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1. Introduction

1.1. Abstract

This senior design team’s purpose is to enter in tharfual ION Robotic
Lawnmower Competition. “The purpose of the competitioloriginiversities and
colleges to design and operate a robotic unmanned lawnnusmey the art of
science of navigation to rapidly and accurately moveld of grass.” The team
intends to compliment our entry with a robust wirelegstem.

A mobile robotics platform will be created that will &kle to traverse
grassy outdoor terrain. It will autonomously navigateulgh its environment,
avoiding obstacles and mowing grass with an integratechteower cutting deck.
A variety of sensors, including video, GPS, LIDAR, Vibd sonar will be used
to collect data about the robot’s environment. Theseosengll be mounted both
on the mobile robotic platform and on a stationaryelsation; the two will
communicate by a wireless link.

The wireless link will consist of a pair of frequency-hmgp900 MHz
transceivers, which will have a specified communicatange of several miles.
The link will transmit sensor data from the base staitiothe robot for control,
and from the robot to the base station for additionadgssing and data logging.

1.2 Rules & Regulations of the 2008 ION Robotic Law  nmower
Competition

1.2.1 Mower Design

1. Lawnmowers shall be autonomous and unmanned and shd nenotely
controlled during the competition. Remotely controlledudes but is not
limited to: commands to reset the mowers computersiaomds to
reinitialize the mower, commands to adjust a mowing rcaite

2. For safety, a maximum lawnmower speed of 10 km/hr sbadhiorced.

3. The lawnmower shall be equipped with both a manuahamideless (radio
frequency) remote emergency stop capability. The wirelessgency stop
shall be effective for the entire field of operatidagpl0 m in all directions.
The manual emergency stop shall be easily accessilalestanding operator
behind the lawnmower, and shall be red in color and hakenaeter of at
least 40 mm. After the initiation of an emergency stbe,mowing function
shall cease within three seconds and the lawnmowdrtghaiopped within a
distance of 2 m. Lawnmowers that are determined to be ubgalife judges
shall not be operated in the competition.

4. Mower may not exceed 2 m in any dimension

5. Lawnmower movement shall be accomplished throughtdicetact with
the ground. Power shall either be provided by combustible bagkries, or
both. Other power sources should be cleared with ttging officials prior to
the competition.



1.2.2 Safety Check

The safety check is conducted to test the functionalith@fawnmower
manual and wireless emergency stop, and verify thabthepeed of the
lawnmower is below 10 km/h. Lawnmowers that fail to nikese
requirements before the designated competition shaetwiill be disqualified
by the Safety Officials. Teams may fine tune their lawwers and resubmit
for inspection and/or safety test. After passing thetgaualification test,
changes to maximum speed control software and hardwaretallowed.

1.2.3 Basic Mowing Field

A. Qualification
All entries are required to qualify to compete in the mgwdampetition. The
lawnmowers must demonstrate the ability to mow a preuéted path void
of any obstacles. The shape and complexity of the pmaietd path should
be chosen by the teams and approved by the Qualifying Offitial
minimum the predetermined path shall include 3 turns at predieted
locations, and the path shall not exceed an areal®@ith by 10m dimensions.
In the event of any conflict, the judges’ decision malfi

B. Mowing

1. The competitors will be required to start autonomousadip@ in the safety
buffer and mow in the cutting zone. Teams may chooséoaation in the
safety zone to start their run.

2. If any part of the lawnmower is outside the safefijeloi {2 m in any direction
outside the field of operation), the emergency stog bealctivated, and the
run terminated.

3. The lawnmower shall start operation within 5 minutesrdfte assigned start
time. The timer will be started from zero when thgdanower crosses the
start line. The team shall declare completion ofrtteeving operation.

4. Teams are permitted restarts. If a team choosestartra penalty will be
assessed as detailed in the scoring section. If atresstaquested, teams will
be given 1 hour to prepare for next attempt, and as watinttial run, teams
may choose any location in the safety zone to retstairtrun.

5. Teams have a maximum of 20 minutes to cut the field 20hainutes is total
cutting time, i.e. it includes the initial run and possitestart.

6. The mowers should be designed to operate in any weathéition. In the
event of inclement weather the competition may bepom&td. This decision
shall be made by the judges.
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1.3 Problems to solve
This endeavor of building a fully-functional autonomdaxgnmower robot is a
project that consists of multiple facets and manyedift types of problems to address.
Following is a list of the primary problems that havéécsolved:
- Remotely start and stop the lawnmower

Be able to follow the white line that outlines the field

Have the robot know it's position and orientation onftalel

Achieve precise motor control

Detect upcoming obstacles and avoid them

Communicate wirelessly with the base station

Precisely power the various robotic systems

Design software that will interpret relevant data msde correct

commands.

