residence of a user. Autonomous vehicle 112 may oper-
ate to perform number of tasks 132 of mission 130 within
worksite 128. As used herein, "number" refers to one or
more items. In one illustrative example, number of work-
sites 106 may include, without limitation, a primary yard
and a secondary yard. The primary yard may be worksite
128, associated with mission 130. The secondary yard
may be associated with another mission, for example.
[0017] Each worksite in number of worksites 106 may
include a number of worksite areas, a number of land-
marks, a number of landmark aids, and/or a number of
obstacles. Worksite 128 includes number of worksite ar-
eas 134, number of landmarks 136, number of landmark
aids 138, and number of obstacles 139. In an illustrative
example, number of worksite areas 134 may be a number
of locations within worksite 128, such as, for example,
without limitation, a starting point, a midpoint, and an end-

3 4 



EP 2 336 801 A2

4

5

10

15

20

25

30

35

40

45

50

55

ing point. In another illustrative example, number of work-
site areas 134 may include a sub-area of worksite 128.
[0018] Number of landmarks 136 may be any type of
feature capable of being detected by number of autono-
mous vehicles 104 and used for identifying a location of
a worksite. In an illustrative example, number of land-
marks 136 may include, without limitation, cylindrical
landmarks, colored landmarks, patterned landmarks, il-
luminated landmarks, vertical landmarks, natural land-
marks, any combination of the foregoing, and/or any oth-
er suitable landmark. Patterned landmarks may include
a visual pattern incorporated to provide distinctive infor-
mation, for example. Illuminated landmarks may provide
visual detection in low-light or no-light situations, such
as night time, for example. Natural landmarks may in-
clude, for example, without limitation, tree trunks. Other
types of landmarks may include, for example, building
architectural features, driveways, sidewalks, curbs, fenc-
es, and/or any other suitable landmarks.
[0019] Number of landmark aids 138 may be identifiers
used to mark specific locations where number of land-
marks 136 are to be repeatedly positioned during land-
mark placement and positioning operations. Number of
landmark aids 138 may include, for example, without lim-
itation, a concave depression, a conical projection, radio
frequency identification tags, and/or any other suitable
identifier. Number of landmark aids 138 may be detect-
able by, for example, without limitation, a camera, radio
frequency identification reader, and/or any other suitable
detection means.
[0020] Number of obstacles 139 may be any type of
object that occupies a physical space within worksite 128
and/or a location that number of autonomous vehicles
104 should not occupy or cross. The types of objects that
occupy a physical space within worksite 128 may refer
to objects that may be damaged by or cause damage to
number of autonomous vehicles 104 if they were to con-
tact each other, particularly with non-zero speed, for ex-
ample. The locations which number of autonomous ve-
hicles 104 should not occupy or should not cross may be
independent of what occupies that space or is on the
other side of the boundary, for example.
[0021] User 108 may be, without limitation, a human
operator, a robotic operator, or some other external sys-
tem. Manual control device 110 may be any type of man-
ual controller, which allows user 108 to override auton-
omous behaviors and control number of autonomous ve-
hicles 104. In an illustrative example, user 108 may use
manual control device 110 to control movement of au-
tonomous vehicle 112 from home location 140 to worksite
128 in order to perform number of tasks 132.
[0022] Home location 140 may be a docking station or
storage station for number of autonomous vehicles 104.
Home location 140 may include landmark storage 142
and power supply 144. Landmark storage 142 may be
any type of storage facility for number of landmarks 136
and/or number of mobile robotic landmarks 118. For ex-
ample, landmark storage 142 may be a secure storage

unit for housing a number of landmarks between land-
mark deployments. Landmark storage 142 may include,
for example, without limitation, a container, a structure,
a building, a storage unit, a secure location within number
of worksites 106, a vehicle, a towed trailer, and/or any
other suitable landmark storage. Power supply 144 may
provide power to number of autonomous vehicles 104
when number of autonomous vehicles 104 is at home
location 140. In an illustrative example, power supply 144
may recharge a power store or power supply of number
of autonomous vehicles 104. Power supply 144 may in-
clude, without limitation, a battery, mobile battery re-
charger, ultracapacitor, fuel cell, gas powered generator,
photo cells, and/or any other suitable power source.
[0023] The illustration of worksite environment 100 in
Figure 1 is not meant to imply physical or architectural
limitations to the manner in which different advantageous
embodiments may be implemented. Other components
in addition and/or in place of the ones illustrated may be
used. Some components may be unnecessary in some
advantageous embodiments. Also, the blocks are pre-
sented to illustrate some functional components. One or
more of these blocks may be combined and/or divided
into different blocks when implemented in different ad-
vantageous embodiments.
[0024] For example, in one illustrative embodiment,
landmark deployment module 116 may be integrated with
navigation system 114. In another illustrative embodi-
ment, landmark deployment module 116 may be imple-
mented on each of number of mobile robotic landmarks
118, for example.
[0025] The different illustrative embodiments recog-
nize and take into account that currently used methods
for robotic navigation using optical systems encounter
increasing positioning error, relative to distance from a
landmark due to landmark image boundary issues and
off-by-one digitization errors. For a given accuracy re-
quirement, landmarks used need to be within a given
distance of the optical system used for ranging. Thus, for
a given worksite, a certain number of landmarks are re-
quired at a number of locations throughout the worksite
in order for an autonomous vehicle to navigate and ex-
ecute area coverage tasks within the given accuracy.
[0026] The different illustrative embodiments further
recognize and take into account that natural landmarks
may not be present in certain areas of a worksite, or in
some worksites at all, such as large, open fields or lawns
which are to be mowed by autonomous mowers using
landmark localization, for example. Placing a permanent
landmark in such areas may interfere with recreation
and/or other uses of the area, or take away from aesthet-
ics of the area. Additionally, existing worksite landmarks,
such as fence posts, for example, may have issues re-
lated to ambiguity and seasonal occlusion from vegeta-
tive growth, which make an artificial landmark preferable.
However, the use of moveable, artificial landmarks in-
cludes a concern of theft and vandalism of the landmarks
at a worksite.
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[0027] Thus, one or more of the different illustrative
embodiments provide an apparatus comprising a land-
mark controller, a landmark deployment system, and a
number of portable landmarks. The landmark controller
has a landmark position and placement process. The
landmark deployment system has a number of manipu-
lative components. The number of portable landmarks is
configured to be deployed to a number of locations within
a worksite.
[0028] The different illustrative embodiments further
provide a method for landmark placement by map. A map
of a worksite is identified. A mission having a number of
tasks for the worksite is identified. Landmark positions
and placements are determined for the mission using the
map of the worksite. A number of landmarks are deployed
using the landmark positions and placements deter-
mined for the mission.
[0029] The different illustrative embodiments further
provide a method for landmark placement by rule. A first
landmark is positioned for localization on a perimeter of
a worksite. A simultaneous localization and mapping
process is executed until a distance to the first landmark
reaches a predefined threshold. A determination is made
as to whether the perimeter has been circled.
[0030] The different illustrative embodiments provide
the ability to autonomously and temporarily deploy arti-
ficial landmarks onto a worksite to support visual land-
mark localization. The portable landmarks may be de-
ployed to a number of locations in order to maximize ef-
ficiency of area coverage tasks and minimize accuracy
penalties of visual landmark localization. The landmarks
may be recovered at a later time for reuse with optional
secure storage while not in use in order to mitigate theft
and vandalism concerns.
[0031] With reference now to Figure 2, a block diagram
of a data processing system is depicted in accordance
with an illustrative embodiment. Data processing system
200 is an example of a computer, such as back office
102 in Figure 1, in which computer usable program code
or instructions implementing the processes may be lo-
cated in the illustrative embodiments.
[0032] In this illustrative example, data processing sys-
tem 200 includes communications fabric 202, which pro-
vides communications between processor unit 204,
memory 206, persistent storage 208, communications
unit 210, input/output (I/O) unit 212, and display 214.
[0033] Processor unit 204 serves to execute instruc-
tions for software that may be loaded into memory 206.
Processor unit 204 may be a set of one or more proces-
sors or may be a multi-processor core, depending on the
particular implementation. Further, processor unit 204
may be implemented using one or more heterogeneous
processor systems, in which a main processor is present
with secondary processors on a single chip. As another
illustrative example, processor unit 204 may be a sym-
metric multi-processor system containing multiple proc-
essors of the same type.
[0034] Memory 206 and persistent storage 208 are ex-