Design a graphical user interface for the base station

Construct the robot

Adhere to competition guidelines and safety regulations
In order to deal with such an extent of problems, th@prevas divided into
subcategories including motor control, mechanical integragiower, computer vision,
sensors, wireless communication and software. Sortfesé subcategories are further
divided as necessary. The team’s human resourcebbauaivided and assigned to
responsibilities in accordance to their abilities angeetise. The progress and decisions
associated with each aspect of the project are distheseeforth.



2. Research/Design

2.0 Path planning

The path planning strategy for navigating the field is quitgke in theory. Because the
GPS coordinates of the field are not given, the roblbtoegin essentially by making an
outline of the field by following the white boundary linetlwvthe use of vision. While
doing this it will also be logging GPS coordinates so ¢mae it has made its first loop, it
can find the outline of the field. To get an accurate wliethe field and filter out any
anomalies, the robot will take the best fit line facle line so that it can assume it is
perfectly straight, and then average the slopes ditbesides that should be parallel so
that it can be assured that it is working with a paaal@m. From there, the robot will
simply attempt to make long vertical cuts to maximizaightaway time. With each cut,
it will shift the desired cutting path by about 15 inches/%% of the cutting width so
that it can increase the odds at not leaving streaks af gnass. All told the robot will
be driving over half-a-mile in the 20 minutes allotted.




2.1 Computing

2.1.1 Operating System

The first software design decision to be encounteratidofeam was to determine
the necessity of an operating system. There wereadaetors to be considered in this
decision. The first was the knowledge and experientieesieam members in software
development without an operating system. Without anabipgr system, an application
must manage its own memory, schedule its own tasksnandge its own input and
output streams. None of the team members had expenedegeloping software
applications that took on these and the array of othponsgbilities that an operating
system performs. Time was also an important factath Wb experience in development
outside of an operating system, the time required to de\alid test software
applications that could perform the tasks of an operayisiggs was simply too great.
Another important factor was the expected complexitthefcontrol software and the
type of processing that would be involved, especially digitido processing. Without
an operating system, the team could have spent the satmester writing software just
to facilitate computer vision. Other major concernthanoperating system decision were
the hardware requirements. The target development dewislel weed to have sufficient
memory, disk space, and processor speed to run an opangieg. With 1GB of RAM,
4GB of disk space initially, and a 1GHz processor, it eaagluded that the target
device's hardware would be more than capable of running an ogesysiem. From a
hardware perspective, an operating system was a viabtaopti
From a software development perspective, an operatgigmywas necessary in order to
give the team sufficient time to focus on the develepnof the control and sensor
software. Since there was an agreement from bo#ndware and software perspective,
an operating system was deemed necessary for the sottlesgroject.

After the conclusion that an operating system woulddezled, the next step was
to choose an operating system. The team had two basgeshn an operating system:
Microsoft Windows or a Linux distribution. In order &void unnecessary complexity,
“Linux” will be used broadly to represent all Linux ttibutions since, in comparison to
Microsoft Windows, they are relatively the sameti#d onset of the project there were
two major concerns in choosing an operating system. \Meeg efficiency, both in
execution time and in memory usage, and the capabiltystbmization. With these
concerns, nearly any Linux operating system would betterhchoice over Windows.
However, in choosing an operating system, the teamatitbke into account the amount
of experience it's team members had in each systeentem also failed to weigh the
costs of integrating existing sensor software into fferating system and other sensor
compatibility issues. Since a Linux operating systemmsekbest at first, the
DamnSmallLinux (DSL) distribution was chosen as trgét device's operating system.
DSL installed to the disk with a size of approximately 50008 offered all the benefits
of a Linux distribution. Some of these benefits include

Free availability for download and use without the needi¢ensing

More precise control of the hardware

Ability of custom optimization for specific target degg



This decision would later be changed due to several coriphsahat were encountered
while using DSL. These complications will be discusseéet lim further detail. The
decision was made late in the semester to switcbpgheating system from Linux to
Windows. The team lost a significant amount of develagraad testing time in its
attempt to address the many problems that arose while uSihgThe decision to switch
to a Windows operating system was a wise decision angmnesl in the success of the
project.