amples of storage devices 216. A storage device is any
piece of hardware that is capable of storing information,
such as, for example without limitation, data, program
code in functional form, and/or other suitable information,
either on a temporary basis and/or a permanent basis.
Memory 206, in these examples, may be, for example,
a random access memory or any other suitable volatile
or nonvolatile storage device. Persistent storage 208
may take various forms depending on the particular im-
plementation. For example, persistent storage 208 may
contain one or more components or devices. For exam-
ple, persistent storage 208 may be a hard drive, a flash
memory, a rewritable optical disk, a rewritable magnetic
tape, or some combination of the above. The media used
by persistent storage 208 also may be removable. For
example, a removable hard drive may be used for per-
sistent storage 208.
[0035] Communications unit 210, in these examples,
provides for communications with other data processing
systems or devices. In these examples, communications
unit 210 is a network interface card. Communications
unit 210 may provide communications through the use
of either or both physical and wireless communications
links.
[0036] Input/output unit 212 allows for input and output
of data with other devices that may be connected to data
processing system 200. For example, input/output unit
212 may provide a connection for user input through a
keyboard, a mouse, and/or some other suitable input de-
vice. Further, input/output unit 212 may send output to a
printer. Display 214 provides a mechanism to display in-
formation to a user.
[0037] Instructions for the operating system, applica-
tions and/or programs may be located in storage devices
216, which are in communication with processor unit 204
through communications fabric 202. In these illustrative
examples, the instructions are in a functional form on
persistent storage 208. These instructions may be loaded
into memory 206 for execution by processor unit 204.
The processes of the different embodiments may be per-
formed by processor unit 204 using computer implement-
ed instructions, which may be located in a memory, such
as memory 206.
[0038] These instructions are referred to as program
code, computer usable program code, or computer read-
able program code that may be read and executed by a
processor in processor unit 204. The program code in
the different embodiments may be embodied on different
physical or tangible computer readable media, such as
memory 206 or persistent storage 208.
[0039] Program code 218 is located in a functional form
on computer readable media 220 that is selectively re-
movable and may be loaded onto or transferred to data
processing system 200 for execution by processor unit
204. Program code 218 and computer readable media
220 form computer program product 222 in these exam-
ples. In one example, computer readable media 220 may
be in a tangible form, such as, for example, an optical or
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magnetic disc that is inserted or placed into a drive or
other device that is part of persistent storage 208 for
transfer onto a storage device, such as a hard drive that
is part of persistent storage 208. In a tangible form, com-
puter readable media 220 also may take the form of a
persistent storage, such as a hard drive, a thumb drive,
or a flash memory that is connected to data processing
system 200. The tangible form of computer readable me-
dia 220 is also referred to as computer recordable storage
media. In some instances, computer readable media 220
may not be removable.
[0040] Alternatively, program code 218 may be trans-
ferred to data processing system 200 from computer
readable media 220 through a communications link to
communications unit 210 and/or through a connection to
input/output unit 212. The communications link and/or
the connection may be physical or wireless in the illus-
trative examples. The computer readable media also
may take the form of non-tangible media, such as com-
munications links or wireless transmissions containing
the program code.
[0041] In some illustrative embodiments, program
code 218 may be downloaded over a network to persist-
ent storage 208 from another device or data processing
system for use within data processing system 200. For
instance, program code stored in a computer readable
storage medium in a server data processing system may
be downloaded over a network from the server to data
processing system 200. The data processing system pro-
viding program code 218 may be a server computer, a
client computer, or some other device capable of storing
and transmitting program code 218.
[0042] The different components illustrated for data
processing system 200 are not meant to provide archi-
tectural limitations to the manner in which different em-
bodiments may be implemented. The different illustrative
embodiments may be implemented in a data processing
system including components in addition to or in place
of those illustrated for data processing system 200. Other
components shown in Figure 2 can be varied from the
illustrative examples shown. The different embodiments
may be implemented using any hardware device or sys-
tem capable of executing program code. As one exam-
ple, the data processing system may include organic
components integrated with inorganic components
and/or may be comprised entirely of organic components
excluding a human being. For example, a storage device
may be comprised of an organic semiconductor.
[0043] As another example, a storage device in data
processing system 200 is any hardware apparatus that
may store data. Memory 206, persistent storage 208 and
computer readable media 220 are examples of storage
devices in a tangible form.
[0044] In another example, a bus system may be used
to implement communications fabric 202 and may be
comprised of one or more buses, such as a system bus
or an input/output bus. Of course, the bus system may
be implemented using any suitable type of architecture

that provides for a transfer of data between different com-
ponents or devices attached to the bus system. Addition-
ally, a communications unit may include one or more de-
vices used to transmit and receive data, such as a modem
or a network adapter. Further, a memory may be, for
example, memory 206 or a cache such as found in an
interface and memory controller hub that may be present
in communications fabric 202.
[0045] As used herein, the phrase "at least one of",
when used with a list of items, means that different com-
binations of one or more of the items may be used and
only one of each item in the list may be needed. For
example, "at least one of item A, item B, and item C" may
include, for example, without limitation, item A or item A
and item B. This example also may include item A, item
B, and item C, or item B and item C.
[0046] With reference now to Figure 3, a block diagram
of a navigation system is depicted in accordance with an
illustrative embodiment. Navigation system 300 is an ex-
ample of one implementation of navigation system 114
in Figure 1.
[0047] Navigation system 300 includes processor unit
302, communications unit 304, behavior database 306,
mission database 308, mobility system 310, sensor sys-
tem 312, power supply 314, power level indicator 316,
base system interface 318, vision system 320, and land-
mark deployment module 336. Vision system 320 in-
cludes number of cameras 322. Number of cameras 322
may be used for landmark localization by navigation sys-
tem 300, for example. Number of cameras 322 may in-
clude, for example, without limitation, a color camera, a
black and white camera, a digital camera, an infrared
camera, and/or any other suitable camera.
[0048] In one illustrative example, number of cameras
322 may be oriented to capture a view that is down and
horizontal relative to the autonomous vehicle associated
with navigation system 300, such as number of autono-
mous vehicles 104 in Figure 1, for example. In this illus-
trative example, the orientation of number of cameras
322 may enable autonomous vehicle behaviors, such as
boundary and/or perimeter following, for example, in ad-
dition to landmark identification and localization. In an
illustrative example where number of cameras 322 in-
cludes a color camera, boundary following behaviors
may use number of cameras 322 to identify a color
boundary, such as green grass contrasted with a con-
crete curb, for example. In another illustrative example,
number of cameras 322 may be oriented to capture a
view facing perpendicular to the direction of travel of the
autonomous vehicle associated with navigation system
300, such as autonomous vehicle 112 in Figure 1, for
example. In yet another illustrative example, number of
cameras 322 may be oriented to capture a view facing
the landmark the autonomous vehicle associated with
navigation system 300 is traveling around, for example.
[0049] Vision system 320 operates to provide depth of
field perception by providing number of images 324 from
number of cameras 322 for enhanced vision capabilities
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of navigation system 300. Vision system 320 may be, for
example, without limitation, a stereo vision system, an
asymmetric vision system, a stadiametric ranging vision
system, and/or any other suitable vision system. Number
of cameras 322 may be used to capture number of im-
ages 324 of a worksite or worksite area, such as worksite
128 in Figure 1, for example. Number of images 324 may
be transferred over base system interface 318 to proc-
essor unit 302 for use in landmark identification and path
planning, for example. As used herein, "number of" refers
to one or more images.
[0050] Processor unit 302 may be an example of one
implementation of data processing system 200 in Figure
2. Processor unit 302 includes vehicle control process
326. Vehicle control process 326 is configured to com-
municate with and control mobility system 310. Vehicle
control process 326 includes path planning module 328.
Path planning module 328 may use information from be-
havior database 306 and mission database 308, along
with number of images 324 received from vision system
320, to generate path plan 330. Path planning module
328 may generate path plan 330 using sector decompo-
sition process 332 to plan a path for a worksite, for ex-
ample. A path may be any length, for example, one foot
or ten feet, and may change as the position of the auton-
omous vehicle relative to a landmark, obstacle, perime-
ter, and/or boundary changes. Sector decomposition
process 332 is an area coverage algorithm, as shown in
more illustrative detail in Figures 10 and 16. Sector de-
composition process 332 may enable path planning mod-
ule 328 and/or vehicle control process 326 to plan and
execute path plan 330 with only one visible landmark at
any given location of a worksite, for example. Sector de-
composition process 332 generates paths which follow
arcs at predefined distances from landmarks. The pre-
defined distances may be, for example, without limitation,
equal to the width of an autonomous vehicle, equal to
the task coverage width for one pass of an autonomous
vehicle, and/or any other specified distance. In one illus-
trative example, sector decomposition process 332 may
generate paths with arcs that are progressively closer
together as the autonomous vehicle proceeds further
away from a landmark in order to compensate for site-
specific error. Sector decomposition process 332 may
also generate linear paths for point-to-point behaviors in
order to move an autonomous vehicle from one landmark
to another landmark, for example.
[0051] Landmark deployment module 336 may inter-
act with processor unit 302 using base system interface
318, in one illustrative example. Landmark deployment
module 336 provides a system for planning and execut-
ing landmark deployment across a worksite, such as
number of worksites 106 in Figure 1. Landmark deploy-
ment module 336 includes landmark controller 338 and
number of portable landmarks 340. Number of portable
landmarks 340 may be deployed by landmark deploy-
ment module 336 for use in localization and path planning
by navigation system 300, for example.

[0052] In one illustrative example, landmark controller
338 may retrieve a worksite map from mission database
308 in order to plan for landmark deployment across a
worksite, such as worksite 128 in Figure 1. Landmark
controller 338 may identify a number of locations across
the worksite where number of portable landmarks 340
will be deployed in order to provide navigation system
300 with sufficient landmarks for localization and/or path
planning. Landmark controller 338 may also update the
worksite map retrieved from mission database 308 with
the number of landmark locations planned, and store the
worksite map with landmark locations in mission data-
base 308.
[0053] In another illustrative example, path planning
module 328 may retrieve a worksite map from mission
database 308 in order to plan a path, such as path plan
330, for landmark deployment across the worksite. A
worksite map is a map that identifies a worksite, such as
worksite 128 in Figure 1, for example. A worksite map
may be used to identify a location for an area coverage
task and plan a path for execution of the area coverage
task on a worksite. The worksite map may have a number
of landmarks locations identified in this example. Vehicle
control process 326 may use path plan 330 to send com-
mands and/or signals to mobility system 310 in order to
move an autonomous vehicle associated with navigation
system 300 according to path plan 330. Landmark con-
troller 338 may initiate landmark deployment using path
plan 330 as the autonomous vehicle travels across the
worksite, for example. After landmark deployment, vehi-
cle control process 326 may also initiate an area cover-
age task in the worksite using path plan 330 and/or
number of portable landmarks 340 deployed across the
worksite for localization and navigation. Vehicle control
process 326 may initiate the area coverage task in re-
sponse to a trigger, such as, for example, without limita-
tion, a button being selected on an autonomous vehicle,
a command from a manual control device, a software-
driven event, a time-driven event, and/or any other suit-
able trigger.
[0054] Processor unit 302 may also include simulta-
neous localization and mapping process 334, as shown
in more illustrative detail in Figures 13 and 14. Simulta-
neous localization and mapping process 334 may gen-
erate a worksite map having a path plan, such as path
plan 330, during operation of an area coverage task by
the autonomous vehicle associated with navigation sys-
tem 300, for example.
[0055] Processor unit 302 may further communicate
with and access data stored in behavior database 306
and mission database 308. Accessing data may include
any process for storing, retrieving, and/or acting on data
in behavior database 306 and/or mission database 308.
For example, accessing data may include, without limi-
tation, using a lookup table housed in behavior database
306 and/or mission database 308, running a query proc-
ess using behavior database 306 and/or mission data-
base 308, and/or any other suitable process for access-
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ing data stored in a database.
[0056] Processor unit 302 receives information from
sensor system 312 and may use sensor information in
conjunction with behavior data from behavior database
306 when controlling mobility system 310. Processor unit
302 may also receive control signals from an outside con-
troller, such as manual control device 110 operated by
user 108 in Figure 1, for example. These control signals
may be received by processor unit 302 using communi-
cations unit 304.
[0057] Communications unit 304 may provide commu-
nications links to processor unit 302 to receive informa-
tion. This information includes, for example, data, com-
mands, and/or instructions. Communications unit 304
may take various forms. For example, communications
unit 304 may include a wireless communications system,
such as a cellular phone system, a Wi-Fi wireless system,
or some other suitable wireless communications system.
[0058] Communications unit 304 may also include a
wired connection to an optional manual controller, such
as manual control device 110 in Figure 1, for example.
Further, communications unit 304 also may include a
communications port, such as, for example, a universal
serial bus port, a serial interface, a parallel port interface,
a network interface, or some other suitable port to provide
a physical communications link. Communications unit
304 may be used to communicate with an external control
device or user, for example.
[0059] In one illustrative example, processor unit 302
may receive control signals from manual control device
110 operated by user 108 in Figure 1. These control sig-
nals may override autonomous behaviors of vehicle con-
trol process 326 and allow user 108 to stop, start, steer,
and/or otherwise control the autonomous vehicle asso-
ciated with navigation system 300.
[0060] Behavior database 306 contains a number of
behavioral actions which vehicle control process 326
may utilize when controlling mobility system 310. Behav-
ior database 306 may include, without limitation, basic
vehicle behaviors, area coverage behaviors, perimeter
behaviors, obstacle avoidance behaviors, manual con-
trol behaviors, power supply behaviors, and/or any other
suitable behaviors for an autonomous vehicle.
[0061] Mobility system 310 provides mobility for an au-
tonomous vehicle, such as number of autonomous vehi-
cles 104 in Figure 1. Mobility system 310 may take var-
ious forms. Mobility system 310 may include, for exam-
ple, without limitation, a propulsion system, steering sys-
tem, braking system, and mobility components. In these
examples, mobility system 310 may receive commands
from vehicle control process 326 and move an associated
autonomous vehicle in response to those commands.
[0062] Sensor system 312 may include a number of
sensor systems for collecting and transmitting sensor da-
ta to processor unit 302. For example, sensor system
312 may include, without limitation, a dead reckoning
system, an obstacle detection system, a perimeter de-
tection system, and/or some other suitable type of sensor

system, as shown in more illustrative detail in Figure 5.
Sensor data is information collected by sensor system
312.
[0063] Power supply 314 provides power to compo-
nents of navigation system 300 and the associated au-
tonomous vehicle, such as autonomous vehicle 112 in
Figure 1, for example. Power supply 314 may include,
without limitation, a battery, mobile battery recharger, ul-
tracapacitor, fuel cell, gas powered generator, photo
cells, and/or any other suitable power source. Power lev-
el indicator 316 monitors the level of power supply 314
and communicates the power supply level to processor
unit 302. In an illustrative example, power level indicator
316 may send information about a low level of power in
power supply 314. Processor unit 302 may access be-
havior database 306 to employ a behavioral action in
response to the indication of a low power level, in this
illustrative example. For example, without limitation, a
behavioral action may be to cease operation of a task
and seek a recharging station in response to the detection
of a low power level.
[0064] Base system interface 318 provides power and
data communications between vision system 320, land-
mark deployment module 336, and the other components
of navigation system 300. In an illustrative example,
number of images 324 may be transferred to processor
unit 302 from vision system 320 using base system in-
terface 318. In another illustrative example, landmark
controller 338 may generate a path plan for the autono-
mous vehicle associated with navigation system 300 and
transfer the path plan to vehicle control process 326 via
base system interface 318, for example.
[0065] The illustration of navigation system 300 in Fig-
ure 3 is not meant to imply physical or architectural lim-
itations to the manner in which different advantageous
embodiments may be implemented. Other components
in addition and/or in place of the ones illustrated may be
used. Some components may be unnecessary in some
advantageous embodiments. Also, the blocks are pre-
sented to illustrate some functional components. One or
more of these blocks may be combined and/or divided
into different blocks when implemented in different ad-
vantageous embodiments.
[0066] For example, in an illustrative embodiment,
landmark deployment module 336 may be a separate
component from navigation system 300 and interact with
navigation system 300 using communications unit 304.
In yet another illustrative embodiment, navigation system
300 may be implemented in each of number of portable
landmarks 340, providing autonomous mobile robotic
landmarks, for example.
[0067] With reference now to Figure 4, a block diagram
of a mobility system is depicted in accordance with an
illustrative embodiment. Mobility system 400 is an exam-
ple of one implementation of mobility system 310 in Fig-
ure 3.
[0068] Mobility system 400 provides mobility for auton-
omous vehicles associated with a navigation system,
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such as navigation system 300 in Figure 3. Mobility sys-
tem 400 may take various forms. Mobility system 400
may include, for example, without limitation, propulsion
system 402, steering system 404, braking system 406,
and number of mobility components 408. In these exam-
ples, propulsion system 402 may propel or move an au-
tonomous vehicle, such as number of autonomous vehi-
cles 104 in Figure 1, in response to commands from a
navigation system, such as navigation system 300 in Fig-
ure 3.
[0069] Propulsion system 402 may maintain or in-
crease the speed at which an autonomous vehicle moves
in response to instructions received from a processor unit
of a navigation system. Propulsion system 402 may be
an electrically controlled propulsion system. Propulsion
system 402 may be, for example, without limitation, an
internal combustion engine, an internal combustion en-
gine/electric hybrid system, an electric engine, or some
other suitable propulsion system. In an illustrative exam-
ple, propulsion system 402 may include wheel drive mo-
tors 410. Wheel drive motors 410 may be an electric mo-
tor incorporated into a mobility component, such as a
wheel, that drives the mobility component directly. In one
illustrative embodiment, steering may be accomplished
by differentially controlling wheel drive motors 410.
[0070] Steering system 404 controls the direction or
steering of an autonomous vehicle in response to com-
mands received from a processor unit of a navigation
system. Steering system 404 may be, for example, with-
out limitation, an electrically controlled hydraulic steering
system, an electrically driven rack and pinion steering
system, a differential steering system, or some other suit-
able steering system. In an illustrative example, steering
system 404 may include a dedicated wheel configured
to control number of mobility components 408.
[0071] Braking system 406 may slow down and/or stop
an autonomous vehicle in response to commands re-
ceived from a processor unit of a navigation system.
Braking system 406 may be an electrically controlled
braking system. This braking system may be, for exam-
ple, without limitation, a hydraulic braking system, a fric-
tion braking system, a regenerative braking system using
wheel drive motors 410, or some other suitable braking
system that may be electrically controlled. In one illus-
trative embodiment, a navigation system may receive
commands from an external controller, such as manual
control device 110 in Figure 1, to activate an emergency
stop. The navigation system may send commands to mo-
bility system 400 to control braking system 406 to perform
the emergency stop, in this illustrative example.
[0072] Number of mobility components 408 provides
autonomous vehicles with the capability to move in a
number of directions and/or locations in response to in-
structions received from a processor unit of a navigation
system and executed by propulsion system 402, steering
system 404, and braking system 406. Number of mobility
components 408 may be, for example, without limitation,
wheels, tracks, feet, rotors, propellers, wings, and/or oth-