Windows XP was chosen over the other Windows optMfisdows XP
Embedded (Win XPE) and Windows CE (Win CE), both of whiehdasigned for
embedded, real-time devices, because of the amount ofe¢imagning in the semester.
While both Win XPE and Win CE are very similar to WimgoXP in operation, they are
much more difficult to build and install on a target @deviFor example, in building a
Win XPE image the user must piece together all of doeessary hardware and software
components from a list of roughly ten thousand. Evem afi&indows XPE image is
built, application development also becomes a tiregqmmeess. The team did not have
the time that developing a Win XPE or Win CE systemlditave required. Also, after
reviewing the target device's hardware capabilities, itdetsrmined that the target
could not even be treated as an embedded device. Afteras@tysis of the system
response times, it was determined that the target demide not be considered a real-
time device either. Since the mower was neither letiraa nor an embedded device,
there was not even a need for a real-time, embeddediogesgstem such as Win XPE
or Win CE. Hence, Windows XP, a general purpose operatsigm, was chosen as the
best operating system for the success of the project.

There was one primary concern in the use and installat Windows XP. This
concern dealt with Windows XP's lack of efficient meynosage. This concern was first
manifested in the amount of disk space required for a WisdP installation. The
target device only had 4GB on disk space. The installecb§iéndows XP can be up to
6GB. Windows XP is a general purpose operating system alndaéscfunctionality that
was completely unnecessary for the target device. Belar installation, this extra
functionality needed to be removed. A freeware progralfed nLite [8] was used to
accomplish this task. After the Windows XP setup was @gssrkusing nLite, its
installation size was reduced to approximately 3.8GB. Hokyevdy 200MB remained
on the disk, which would not be enough to contain the en@wecessary device drivers.
The team then decided to upgrade the disk space from 48BRBoThis concern also
manifested itself in the amount of background processe¥\imalows XP runs to
support functionalities that the mower did not need.al$ found that after many of these
unnecessary functions were removed from the Windows X&psesing nLite that these
background processes were significantly reduced in numb®y, ahother freeware
program, CCleaner [9], was used to disable or uninstaitiadr unnecessary bulk that
might slow down the system. After these steps weérentaWindows XP performed very
well.

A Windows XP based system offered a few advantageslibated the team to
make much needed progress. As previously mentioned, the heanmgered several
complications while using DSL. These complications vilyuganished after the
Windows XP installation. The first being the time anidfrequired in porting sensor
control software that had already been developed aretlitesa Windows environment



over to a Linux environment. The main complicationhe porting process involved
serial port communication. DSL, a POSIX based operatistgs, handles
communication with the serial port much differentlyrifeaWindows machine. Several
UNIX-based software libraries were tried in an attetopeplicate the Windows-based
serial port communication already implemented in #reser control software, but all
failed to do so. Once Windows XP was installed, no furthekw@s necessary to have
this sensor control software functioning properly. Also,levbsing the DSL operating
system, the team had encountered problems finding andingstivice drivers for the
web cam — an essential component of the computer viggtars. These device drivers
were easily obtained and installed after the instahadif Windows XP. A similar
problem was encountered while using DSL that involved thaliason of drivers for the
wireless networking card. Not only could compatible drivetsbeofound, but there were
also issues in setting up a wireless network connecati@8L. Windows compatible
drivers for the wireless networking card were easihamied and installed. Using
Windows also made the wireless network connectiongeery simple. An even greater
advantage in using Windows XP than all of these mentisoddr was the team's
familiarity and experience with a Windows operating sgstWhile using DSL, only one
team member knew how to work with the operating systenaddcess problems that
arose. After the switch to Windows, all team memloerdd contribute their knowledge
to solve problems that were encountered with the opersystgm. This teamwork
relieved pressure on the one team member to fix abbpleeating system problems and
increased problem solving efficiency. Overall, Windows B allowed the team to
make much needed progress on the project and has greatipuiect to its success.

2.1.2 Base Station Software

The purpose of the base station is to graphically displesal-time the output of
the mower's array of sensors as well as informatiotajpéng to the current state of the
mower. This purpose fulfills several very important ne€édst, it enables the team to
test and verify proper sensor operation. If the sensersa functioning properly, the
mower will absolutely fail in its task. Second, it pres valuable debugging
information. If the mower begins to malfunction, team can use the base station to help
locate the problem, especially if it originated in on¢he sensors. Finally, as specified
by the competition requirements, the base stationmwaidirporate a software kill switch
that will stop the motor controller as well as taehmower engine by way of wireless
communication. In order to fulfill its purpose, the batsion software requires several
components. First, it must have a graphical user ieif@Ul) to display the data it is
receiving. Second, it needs a mechanism for receiving vasipas of data from multiple
sources. Finally, it would need the ability to send dat&he form of remote control
commands, to the mower.

The first major decision to be encountered in the ldpweent of the base station
software was to choose a programming language. Java wiasttfenguage to be
considered because of its platform independence, assviie team's experience with
programming in Java. There were other characteristatsfarther attracted the team to
Java. It has several packages and components dedicates# fiorbuilding GUIs. Also,
Java libraries dedicated to serial port communicatior weadily available. Java seemed
to provide all the tools necessary for developing the lasierssoftware. It provided



sufficient support for building a GUI, as well as supportsiending and receiving data
over a serial port. With these characteristics indndava was chosen as the base station
software's programming language.

Another obstacle in the base station software d@weént was creating a solution
for sending and receiving data over the serial port. The &ition would be receiving
data from six sensors and would need to send data to tikos® sensors. Java libraries
from RXTX.org [6] were used to facilitate the input andput data streams from the
base station serial port. However, once this dateeariat the base station, it had to be
interpreted before new data arrived that might oveewtiitin order to keep the data
organized and its processing efficient, it would need teel¢ in the form of packets.
The Packet class was created to address the processicgmfng and outgoing data
and to keep this data organized into packets. Each packet eamewted as a String. This
String contains a type, a data payload, and a time sta@wen other classes were
descended from the Packet class according to the type andpufibe data contained
in the packet. These six sub-classes included: St&eR&avPacket, MotorPacket,
ObstaclePacket, CameraPacket, and the HandshakePduk&tatePacket encapsulates
data regarding which state the mower is in and whetlgefgaving or entering that state.
The StatePacket was also used to give the wirelesokilimand. The base station simply
creates a StatePacket with the state set to “KILId’ sands this packet to the mower.
Upon receipt of this packet, the mower stops its motmehits engine is shut off. The
NavPacket contains data from the VNU including a digitahpass reading, GPS
coordinates, the distance traveled, and the speed. TlweRéaoket holds data that
specifies the forward/backward and left/right speedsefritbwer and the current state of
the mower's motion. The ObstaclePacket contains datatfie LIDAR and the SONAR
that specifies an obstacle's position relative tartberer in the polar coordinate form of
a distance and an angular offset. The CameraPackap®rates computer vision data. It
is not an actual video feed. Only data that is obtained #fé video has been processed
on the mower will be sent back to the base stafibrs data will indicate the position of
the boundary lines painted on the competition field éngblar coordinate form of a
distance and an angular offset. The HandshakePackepecal purpose packet that
allows the base station to establish and verify comoation with the mower. The base
station will send a HandshakePacket containing “war” ailichat begin receiving data
until it receives another HandshakePacket from the mowmaining “eagle.” After
multiple tests, these packets were shown to succgsehdble communication between
the base station and the mower.

The base station monitors the serial port for incgnaiata by launching a
separate thread. This thread is constantly checkingpl stream of the serial port for
data. When the stream has data, the thread reads it @nohidets its type. Each packet
type has its own processing method and once the typein€aming packet is
determined the appropriate packet object is created anedsgs method called. The
process method updates the corresponding GUI component.

The base station sends data over the serial port ioyaameng an outgoing
command queue that is contained in the same threadltddssonitors incoming data.
Commands are added to this queue using static methods witlulasise After the thread
has checked for incoming data, it checks the outgoing commaneé gqund sends any
commands that may be waiting.
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The final obstacle to be overcome in developing the s@gien software was the
building GUI to display all the data that was being nes The NetBeans GUI Builder
was used to help with the general layout of the GUI bdttbde abandoned in order to
fully customize the GUI and to allow the Packet clagsenteract with it. The GUI
contains several graphical components that are updatediangrto data specified within
incoming packets and are as follows: a compass, statgatiots, motor controller data
box, a speedometer with a tachometer, a GPS coordioatea kill button, and a radar-
like display. The Java SWING library was used to deviiepe graphical components.

11



BladeBuddy: Blades of Glory's Graphical User Interface
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2.2 Control Software

There is a considerable difficulty in organizing the antaimnformation that the
lawnmower will be receiving from the various differeansors (LIDAR, VNU, sonar
and camera). Each of these sensors will be respoifsitieporting different aspects of
the robot's orientation, and there must be a cendrdafal algorithm which takes all of
this information, processes it, makes decisions based éndings, and sends
commands to the motor controllers to drive the lawnerowhis control algorithm takes
the form of a complex state machine (details on tha'separticular implementation will
be discussed later). To facilitate the design proeestate machine library called
Quantum Events Processor (QEP) is utilized [10]. Thisribieatures three main
components that are essential to the project’s suceesst-driven states, parent/child
state hierarchy, and thread safety (which will be disclissa separate section).