er suitable components.
[0073] The illustration of mobility system 400 in Figure
4 is not meant to imply physical or architectural limitations
to the manner in which different advantageous embodi-
ments may be implemented. Other components in addi-
tion to and/or in place of the ones illustrated may be used.
Some components may be unnecessary in some advan-
tageous embodiments. Also, the blocks are presented to
illustrate some functional components. One or more of
these blocks may be combined and/or divided into differ-
ent blocks when implemented in different advantageous
embodiments.
[0074] With reference now to Figure 5, a block diagram
of a sensor system is depicted in accordance with an
illustrative embodiment. Sensor system 500 is an exam-
ple of one implementation of sensor system 312 in Figure
3.
[0075] Sensor system 500 includes a number of sen-
sor systems for collecting and transmitting sensor data
to a processor unit of a navigation system, such as nav-
igation system 300 in Figure 3. Sensor system 500 in-
cludes obstacle detection system 502, perimeter detec-
tion system 504, and dead reckoning system 506.
[0076] Obstacle detection system 502 may include,
without limitation, number of contact switches 508 and
ultrasonic transducer 510. Number of contact switches
508 detects contact by an autonomous vehicle with an
external object in the environment, such as worksite en-
vironment 100 in Figure 1, for example. Number of con-
tact switches 508 may include, for example, without lim-
itation, bumper switches. Ultrasonic transducer 510 gen-
erates high frequency sound waves and evaluates the
echo received back. Ultrasonic transducer 510 calcu-
lates the time interval between sending the signal, or high
frequency sound waves, and receiving the echo to de-
termine the distance to an object.
[0077] Perimeter detection system 504 detects a pe-
rimeter or boundary of a worksite, such as worksite 128
in Figure 1, and sends information about the perimeter
detection to a processor unit of a navigation system. Pe-
rimeter detection system 504 may include, without limi-
tation, receiver 512 and infrared detector 514. Receiver
512 detects electrical signals, which may be emitted by
a wire delineating the perimeter of a worksite, such as
worksite 128 in Figure 1, for example. Infrared detector
514 detects infrared light, which may be emitted by an
infrared light source along the perimeter of a worksite,
such as worksite 128 in Figure 1, for example.
[0078] In an illustrative example, receiver 512 may de-
tect an electrical signal from a perimeter wire, and send
information about that detected signal to a processor unit
of a navigation system, such as navigation system 300
in Figure 3. The navigation system may then send com-
mands to a mobility system, such as mobility system 400
in Figure 4, to alter the direction or course of an autono-
mous vehicle associated with the navigation system, in
this illustrative example.
[0079] Dead reckoning system 506 estimates the cur-
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rent position of an autonomous vehicle associated with
the navigation system. Dead reckoning system 506 es-
timates the current position based on a previously deter-
mined position and information about the known or esti-
mated speed over elapsed time and course. Dead reck-
oning system 506 may include, without limitation, odom-
eter 516, compass 518, and accelerometer 520. Odom-
eter 516 is an electronic or mechanical device used to
indicate distance traveled by a machine, such as number
of autonomous vehicles 104 in Figure 1. Compass 518
is a device used to determine position or direction relative
to the earth’s magnetic poles. Accelerometer 520 meas-
ures the acceleration it experiences relative to freefall.
[0080] The illustration of sensor system 500 in Figure
5 is not meant to imply physical or architectural limitations
to the manner in which different advantageous embodi-
ments may be implemented. Other components in addi-
tion to and/or in place of the ones illustrated may be used.
Some components may be unnecessary in some advan-
tageous embodiments. Also, the blocks are presented to
illustrate some functional components. One or more of
these blocks may be combined and/or divided into differ-
ent blocks when implemented in different advantageous
embodiments.
[0081] With reference now to Figure 6, a block diagram
of a behavior database is depicted in accordance with
an illustrative embodiment. Behavior database 600 is an
example of one implementation of behavior database
306 in Figure 3.
[0082] Behavior database 600 includes a number of
behavioral actions which vehicle control process 326 of
navigation system 300 may utilize when controlling mo-
bility system 310 in Figure 3. Behavior database 600 may
include, without limitation, basic vehicle behaviors 602,
area coverage behaviors 604, perimeter behaviors 606,
obstacle avoidance behaviors 608, manual control be-
haviors 610, power supply behaviors 612, and/or any oth-
er suitable behaviors for an autonomous vehicle.
[0083] Basic vehicle behaviors 602 provide actions for
a number of basic tasks an autonomous vehicle may per-
form. Basic vehicle behaviors 602 may include, without
limitation, mowing, vacuuming, floor scrubbing, leaf re-
moval, snow removal, watering, spraying, security,
and/or any other suitable task.
[0084] Area coverage behaviors 604 provide actions
for area coverage when performing basic vehicle behav-
iors 602. Area coverage behaviors 604 may include, with-
out limitation, sector decomposition behaviors 614. Sec-
tor decomposition behaviors 614 may include, for exam-
ple, without limitation, follow arc 616, point-to-point 618,
and/or any other suitable behaviors.
[0085] Perimeter behaviors 606 provide actions for a
navigation system in response to perimeter detection,
such as by perimeter detection system 504 in Figure 5.
In an illustrative example, perimeter behaviors 606 may
include, without limitation, follow perimeter 620, change
heading 622, and/or any other suitable behaviors.
Change heading 622 may operate to change the heading

for an autonomous vehicle by a number of degrees in
order to stay within a perimeter. Follow perimeter 620
may operate to move an autonomous vehicle parallel to
a perimeter for a predefined distance. A predefined dis-
tance may be, for example, a distance equal to the width
of the autonomous vehicle less an error amount.
[0086] Obstacle avoidance behaviors 608 provide ac-
tions for a navigation system to avoid collision with ob-
jects in an environment around an autonomous vehicle.
In an illustrative example, obstacle avoidance behaviors
608 may include, without limitation, circle obstacle 180
degrees 624, circle obstacle 360 degrees 626, reverse
direction and change heading 628, and/or any other suit-
able behaviors. Circle obstacle 180 degrees 624 may
operate to direct an autonomous vehicle around an ob-
stacle to continue along an original path, for example.
Circle obstacle 360 degrees 626 may operate to direct
an autonomous vehicle around the entirety of an obstacle
in order to perform a task on all areas around the obstacle,
for example. Reverse direction and change heading 628
may operate to reverse direction and change heading of
an autonomous vehicle by a number of degrees before
moving forward in order to avoid collision with an object
detected by an obstacle detection system, such as ob-
stacle detection system 502 in Figure 5.
[0087] Manual control behaviors 610 provide actions
for a navigation system to disable autonomy and take
motion control from a user, such as user 108 in Figure
1, for example. Power supply behaviors 612 provide ac-
tions for a navigation system to take a number of actions
in response to a detected level of power in a power sup-
ply, such as power supply 314 in Figure 3. In an illustrative
example, power supply behaviors 612 may include, with-
out limitation, stopping the task operation of an autono-
mous vehicle and seeking out additional power or power
recharge for the autonomous vehicle.
[0088] The illustration of behavior database 600 in Fig-
ure 6 is not meant to imply physical or architectural lim-
itations to the manner in which different advantageous
embodiments may be implemented. Other components
in addition to and/or in place of the ones illustrated may
be used. Some components may be unnecessary in
some advantageous embodiments. Also, the blocks are
presented to illustrate some functional components. One
or more of these blocks may be combined and/or divided
into different blocks when implemented in different ad-
vantageous embodiments.
[0089] With reference now to Figure 7, a block diagram
of a mission database is depicted in accordance with an
illustrative embodiment. Mission database 700 is an ex-
ample of one implementation of mission database 308
in Figure 3.
[0090] Mission database 700 includes a number of da-
tabases which processor unit 302 of navigation system
300 may utilize when planning a path and/or controlling
mobility system 310 in Figure 3. Mission database 700
also includes a number of databases landmark deploy-
ment module 336 may utilize when planning a landmark
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deployment path and/or landmark deployment locations
and positioning for a worksite. Mission database 700 may
include, without limitation, map database 702, landmark
database 704, number of missions 718, and/or any other
suitable database of information for an autonomous ve-
hicle.
[0091] Map database 702 includes number of worksite
maps 706. Number of worksite maps 706 may corre-
spond to number of worksites 106 in Figure 1, for exam-
ple. In one illustrative embodiment, number of worksite
maps 706 may be loaded into map database 702 from a
remote location, such as back office 102 in Figure 1 using
network 101. In another illustrative embodiment, number
of worksite maps 706 may be stored in map database
702 after being generated by simultaneous localization
and mapping process 334 in Figure 3. In yet another il-
lustrative embodiment, number of worksite maps 706
may be loaded into map database 702 by a user, such
as user 108 in Figure 1 over base system interface 318
and/or communications unit 304 in Figure 3, for example.
In yet another illustrative embodiment, number of work-
site maps 706 may be stored in map database 702 after
being updated with landmark locations by landmark de-
ployment module 336 in Figure 3, for example. In an il-
lustrative example, simultaneous localization and map-
ping process 334 in Figure 3 may generate a worksite
map during an initial operation in a worksite, such as
landmark deployment, and store the worksite map gen-
erated in map database 702 for later use in a future op-
eration in the same worksite.
[0092] Number of worksite maps 706 may include, for
example, without limitation, worksite map 708, area cov-
erage grid map 710, number of worksite images 712,
and/or any other suitable worksite map. Worksite map
708 may be an a priori map stored in number of worksite
maps 706, which includes landmark locations and obsta-
cle information for a worksite, such as worksite 128 in
Figure 1, for example. Worksite map 708 may be gener-
ated by a user, such as user 108 in Figure 1, for example,
identifying landmark locations and obstacles for a work-
site on a map and/or image of the worksite. In an illus-
trative example, worksite map 708 may be used by
number of autonomous vehicles 104 in Figure 1 to plan
an area coverage path for the worksite, taking into ac-
count the landmarks and obstacles for the worksite.
[0093] Area coverage grid map 710 may be, for exam-
ple, without limitation, a worksite map including an area
coverage grid overlay, a worksite image including an area
coverage grid overlay, an area coverage grid for a bound-
ed space and/or worksite dimensions, and/or any other
suitable area coverage grid map. In an illustrative exam-
ple, navigation system 300 in Figure 3 may generate area
coverage grid map 710 using worksite map 708 provided
by user 108 in Figure 1. In another illustrative example,
navigation system 300 may generate area coverage grid
map 710 using landmark attribute information and obsta-
cle information received from a user, such as user 108
in Figure 1. In yet another illustrative example, number