2.2.1 Event-Driven State Machines

The concept of aaventis used widely in computer programming; the designer
wishes to know when something actually happens instead ofsle®ding to check its
status. In this senseyent-drivens quite comparable to beimgterrupt-driven the
difference in wording is becaus#errupt-drivenimplies that there is a task running
which is being interrupted all of the time, whereasia ¢vent-driversystem, the only
tasks that run are those triggered by events. This pragestthe events to drive the state
machine. For example, a thread (discussed later) maybgomng the LIDAR’s
readings continuously. If the control state machine wade aware of these readings all
of the time, there would be such a large volume of médion that errors are likely and
increased complexity is assured. Instead, the conttel stachine only needs to know
when there is information available to it that migffect a decision that needs to be
made. For this project, an event is sent once the RIdAtects an obstacle within
driving proximity to the lawnmower, and the control softevhandles this event by
transitioning to an “obstacle avoidance” state. Thanis example of event-driven states,
and another will be provided in the next section.

2.2.2 Hierarchical State Modeling Introduction

Hierarchical state modeling was another priority fertdlam. Logically
separating the states into distinct groups (which transiategarent states) added the
ability to handle common events within the parentstéhis means that code is much
easier to understand and is much more compact, as theremybe one handler
written in the parent as opposed to writing the samdlaanver and over within every
child state. To better understand the concept of statartiiy, take the following
example (from eventhelix.com):
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4 In Service N 4 Cut Of Service )
Active Suspect
Fault Trigger
o0 o0
Diagnostiéi\Failed Operat@nservice
Failed
[lagnostics Passed
o0
A / . -

Here, there are two parent states (In Service and {CBdrgice). Within each of
these parent states, there are two child states. E&oh arrows above indicates an event
received by the state machine. The most important thisgediere about the hierarchical
modeling is the “fault trigger” event. Instead of beingdiad by both the Active and
Standby states, it is handled (only once) by their patate (In Service) instead. This
report will now explore the team’s implementationla§tstate machine library further.

2.2.3 Implementation of Hierarchical State Machine

The team’s particular implementation of the statemmree is found in Figure 3.
The team has taken advantage of the previously-discusdedrschine software library
from Miro Samek [10]. There are three parent statedetysdone, Mowing, and Dead.
One of the three parent states has children sta@gvam some of the substates have
substates of their own. To further ingrain the idea pdi@nt state handling the common
substate events, notice that the parent state Mowindnawuk a handler for the event
“kill,” so even though the control state machine maenee a signal called “kill” when it
is in the state called Turn, it will be handled by theepaiclass (Mowing). Again, this
cuts down on the code size and potential developer errors.
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The basic operation is as follows: During the Safetye state, all initialization
will be done. Following successful initialization, tetors will be given the command
to drive forward. Based on the camera sensor’s data altmue the white boundary line
is, the mower will drive forward until this line is csel, at which point the engine
controlling the cutting blade will be started. This limessing will also trigger a state
change to put the control software in the Normal Op®ranode driving in the Straight
state. At this point, the thread monitoring orientafidiscussed later) will be triggered,
and the position of the robot relative to the desiredtiposwill be monitored. Once the
sensors determine that the lawnmower has gone off-cdbeserientation thread will
send an “orientation error” event to the state maclaind,the lawnmower will turn back
to its desired course. If the LIDAR sensor ever detactsbstacle in its immediate path,
an “obstacle detected” event will be sent to the statehine and the lawnmower will be
placed in an Obstacle Avoidance state. In this statirection will be chosen to avoid
hitting the obstacle, and it will monitor how far awfaym the obstacle that it currently is
until it is completely avoided. At that point, it wdlb back into normal operation. The
entire field will be mowed using the GPS as the prinsanyrce of navigation.
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2.2.4 Threading

As discussed above, each sensor (camera, VNU, LIDAdRsanar) will be
monitored in its own thread. One of the primary reasonshoosing Java as the control
programming language is because of its robust Thread librargading is a way of
running several tasks concurrently. Since all of thesesygsmust be running at all times
(with the exception of sonar), and since the contriiveare must be able to collect
information from all of them at the same timesinecessary to have these threads. They
are all set up similarly: each of the sensors’ dataliected in a program written in C++.
This program will print out all of its findings to the sen using a simple “cout”
statement. The Java thread collects this informatianbuffer and converts it to a
useable form. Once in this form, some filtering is danddtermine whether or not any
of the information retrieved is relevant to the colngtate machine. If it is, an event is
created with the pertinent information, and the cordrate machine handles the event.
For example (as discussed above), the control sadtisanot interested every single time
the LIDAR makes a scan. Instead, it is interested dnheiLIDAR scan finds some
obstacle within an 8-meter distance directly in fronthef lawnmower. Everything else
can be filtered out, but the LIDAR’s relevant findinge arapped in an event and sent to
the control state machine. Every individual sensor behawva similar way.
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2.2.5 Camera Decision Logic

As discussed in the Path Planning section, the firgtistdetermining the route
that the lawnmower must follow is to make a complete around the field using
computer vision-tracking of the white line. No details Wwél discussed here about how
the camera filters the white line, but the logic whtomtrols the movements of the
lawnmower in relation to the readings from the white lare depicted in the activity

diagram in the following figure:
/ Make Scan “

# Lines Detecked s
__—__"““—-—9_,.: Wit /Look For Line :

&
1
RhoZ = Threshold?
Mo
fes
V \\-\

es
Calculate Turn Amount
Yes : Rhol = Max_Rhol?
e

Turn 90 Degrees Right
N s Send Motor Command to Turn
Calculate Length of Time ko T
Continue Going Straight

Turn, Sleep, Turn Back

! W% &' ' $

First, it must be determined how many lines can be $Eeone are seen, the
control logic considers this a glitch and ignoresitiilihis happens a certain number of
times, in which case it must go looking for the linehd tamera sees two lines, it checks
whether or not we are within a certain distance ofitteeand then executes a 90-degree
turn. If only one line can be seen (the normal cdke)logic first checks to see whether
the robot is at the appropriate angle to the line.isf d@ff, the angle is corrected, but if the
angle to the line is permissible, the distance to tieei calculated. If this distance is too
large, the lawnmower must drive for a certain amoutitvd in the corrective direction
and then straighten back to the appropriate angle.
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2.2.6 GPS Decision Logic

Once the field has been completely traversed by tlmer@alogic, navigation
using the GPS begins. During the entire time the lawnm@naowing the perimeter of
the field, it is logging GPS coordinates. Once the pedan®ieep is complete, a linear
regression algorithm is executed to provide accurate stamch@nding points for each
successive sweep of the mower. Using these startingraimbecoordinates, the control
software will attempt to follow the line based on lbgic in the following figure:

I —
.: Get Current Position >

<Calculate Diskance to Line>

Distance > Distance Threshold?

Calculate Angle to Endpaoint

a0 <= theta < 180
Turn Left

( "#$% &' ' $

0 <=theta < 20

Turn Right

Once this logic is initiated, the distance betweercthieent position and the line
is calculated using the following formula

Given a line ax + by + ¢ = 0 and a point (r, s),
d= |am + bn + ¢|

a’+b?

This distance is compared to a distance threshold, gmndater, the logic must now
determine which way the lawnmower needs to turn to coitself. To do this, the
distance between the current position and the endgasalculated, and then the inverse
cosine of the distance from the line, d, over the lebgtiveen the current and ending
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points. Using that angle, the logic can easily tdlick direction to turn in order to
correct completely.

2.2.7 Obstacle Avoidance Logic

While mowing the field, it is important for the lawnmawe be aware of
obstacles in its path. It is for this reason thatlalexmower has a LIDAR on the front of
the robot and two ultrasonic range finders (sonars) ®tefhand right sides. Using this
piece of equipment, the lawnmower will be able to idgmbstacles in its path and make
the control software aware of them. The steps tadatv@ obstacle are diagrammed
below:

Make Scan

Filker Out: Irrelevant Data

Object Within Data?
Nﬁs
fgin Turning ko Closest Directi?

Yes
GPS Within Criginal Line? —

Mo

Mo

Yes

Cum Lnkil Distance is Wichin Thresho@

Every scan that is taken is filtered so that onlytadles immediately in front of
the lawnmower are considered. Once an obstacle isté@f¢lce lawnmower will take its
closest point and determine what direction to turn in aiéavel the least amount of
time. It then checks to see whether or not the oridima has been reached again. If it
has not, the mower uses its side-mounted sonars tastdgse as possible to the
obstacle without hitting it. Once the original lineréached, normal operation is resumed.