of autonomous vehicles 104 in Figure 1 may acquire
number of worksite images 712 using a vision system,
such as vision system 320 in Figure 3, and generate area
coverage grid map 710 using number of worksite images
712.
[0094] Landmark database 704 may include landmark
attributes 714 and position information 716. Landmark
attributes 714 may include, for example, without limita-
tion, landmark images, landmark definitions, landmark
characteristics, and/or any other suitable landmark at-
tributes used to identify a number of landmarks in a work-
site, such as number of landmarks 136 in worksite 128
in Figure 1, for example. Landmark images may include
stored images of a number of different types of land-
marks, for example. Landmark definitions may refer to
names and/or descriptions associated with a number of
landmarks, for example. Landmark characteristics may
include, for example, without limitation, shape, color, tex-
ture, and/or any other suitable characteristic for identify-
ing a number of landmarks. Position information 716
identifies the placement of a number of landmarks rela-
tive to locations within a worksite identified, such as work-
site 128 in Figure 1, for example. Position information
716 may also indicate the orientation of a number of land-
marks relative to other landmarks, objects, and/or loca-
tions within a worksite identified. In one illustrative exam-
ple, the orientation of a landmark may be according to
the magnetic poles of Earth, such as oriented to face true
north, for example. In another illustrative example, the
orientation of a number of landmarks may be according
to a perimeter or boundary of a worksite. Position infor-
mation 716 may be associated with number of worksite
maps 706 stored in map database 702, for example.
[0095] Number of missions 718 includes information
about a number of different missions for a number of
worksites, such as number of worksites 106 in Figure 1.
Number of missions 718 may be stored and/or updated
by user 108 in Figure 1, for example, or initiated ad hoc
by user 108 and stored concurrent with execution of the
mission in number of missions 718 for later use. Number
of missions 718 may include, for example, without limi-
tation, mission information such as localization accuracy,
area coverage path plans, point-to-point path plans, path
attributes, and/or any other suitable mission information.
Mission 720 may be an illustrative example of one im-
plementation of number of missions 718 and/or mission
130 in Figure 1.
[0096] Mission 720 may include mission information
722. Mission information 722 includes localization accu-
racy 724, area coverage path plans 726, point-to-point
path plans 728, and path attributes 730. Path attributes
730 may be, for example, without limitation, straight lines,
arcs, circles, and/or any other suitable path attribute.
[0097] The illustration of mission database 700 in Fig-
ure 7 is not meant to imply physical or architectural lim-
itations to the manner in which different advantageous
embodiments may be implemented. Other components
in addition to and/or in place of the ones illustrated may
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be used. Some components may be unnecessary in
some advantageous embodiments. Also, the blocks are
presented to illustrate some functional components. One
or more of these blocks may be combined and/or divided
into different blocks when implemented in different ad-
vantageous embodiments.
[0098] With reference now to Figure 8, a block diagram
of a landmark deployment module is depicted in accord-
ance with an illustrative embodiment. Landmark deploy-
ment module 800 may be an illustrative example of one
implementation of landmark deployment module 116 in
Figure 1 and/or landmark deployment module 336 in Fig-
ure 3.
[0099] Landmark deployment module 800 includes
landmark controller 802, landmark deployment system
804, and number of portable landmarks 806. Landmark
controller 802 is an illustrative example of one implemen-
tation of landmark controller 338 in Figure 3.
[0100] Landmark controller 802 includes landmark po-
sition and placement process 808. Landmark position
and placement process 808 retrieves worksite map 810
and mission 812 from a database, such as mission da-
tabase 308 in Figure 3. Landmark position and placement
process 808 uses worksite map 810 and mission 812 to
determine number of locations 832 for placement of
number of portable landmarks 806. Landmark position
and placement process 808 generates landmark place-
ment map 814 and landmark positioning instructions 816.
[0101] Landmark controller 802 may also include path
planning module 818. Path planning module 818 may
generate path plan 820 for execution of landmark deploy-
ment using landmark placement map 814. Landmark
controller 802 may send path plan 820 to vehicle control
process 822, for example. In another illustrative example,
landmark controller 802 may send landmark placement
map 814 and landmark positioning instructions 816 di-
rectly to vehicle control process 822. In this example,
vehicle control process 822 may include a path planning
module, such as path planning module 818, for generat-
ing path plan 820.
[0102] In another illustrative example, number of port-
able landmarks 806 may be mobile robotic landmarks,
such as number of mobile robotic landmarks 118 in Fig-
ure 1. In this illustrative example, landmark controller 802
may send landmark placement map 814 and landmark
positioning instructions 816 directly to number of portable
landmarks 806 for autonomous deployment and position-
ing.
[0103] Landmark deployment system 804 includes
number of manipulative components 824. Number of ma-
nipulative components 824 may include, for example,
without limitation, gripper 826, articulated arm 828, elec-
tromagnets 830, and/or any other suitable manipulative
component. Number of manipulative components 824
may control movement and positioning of number of port-
able landmarks 806. In an illustrative example, gripper
826 may grip number of portable landmarks 806 during
transport of number of portable landmarks 806 by an au-

tonomous vehicle associated with landmark deployment
module 800, such as autonomous vehicle 112 in Figure 1.
[0104] Number of portable landmarks 806 may be any
type of landmark capable of being detected by number
of autonomous vehicles 104. In an illustrative example,
number of portable landmarks 806 may include, without
limitation, cylindrical landmarks, colored landmarks, pat-
terned landmarks, illuminated landmarks, vertical land-
marks, any combination of the foregoing, and/or any oth-
er suitable landmark. Patterned landmarks may include
a visual pattern incorporated to provide distinctive infor-
mation, for example. Illuminated landmarks may provide
visual detection in low-light or no-light situations, such
as night time, for example.
[0105] Portable landmark 834 may be an illustrative
example of one implementation of number of portable
landmarks 806. Portable landmark 834 includes mobility
system 836 and number of attachment components 838.
Mobility system 836 may be an illustrative example of
one implementation of mobility system 400 in Figure 4.
Mobility system 836 provides capabilities for portable
landmark 834 to autonomously move to number of loca-
tions 832 and position portable landmark 834 according
to landmark placement map 814 and landmark position-
ing instructions 816. Number of attachment components
838 provides for attachment and detachment of number
of portable landmarks 806 to and from each other.
Number of attachment components 838 may include, for
example, without limitation, electromagnets 840.
[0106] In an illustrative example, electromagnets 840
may connect portable landmark 834 to another portable
landmark and/or an autonomous vehicle responsible for
deploying portable landmark 834. Electromagnets 840
may be selectively disabled at number of locations 832
in order to drop off, or position, portable landmark 834 at
a location within number of locations 832, in this example.
Landmark controller 802 may control electromagnets
840, for example.
[0107] The illustration of landmark deployment module
800 in Figure 8 is not meant to imply physical or archi-
tectural limitations to the manner in which different ad-
vantageous embodiments may be implemented. Other
components in addition to and/or in place of the ones
illustrated may be used. Some components may be un-
necessary in some advantageous embodiments. Also,
the blocks are presented to illustrate some functional
components. One or more of these blocks may be com-
bined and/or divided into different blocks when imple-
mented in different advantageous embodiments.
[0108] With reference now to Figure 9, a block diagram
of a worksite map is depicted in accordance with an il-
lustrative embodiment. Worksite map 900 may be an il-
lustrative example of number of worksite maps 706 in
Figure 7 and/or landmark placement map 814 in Figure 8.
[0109] Worksite map 900 may represent landmark
placement by rule using sector decomposition process
332 in Figure 3, for example, to cover worksite 901. A
first landmark location is identified at perimeter location
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A1 902. Perimeter location B2 904 and LX 906 together
with perimeter location A1 902 represent sector 907. Sec-
tor 907 is an area of worksite 901 where area coverage
using sector decomposition may be performed if only one
landmark is present, located at perimeter location A1
902.
[0110] Perimeter location B2 904, perimeter location
C1 908, and perimeter location D2 910 represent sector
911. Perimeter location D2 910, perimeter location E1
912, and perimeter location F2 914 represent sector 915.
Perimeter location F2 914, perimeter location G1 916,
and perimeter location LX 906 represent sector 917.
[0111] In an illustrative example, where a reduced
number of landmarks including landmark A 926 and land-
mark B 928 are available, landmark A 926 may first be
positioned at perimeter location A1 902. Sector coverage
may be performed on sector 907. Landmark B 928 may
then be positioned at perimeter location B2 904. Land-
mark A 926 is moved to perimeter location C1 908 using
landmark B 928 at perimeter location B2 904 for locali-
zation. Sector coverage is then performed at sector 911.
[0112] Landmark B 928 is then moved to perimeter
location D2 910. Landmark A 926 is moved to perimeter
location E1 912 using landmark B 928 at perimeter loca-
tion D2 910 for localization. Sector coverage is then per-
formed at sector 915. Landmark B 928 is then moved to
perimeter location F2 914. Landmark A 926 is moved to
perimeter location G1 916 using landmark B 928 at pe-
rimeter location F2 914 for localization. Sector coverage
is then performed at sector 917. At this point, landmark
controller 802 in Figure 8 may recognize that the perim-
eter has been traversed and that a number of interior
areas remain uncovered for worksite 901.
[0113] Landmark A 926 may be moved to interior lo-
cation H1 918 and a circle sector covered, represented
as sector 919. Landmark B 928 may be moved to interior
location 12 920 using landmark A 926 at interior location
H1 918 for localization, and a circle sector may be cov-
ered around interior location 12 920. Landmark A 926
may then be moved to interior location J1 922 using land-
mark B 928 at interior location 12 920 for localization,
and a circle sector covered around interior location J1
922. Landmark B 928 is then moved to interior location
K2 924 using landmark A 926 at location J1 922 for lo-
calization, and a circle sector covered around interior lo-
cation K2 924.
[0114] In this illustrative example, worksite 901 is cov-
ered with four quadrants and four circles using two land-
marks, landmark A 926 and landmark B 928.
[0115] In another illustrative example, number of land-
marks 930 may be available to use at worksite 901, and
an individual landmark may be placed at each location
of worksite 901 to execute sector coverage without hav-
ing to move any landmark during execution of the sector
coverage of worksite 901.
[0116] The illustration of worksite map 900 in Figure 9
is not meant to imply physical or architectural limitations
to the manner in which different advantageous embodi-