+ "HEW &' , % $
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2.2.8 Software Formalization

One of the most important aspects of software arc¢hiteds formalization.
Because of this, the team has made strides towardthadieal and comprehensive
software management solution. The first element mipghocess is the creation of Unified
Modeling Language (UML) diagrams which describe the behaf¥itre lawnmower.

For example, the control algorithm for the lawnmowes been outlined in UML state
diagrams. This has assisted in the software designggdeeause the developers were
able to more efficiently and effectively determine potdmiroblems and solutions of the
control state machine. See Figure 3 for an example dfla $fate diagram, and Figure 6
for an example of a UML activity diagram. The team usexdixture of StarUML [14]

and Sun Microsystems’ NetBeans software [7] for desghiML diagrams.

Another stride taken in software development manageisdytemploying a
system called Trac [15]. This web-based software allbevelopers to store all code in a
centralized location via Subversion and also to craadebile tickets,” which mainly
serves as a bug tracker and to-do list. This systenming bested on a server connected
to the internet, meaning that as long as there is amgit connection available, the team
can access all previous versions of the software dasélorlhis has proven invaluable to
the project, as multiple team members have beenamrogmng related components
simultaneously.
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2.3 Mechanical

Mechanically the robot is a welded steel frame, wislhe| housing for the
lawnmower blade. There is a Briggs and Stratton 6.5 hp lawemengine which is
mounted above the housing. The engine is fitted witbltattat is connected to a 24V
alternator. Steering for the robot is based solely as@ @ommands issued to the back
wheels, which are powered by two right angle wheelahators. The front wheels
swivel freely on steel casters. Welded steel shelvasgdiso been constructed to support
the robot’s electronics. This shelving mounted on rubbemibgs, which dampen the
vibrations and oscillations of the lawnmower engine. Whilisgive the electronics a
much more stable platform to operate in and help prauemanted vibrations.

The engine on the team’s robot is a 6.5hp electric Btagtys and Stratton
lawnmower motor. Because the starter on the motor isal#Mhe electrical system on
the robot is 24V, a separate 12V battery will be utilizzdelectric start. The engine has
a mechanical brake on it which can be used to immedistiep the blade when the
engine dies. This is important because the competitiles state that the mower blade
must stop within three seconds of the kill command beivegng When this break is
engaged, it also grounds the spark plugs, causing a total dgiksually this brake
would be pulled back by an operator pushing down the safetinbtgad, the robot will
pull the break release with a powerful 24V solenoid.r8uwi has been laid out that will
allow the motherboard to control the solenoid. Thehexdtoard will be interfaced to a
PI1C microcontroller that outputs to a transistor slviind a relay. Once the solenoid has
pulled back the brake, the signal can be sent to seadrtfine. In the case of an
emergency kill, power would be cut to the solenoid, causitmyrelease the brake,
effectively killing the engine.

An aluminum plate has been constructed which will alibe/LIDAR to be
mounted to the front of the robot. Its constructidoves the team to mount the LIDAR
within half inch increments from five inches up to a heignto one foot.

There are two emergency Kill switches mounted ondbetr The first kill switch
is mounted on top of the power box easily accessibla & standing position directly
behind the robot. The second emergency kill switch @téxton the front of the robot in
a forward facing manor. It is located in this orientatior the fact that if anything
happens to fall in front of the robot, the switch isilgdocated.

There is a mast mounted on the front left cornehefrobot. This mast is at a
height of two meters off the ground. The mast is ferdlgital compass. The compass
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has to be placed at a distance from our robot becauselibieis made of steel, which is

a ferrous material that interferes with our compabe mast height is easily adjustable
and removable in the event that the robot has to tthk@ligh a low entranceway and can
not make it with the height at its full two meters.

Before construction began the robot has been desigrédDb software. The
current version and future proposed modifications have designed. By designing

before building, the team could get a graphical idea of Wigarobot would look like and
how its modification would effect the overall layoundadesign of the entire robot.

- 0p'
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2.4 Motor Control

Due to the required accuracy and precision of the autonolaeusower, a
well-designed control system is needed for the DC dng®rs. Accurate sensor data
and correct interpretation thereof is useless ifnincd be translated into desired robot
response. In the case of this project, desired robotmsspwill be manifest in the control
of the DC motors that were procured from Briggs & SoratiThe functionality of this
robot is entirely dependent on these drive motors. Tests shown that the DC motors
are capable of drawing current spikes of over sixty amgerumeavily loaded conditions.