ments may be implemented. Other components in addi-
tion to and/or in place of the ones illustrated may be used.
Some components may be unnecessary in some advan-
tageous embodiments. Also, the blocks are presented to
illustrate some functional components. One or more of
these blocks may be combined and/or divided into differ-
ent blocks when implemented in different advantageous
embodiments.
[0117] With reference now to Figure 10, a block dia-
gram of a worksite map is depicted in accordance with
an illustrative embodiment. Worksite map 1000 may be
an illustrative example of one implementation of number
of worksite maps 706 in map database 702 of Figure 7
and/or worksite map 810 in Figure 8.
[0118] Worksite map 1000 is generated for worksite
1001. Worksite 1001 may be an illustrative example of
worksite 128 in Figure 1. Worksite map 1000 includes
landmark 1002, landmark 1004, and landmark 1006.
Landmark 1002, landmark 1004, and landmark 1006 may
be illustrative examples of number of landmarks 136 in
Figure 1, number of portable landmarks 340 in Figure 3,
and/or number of portable landmarks 806 in Figure 8.
Worksite map 1000 also includes flower bed 1008 and
bush 1010. In an illustrative example, flower bed 1008
and bush 1010 may be considered obstacles. Worksite
map 1000 is defined by a perimeter on each side of the
worksite, specifically worksite boundary 1012, worksite
boundary 1014, worksite boundary 1016, and worksite
boundary 1018. A path plan may be generated for work-
site map 1000 using sector decomposition process 332
in Figure 3, for example.
[0119] The path plan may begin with starting point
1020. The path plan proceeds from starting point 1020
around landmark 1002 until it reaches worksite boundary
1012. The path plan may maintain a predefined distance
from landmark 1002, creating an arc shaped path. The
predefined distance may be, for example, without limita-
tion, a width of the autonomous vehicle for which the path
plan is being generated. Upon reaching worksite bound-
ary 1012, the path plan follows worksite boundary 1012
away from landmark 1002 for the predefined distance.
The path plan then proceeds back around landmark 1002
until it reaches worksite boundary 1014. The path plan
maintains the predefined distance from each preceding
arc shaped path. Upon reaching a worksite boundary,
the path follows the worksite boundary the predefined
distance away from the preceding arc shaped path before
turning and proceeding back around the landmark, such
as landmark 1002.
[0120] The path reaches an obstacle, in this example
bush 1010, at point A 1022. The path is then made linear
until it reaches worksite boundary 1016 at point B 1024.
A next landmark is identified, in this example landmark
1004. The path proceeds around landmark 1004, in con-
centric rings, until it reaches point C 1026. The path is
then made linear until it reaches an obstacle or a worksite
boundary, in this example flower bed 1008 at point D
1028. Landmark 1006 is identified and the path proceeds
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around landmark 1006 until it reaches point E 1030. Point
E 1030 may be an illustrative example of a point reached
where the autonomous vehicle following the path is at a
distance from landmark 1006 at which landmark 1006 is
no longer useful as a visual landmark. The distance may
be such that the required accuracy of image detection
by a vision system of the autonomous vehicle is not met,
for example. The autonomous vehicle may then continue
on a path around another landmark, even a previously
visited landmark, which is at a closer distance than land-
mark 1006, for example.
[0121] At point E 1030, the path again focuses on fin-
ishing a path around landmark 1002 on the opposite side
of bush 1010, where it had previously left off to pursue a
course around landmark 1004. At point F 1032, the path
again focuses on finishing a path around landmark 1004,
where it had previously left off upon encountering the
perimeter where worksite boundary 1014 and worksite
boundary 1016 met and proceeding linearly to point D
1028. The path continues in concentric rings around land-
mark 1004 until it reaches the end and there are no ad-
ditional landmarks to visit and no additional areas to cover
for the worksite.
[0122] An autonomous vehicle, such as number of au-
tonomous vehicles 104 in Figure 1, may follow the path
plan generated for worksite 1001 using worksite map
1000. The autonomous vehicle may start at starting point
1020 identified in worksite map 1000. This section of the
path from starting point 1020 around landmark 1002 to
worksite boundary 1012 may be executed using a sector
decomposition behavior, such as follow arc 616 in Figure
6. When the autonomous vehicle reaches point A 1022,
the linear path to point B 1024 may be executed using a
sector decomposition behavior, such as point-to-point
618 in Figure 6.
[0123] The illustration of worksite map 1000 in Figure
10 is not meant to imply physical or architectural limita-
tions to the manner in which different advantageous em-
bodiments may be implemented. Other components in
addition to and/or in place of the ones illustrated may be
used. Some components may be unnecessary in some
advantageous embodiments. Also, the blocks are pre-
sented to illustrate some functional components. One or
more of these blocks may be combined and/or divided
into different blocks when implemented in different ad-
vantageous embodiments.
[0124] With reference now to Figure 11, a flowchart
illustrating a process for landmark placement by map is
depicted in accordance with an illustrative embodiment.
The process in Figure 11 may be implemented by a com-
ponent such as landmark deployment module 116 in Fig-
ure 1, for example.
[0125] The process begins by identifying a map of a
worksite (step 1102). The map of the worksite may be
retrieved from a database, for example, such as mission
database 308 in Figure 3. The process identifies a mis-
sion having a number of tasks for the worksite (step
1104). In one illustrative example, the mission may be

retrieved from a database, for example, such as mission
database 308 in Figure 3. In another illustrative example,
the mission may be received from a user, such as user
108 in Figure 1.
[0126] The process determines landmark positions
and placements for the mission using the map of the
worksite (step 1106). The process may use a database,
such as position information 716 in Figure 7, to identify
the placement and orientation, or position, of a number
of landmarks within the worksite associated with the
worksite map. The landmark positions and placements
may depend upon the number of landmarks available,
the accuracy requirements, vision system capabilities for
an autonomous vehicle performing area coverage tasks
within the worksite and relying on the landmarks for lo-
calization and navigation, landmark attributes, worksite
features, site-specific error, and/or any other suitable
consideration.
[0127] The process determines whether there are a
sufficient number of landmarks available to deploy to the
entire worksite (step 1108). A sufficient number is the
number of landmarks needed to perform an area cover-
age task in the entire worksite. For example, if sector
decomposition is assigned to the mission identified, at
least one landmark is required to be visible from any given
point within the worksite. If a determination is made that
there are not a sufficient number of landmarks, the proc-
ess identifies a number of worksite areas (step 1110).
The process then deploys a number of landmarks to a
first worksite area in the number of worksite areas (step
1112). The process receives an indication that the
number of tasks for the mission is complete in the first
worksite area (step 1114). The process then retrieves
the number of landmarks and deploys the number of land-
marks to a next worksite area (step 1116). The process
receives an indication that the number of tasks for the
mission is complete in the next worksite area (step 1118).
[0128] The process then determines whether there are
additional worksite areas in the number of worksite areas
that have not been visited (step 1120). If a determination
is made that there are additional worksite areas that have
not been visited, the process returns to step 1116. If a
determination is made that there are no additional work-
site areas that have not been visited, the process re-
trieves the number of landmarks (step 1122).
[0129] If a determination is made that there are a suf-
ficient number of landmarks to deploy to the entire work-
site in step 1108, the process deploys the number of land-
marks to the worksite (step 1124). The process then re-
ceives an indication that the number of tasks for the mis-
sion is complete in the worksite (step 1126), and retrieves
the number of landmarks (step 1122). The process then
stores the number of landmarks (step 1124), with the
process terminating thereafter.
[0130] With reference now to Figure 12, a flowchart
illustrating a process for landmark placement by rule is
depicted in accordance with an illustrative embodiment.
The process in Figure 12 may be implemented by a com-
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ponent such as landmark deployment module 116 in Fig-
ure 1, for example.
[0131] The process begins by positioning a first land-
mark for localization on a perimeter of a worksite (step
1202). The process executes a simultaneous localization
and mapping process until a distance to the first landmark
reaches a predefined error threshold (step 1204). The
process then determines if the perimeter has been circled
(step 1206).
[0132] If a determination is made that the perimeter
has not been circled, the process positions a second
landmark at a distance within the predefined error thresh-
old from the first landmark (step 1208). The process re-
trieves the first landmark and positions the first landmark
on the perimeter at the distance within the predefined
error threshold from the second landmark (step 1210).
The process then returns to step 1204.
[0133] If a determination is made that the perimeter
has been circled, the process proceeds to step 1212.
The process determines whether the worksite has been
covered (step 1212). If a determination is made that the
worksite has not been covered, the process identifies an
interior area of the worksite remaining to be covered (step
1214). The process plans and executes landmark posi-
tioning within the interior area of the worksite using the
simultaneous mapping and localization process (step
1216), and returns to step 1212. If a determination is
made that the worksite has been covered in step 1212,
the process terminates thereafter.
[0134] With reference now to Figure 13, a flowchart
illustrating a process for executing a path plan is depicted
in accordance with an illustrative embodiment. The proc-
ess in Figure 13 may be implemented by a component
such as processor unit 302 of navigation system 300, for
example.
[0135] The process begins by receiving a worksite map
for a worksite having a number of landmarks (step 1302).
The number of landmarks may be positioned at the work-
site so that at least one landmark is visible from any lo-
cation of the worksite. The number of landmarks may be
positioned at the worksite by, for example, without limi-
tation, a human, a robot, autonomously, and/or any other
suitable method of landmark placement.
[0136] In an illustrative example, the worksite map may
be an initial map without a path plan, such as worksite
map 708 in Figure 7. The worksite map may be retrieved
from a map database, such as map database 702 in Fig-
ure 7, or received from a user or back office, for example.
In one illustrative example, the worksite map may be an
aerial image of the worksite in which obstacles, or bound-
aries, have been indicated by a user familiar with the
worksite. The worksite map may also have marked loca-
tions of landmarks for the worksite and landmark at-
tributes, such as diameter and color, marked by the user
in this illustrative example.
[0137] The process generates an area coverage grid
map having a number of area coverage grid elements
for the worksite using the worksite map (step 1304). The

area coverage grid elements may be a number of sec-
tions of the area coverage grid map, for example. In one
illustrative example, an area coverage grid map is gen-
erated from the worksite map, where the area coverage
grid map represents the same region as the worksite map
and is further divided into a grid. The size of each area
coverage grid element may be predefined and/or select-
ed by a user. For example, each area coverage grid el-
ement may be between one tenth and twice the size of
the autonomous vehicle slated to perform the area cov-
erage task in the worksite.
[0138] The process then generates a path plan for the
worksite using the worksite map and the area coverage
grid map (step 1306). The process marks the number of
landmarks on the worksite map as ’unvisited’ and initial-
izes the number of area coverage grid elements as ’un-
covered’ (step 1308). In one illustrative example, the
worksite map is initialized by setting all designated land-
marks as unvisited and the area coverage grid map is
initialized by setting all area coverage grid elements to
zero. As the process proceeds, a landmark may be
marked ’visited’ when all areas within a calculated dis-
tance of the landmark have been covered, for example.
The calculated distance may be based on landmark size,
vision system parameters, and/or a maximum accepta-
ble distance error between an autonomous vehicle and
the landmark, for example.
[0139] In one illustrative example, an area is consid-
ered covered if a percentage of grid elements in the area
have a coverage value greater than a given threshold
value. The coverage value is the value of an area cov-
erage grid element. Starting from zero, the value is in-
cremented by an amount each time the autonomous ve-
hicle, or autonomous vehicle effecter, is shown to be po-
sitioned at the area coverage grid element until a value
of at least one is achieved.
[0140] In one illustrative example, only zero or one val-
ues occur for coverage values, where zero indicates that
the area coverage grid element is not covered and one
indicates that the area coverage grid element is covered.
In another illustrative example, error in autonomous ve-
hicle localization may be considered in incrementing the
area coverage grid elements. In this illustrative example,
rather than setting the area coverage grid element at the
current calculated autonomous vehicle position to one,
a probability between zero and one is assigned to being
at that location and a lower probability to adjacent area
coverage grid elements. The current and adjacent area
coverage grid elements are incremented by the proba-
bility of occupancy. The sum of this current probability of
occupancies adds up to one, in this illustrative example.
[0141] Next, the process performs an area coverage
task at the worksite with an autonomous vehicle using
the path plan (step 1310). The process identifies a land-
mark marked as unvisited on the worksite map (step
1312). The process sends a message to a vehicle control
process to move the autonomous vehicle to the landmark
marked as unvisited (step 1314).
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[0142] The process executes an area coverage behav-
ior on a path around the landmark with the autonomous
vehicle(step 1316). The area coverage grid map associ-
ated with the worksite, such as area coverage grid map
710 in Figure 7, is updated based on each calculated
current position of the autonomous vehicle used to exe-
cute the area coverage behavior. The process then de-
termines whether an obstacle is detected or a full circle
has been traversed by the autonomous vehicle (step
1318). If a determination is made that an obstacle has
not been detected or a full circle has not been traversed,
the process returns to step 1316.
[0143] If a determination is made that an obstacle has
been detected or a full circle has been traversed, the
process determines whether the autonomous vehicle
can move a given distance away from the landmark (step
1320). An autonomous vehicle may not be able to move
the given distance away from the landmark due to an
obstacle or because the calculated distance error ex-
ceeds a threshold value, for example. If a determination
is made that the autonomous vehicle can move the given
distance away from the landmark, the process sends a
message to the vehicle control process to move the au-
tonomous vehicle the given distance away from the land-
mark and execute the area coverage behavior in an op-
posite direction (step 1322), with the process then return-
ing to step 1318. If a determination is made that the au-
tonomous vehicle can not move the given distance away
from the landmark, the process marks the landmark as
’visited’ on the worksite map (step 1324). The process
then determines whether there are any remaining land-
marks marked as ‘unvisited’ on the worksite map (step
1326). If a determination is made that there are remaining
landmarks marked as ’unvisited’ on the worksite map,
the process identifies a next landmark marked as ’unvis-
ited’ on the worksite map (step 1328) and returns to step
1314.
[0144] If a determination is made that there are no re-
maining landmarks marked as ’unvisited’ on the worksite
map, the process then determines whether there are any
remaining area coverage grid elements marked as ’un-
covered’ (step 1330). If a determination is made that there
are remaining area coverage grid elements marked as
’uncovered’, the process sends a message to the vehicle
control process to proceed along the path plan to a visited
landmark associated with an area coverage grid element
marked as ’uncovered’ (step 1332), and then returns to
step 1316. If a determination is made that there are no
remaining area coverage grid elements marked as ’un-
covered’, the process terminates thereafter.
[0145] With reference now to Figure 14, a flowchart
illustrating a process for executing a path plan using si-
multaneous localization and mapping is depicted in ac-
cordance with an illustrative embodiment. The process
in Figure 14 may be implemented by a component such
as simultaneous localization and mapping process 334
in Figure 3, for example.
[0146] The process begins by receiving a number of

landmark attributes and obstacle information for a work-
site (step 1402). The landmark attributes may be, for ex-
ample, without limitation, landmark descriptions, images,
characteristics, and/or any other suitable attribute. In one
illustrative example, the number of landmark attributes
may identify landmarks as cylinders with a given diameter
and colors red, white, and blue.
[0147] The process generates an area coverage grid
map having a number of grid elements (step 1404). The
process then acquires an image of the worksite (step
1406). The image may be acquired using a vision system,
such as vision system 320 in Figure 3 using number of
cameras 322, for example. The process determines
whether a landmark is identified in the image (step 1408).
[0148] If a determination is made that that a landmark
is not identified in the image, the process searches for a
landmark in the worksite area using a number of cameras
rotating at an amount which is the product of the field of
view in degrees multiplied by a value between zero and
one to provide image overlap in additional images ac-
quired (step 1410). The process then determines wheth-
er a landmark is identified in the additional images ac-
quired (step 1412). If a determination is made that a land-
mark is not identified in the additional images, the process
determines whether the number of cameras have rotated
360 degrees (step 1414). If a determination is made that
the number of cameras have rotated 360 degrees, the
process adds error handling (step 1416), and terminates
thereafter. Error handling refers to the landmark rule,
which is that at least one landmark is always in view from
all workable portions of a worksite. If at least one land-
mark cannot be found, the rule is broken, and the process
terminates.
[0149] If a determination is made that the number of
cameras have not rotated 360 degrees, the process re-
turns to step 1410. If a determination is made that a land-
mark is identified in the image in step 1408 or if a deter-
mination is made that a landmark is identified in the ad-
ditional images in step 1412, the process then deter-
mines if the landmark identified has been visited (step
1418). If a landmark has been visited, the area coverage
grid map will be marked with a ’visited’ landmark previ-
ously identified.
[0150] If a determination is made that the landmark
identified has been visited, the process determines
whether all reachable grid map elements have been cov-
ered (step 1420). When a grid map element is covered,
it will be marked as ’covered’ on the area coverage grid
map. If there are areas of the area coverage grid map
marked as ’uncovered’ then there are remaining reach-
able grid map elements to cover. If a determination is
made that all grid map elements have been covered, the
process terminates thereafter.
[0151] If a determination is made that all grid map el-
ements have not been covered, the process acquires a
next image for a next worksite area (step 1422) and re-
turns to step 1408.
[0152] If a determination is made that the landmark
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identified has not been visited, the process calculates a
path plan to the landmark identified (step 1424). The
process then marks the current position of an autono-
mous vehicle and estimated landmark position on the
area coverage grid map of the worksite (step 1426). The
process executes the path plan, marking the area cov-
erage grid elements traversed as ’covered’ (step 1428),
and proceeds to step 1420.
[0153] With reference now to Figure 15, a flowchart
illustrating a process for executing an area coverage path
plan using sector decomposition is depicted in accord-
ance with an illustrative embodiment. The process in Fig-
ure 15 may be implemented by a component such as
navigation system 300 in Figure 3, for example.
[0154] The process begins by determining an expect-
ed width of a landmark in pixels for a desired distance
from the landmark (step 1502). The expected width may
be the width of a landmark expected to be identified in
an image of the landmark at a given distance from the
landmark. The expected width may be geometrically cal-
culated based on the camera image resolution for the
number of cameras used to capture the image, the known
width of the landmark identified in a landmark database,
the target distance of the autonomous vehicle from the
landmark, and the field of view for the number of cameras
used to capture the image, for example. The process
identifies an image having the landmark (step 1504). The
image may be identified using a vision system, such as
vision system 320 in Figure 3, for example. The process
filters the image to form a filtered image consisting of the
landmark alone (step 1506). The image may be filtered
to reduce pixel noise, for example. In one illustrative ex-
ample, filtering may be accomplished optically using a
polarized wavelength selective filter on number of cam-
eras 322 of vision system 320 in Figure 3, for example.
In another illustrative example, wavelength selective fil-
tering may be accomplished using software implemented
in vision system 320. In yet another illustrative example,
vision system 320 may filter number of images 324 in
Figure 3 by application of a median filter to remove pixel-
level noise. The median filter may be a software process
used by vision system 320 in Figure 3 in this example.
[0155] The process optionally normalizes the orienta-
tion of cylindrical landmarks in the vertical direction in the
filtered image (step 1508). The normalization of the im-
age may be performed using vision system 320 and/or
processor unit 302 of Figure 3, for example. In an illus-
trative example, if a landmark is a cylinder, the image
may be processed to identify the axis of the cylinder. The
width is then calculated orthogonal to the axis identified,
in this example.
[0156] The process determines the observed width of
the landmark in pixels using the filtered image (step
1510). In an illustrative example, the observed width of
the landmark may be calculated using a single cross sec-
tion of a normalized landmark from step 1508. In another
illustrative example, the observed width of the landmark
may be calculated by taking an average of a number of

cross sections of the landmark identified in the image. In
an illustrative example where glare off a landmark is de-
tected, the number of cross section widths which are sig-
nificantly lower than the majority or plurality of cross sec-
tion widths may be dropped from the width calculation.
[0157] The process then determines whether the ob-
served width is greater than the expected width (step
1512). If a determination is made that the observed width
is not greater than the expected width, the process de-
termines whether the observed width is less than the ex-
pected width (step 1514). If a determination is made that
the observed width is less than the expected width, the
process sends a message to a vehicle control process
to turn an autonomous vehicle toward the landmark (step
1516). If a determination is made that the observed width
is not less than the expected width, the process deter-
mines whether a perimeter or obstacle is detected (step
1518).
[0158] If a determination is made that the observed
width is greater than the expected width, the process
sends a message to the vehicle control process to turn
the autonomous vehicle away from the landmark (step
1520) and proceeds to step 1518.
[0159] If a determination is made that a perimeter or
obstacle is not detected, the process returns to step 1504.
If a determination is made that a perimeter or obstacle
is detected, the process terminates thereafter.
[0160] With reference now to Figure 16, a flowchart
illustrating a process for generating an area coverage
path plan using sector decomposition is depicted in ac-
cordance with an illustrative embodiment. The process
in Figure 16 may be implemented by a component such
as navigation system 300 in Figure 3, for example.
[0161] The process begins by identifying a starting
point on a worksite map having a number of landmarks
(step 1602). The process identifies a first landmark in the
number of landmarks (step 1604). The process begins a
path from the starting point around the first landmark,
maintaining a predefined distance from the first landmark
to form a first arc (step 1606). The process determines
whether a worksite boundary is detected (step 1608).
[0162] If a determination is made that a worksite
boundary is detected, the process moves the path a pre-
defined width away from the first arc along the worksite
boundary (step 1610). The process then continues the
path around the first landmark to form a next arc (step
1612), before returning to step 1608.
[0163] If a determination is made that a worksite
boundary is not detected, the process determines wheth-
er an obstacle is detected (step 1614). If a determination
is made that no obstacle is detected, the process returns
to step 1606. If a determination is made that an obstacle
is detected, the process makes the path linear to a vicinity
of a next landmark (step 1616). The process continues
the path around the next landmark to form a number of
arcs (step 1618). The process iteratively repeats until the
path covers the worksite map (step 1620). The process
then generates a path plan (step 1622), with the process
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terminating thereafter.
[0164] The flowcharts and block diagrams in the dif-
ferent depicted embodiments illustrate the architecture,
functionality, and operation of some possible implemen-
tations of apparatus, methods and computer program
products. In this regard, each block in the flowchart or
block diagrams may represent a module, segment, or
portion of computer usable or readable program code,
which comprises one or more executable instructions for
implementing the specified function or functions. In some
alternative implementations, the function or functions
noted in the block may occur out of the order noted in
the figures. For example, in some cases, two blocks
shown in succession may be executed substantially con-
currently, or the blocks may sometimes be executed in
the reverse order, depending upon the functionality in-
volved.
[0165] The different advantageous embodiments can
take the form of an entirely hardware embodiment, an
entirely software embodiment, or an embodiment con-
taining both hardware and software elements. Some em-
bodiments are implemented in software, which includes
but is not limited to forms, such as, for example, firmware,
resident software, and microcode.
[0166] Furthermore, the different embodiments can
take the form of a computer program product accessible
from a computer-usable or computer-readable medium
providing program code for use by or in connection with
a computer or any device or system that executes in-
structions. For the purposes of this disclosure, a compu-
ter-usable or computer readable medium can generally
be any tangible apparatus that can contain, store, com-
municate, propagate, or transport the program for use
by or in connection with the instruction execution system,
apparatus, or device.
[0167] The computer usable or computer readable me-
dium can be, for example, without limitation, an electron-
ic, magnetic, optical, electromagnetic, infrared, or semi-
conductor system, or a propagation medium. Non limiting
examples of a computer-readable medium include a
semiconductor or solid state memory, magnetic tape, a
removable computer diskette, a random access memory
(RAM), a read-only memory (ROM), a rigid magnetic
disk, and an optical disk. Optical disks may include com-
pact disk-read only memory (CD-ROM), compact disk-
read/write (CD-R/W) and DVD.
[0168] Further, a computer-usable or computer-read-
able medium may contain or store a computer readable
or usable program code such that when the computer
readable or usable program code is executed on a com-
puter, the execution of this computer readable or usable
program code causes the computer to transmit another
computer readable or usable program code over a com-
munications link. This communications link may use a
medium that is, for example without limitation, physical
or wireless.
[0169] A data processing system suitable for storing
and/or executing computer readable or computer usable

program code will include one or more processors cou-
pled directly or indirectly to memory elements through a
communications fabric, such as a system bus. The mem-
ory elements may include local memory employed during
actual execution of the program code, bulk storage, and
cache memories which provide temporary storage of at
least some computer readable or computer usable pro-
gram code to reduce the number of times code may be
retrieved from bulk storage during execution of the code.
[0170] Input/output or I/O devices can be coupled to
the system either directly or through intervening I/O con-
trollers. These devices may include, for example, without
limitation, keyboards, touch screen displays, and point-
ing devices. Different communications adapters may al-
so be coupled to the system to enable the data process-
ing system to become coupled to other data processing
systems or remote printers or storage devices through
intervening private or public networks. Non-limiting ex-
amples of modems and network adapters are just a few
of the currently available types of communications adapt-
ers.

Claims

1. A method for placing landmarks, the method com-
prising:

identifying a map of a worksite;
identifying a mission having a number of tasks
for the worksite;
determining landmark positions and placements
for the mission using the map of the worksite;
and
deploying a number of landmarks using the land-
mark positions and placements determined for
the mission.

2. The method of claim 1, further comprising:

determining whether there are a sufficient
number of landmarks available to deploy to the
entire worksite, wherein the sufficient number is
the number of landmarks needed to perform an
area coverage task in the entire worksite; and
responsive to a determination that there are a
sufficient number of landmarks available, de-
ploying the number of landmarks to the worksite.

3. The method of claim 2, further comprising:

receiving an indication that the number of tasks
for the mission is complete in the worksite; and
retrieving the number of landmarks from the
worksite.

4. The method of claim 2, further comprising:
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responsive to a determination that a sufficient
number of landmarks is not available, identifying
a number of worksite areas;
deploying a number of landmarks to a first work-
site area in the number of worksite areas;
receiving an indication that the number of tasks
for the mission is complete in the first worksite
area; and
retrieving the number of landmarks and deploy-
ing the number of landmarks to a next worksite
area.

5. The method of claim 4, further comprising:

receiving an indication that the number of tasks
for the mission is complete in the next worksite
area;
determining whether there are additional work-
site areas in the number of worksite areas that
have not been visited;
responsive to a determination that there are ad-
ditional worksite areas that have not been visit-
ed, retrieving the number of landmarks and de-
ploying the number of landmarks to the next
worksite area.

6. The method of claim 5, further comprising:

responsive to a determination that there are no
additional worksite areas that have not been vis-
ited, retrieving the number of landmarks; and
storing the number of landmarks.

7. A method for landmark placement by rule, the meth-
od comprising:

positioning a first landmark for localization on a
perimeter of a worksite;
executing a simultaneous localization and map-
ping process until a distance to the first landmark
reaches a predefined threshold; and
determining whether the perimeter has been cir-
cled.

8. The method of claim 7, further comprising:

responsive to a determination that the perimeter
has not been circled, positioning a second land-
mark at a distance within the predefined error
threshold from the first landmark;
retrieving the first landmark and positioning the
first landmark on the perimeter at the distance
within the predefined error threshold from the
second landmark; and
executing a simultaneous localization and map-
ping process until a distance to the first landmark
reaches a predefined threshold.

9. The method of claim 7, further comprising:

responsive to a determination that the perimeter
has been circled, determining whether the work-
site has been covered.

10. The method of claim 9, further comprising:

responsive to a determination that the worksite
has not been covered, identifying an interior ar-
ea of the worksite remaining to be covered; and
planning and executing landmark positioning
within the interior area of the worksite using the
simultaneous mapping and localization proc-
ess.

11. An apparatus comprising:

a landmark controller having a landmark posi-
tion and placement process;
a landmark deployment system having a
number of manipulative components; and
a number of portable landmarks configured to
be deployed to a number of locations within a
worksite.

12. The apparatus of claim 11, wherein the landmark
position and placement process generates a land-
mark placement map and landmark positioning in-
structions.

13. The apparatus of claim 11, wherein the number of
portable landmarks further comprise at least one of
a mobility system and a number of attachment com-
ponents.
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