These two factors make it clear that a basic H-bneijenot suffice. Therefore a
RoboteQ’s AX2550 dual channel, high power, digital motor cdletrwas chosen. It is
capable of supplying up to 120A (90A for extended use). The dlenttan be
communicated with via RS-232 or any standard R/C transmébeiver set. The R/C
features would prove to be particularly useful for testwhile the RS-232 control made
the AX2550 suitable for autonomous control.

In a mechanical system where automation is desireainpensation system that
controls or regulates the system to act in the debe&dvior is needed. This
compensator analyzes the output fed back to it and gesamaiaput signal to the
mechanical system or plant based on a referencethainis set by the user. The
following figure illustrates this concept:

i & 0/ 12 12
3412 1&25 612 12 3# & 5
1&2 &
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In the case of the robotic lawnmower, the motors althe plant and the input
will be the desired velocity. One or more sensorkhilused to acquire feedback for the
controller. As the robot maneuvers through the playigid,fthe control algorithm will
be dictated by higher level software that will deciech sensor data is most pertinent
given the robot’s immediate circumstances.

While the robot is attempting to create a map of thd,fielbsed-loop control will
be fulfilled by using camera data. During this phase, themwantroller will constantly
be updating its heading based on the information passettamithe camera. Once the
field has been circumnavigated, the robot will commenseing in successive straight
lines. During this phase, the motor controller will béexihg to the information provided
by the GPS, odometer and digital compass. The motoradientmust also be prepared to
suspend its planned movement when the LIDAR detects ebgedstacle. In the
presence of an obstacle, the motor control algorithirely on the LIDAR and sonar
sensor readings to effectively edge around the obstafdecbcontinuing in a straight
line. The motor control algorithms make use of a mototrobclass to output
recognizable commands to the AX2550.
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2.5 Power System

2.5.1 Design

In the design of the power system, it was first ssagy to ascertain the power
requirements of the individual components of the robatak determined that the GPS,
the VNU, the LIDAR, the DC motor control and the matward could all be run on 24
volts. Therefore it is obviously necessary to provid@&¥ bus for these components. The
electric start for the Brigg’s and Stratton lawnmowegine requires 12 volts. Also, the
wireless radio and development board are rated from 6 to 10V

It was decided that the robot would be run on two noltesie lead acid 12V
batteries. They are combined in series to providedheired 24V. The battery power
supply will be augmented with a 24V alternator. The ad#tor will be powered by the
gas lawnmower engine and used to continuously rechargeattieeiés. The alternator has
a rated voltage of 24V, but is anticipated to output betv2&ep7V. The Briggs and
Stratton engine also has a built-in coil that wall as a sort of alternator and can be used
for specifically recharging the separate 12V electact diattery. Due to battery
inaccuracy and alternator fluctuations the unregulated bunsicgpated to have an
average voltage of approximately 26V. This bus will be gatible with the DC motor
control and the solenoid, since both can handle sgmif fluctuations.

There will also be a new 24 to 13.8V DC-400 DC-DC convettlee. converter will
provide approx. a 13.8V bus. It was decided that this busuplbly power for the
motherboard, VNU, and motor controller, all of whickvl a wide range of voltage
inputs. Therefore, it is more efficient for them to opera a lower power level than the
originally thought 24V. The 24V must be retained howeverabse the LIDAR is not as
flexible and does need a strict 24V supply.
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2.5.2 Regulators

There shall be implemented a 24V voltage regulator, proyia regulated power
supply for the sensitive LIDAR. It has also been deteedchthat the new GPS and the
sonar sensors are going to need 5V. It was originallg\wead that all 5V devices, such as
the camera, would be powered by USB, off of the mothedoddnis is no longer
believed feasible, due to wiring restrictions on the dhatself. Thus, a 5V regulator will
be utilized to drop the 13.8V into the desired range. Simjléne wireless development
board was originally intended to be powered from the mbtaed, but has also been
provided with its own individual power supply of 9V. This cheeved with a 9V
regulator from the 13.8V bus.

The regulator that was chosen was a LM317 - 3-Terminpistéable Regulator. Through
the manipulation of resistors, these regulators canljostad to any voltage level from
1.2V to 37V. The equation for the desired output voltage caede in Figure 10.

89

2.5.3 Fuses, Switches, LEDs

A visual indicator board composed of LEDs has been amststl. The LEDs
chosen are super bright orange and blue LEDs. Their sg@fis can be viewed in the
Appendix. The LED’s are installed in parallel to theieas systems to give a visual
indicator that they are receiving power. Different tesisalues were calculated and
coupled with each LED so as to match the particular dekiageit is in parallel with.

Also on the visual indicator board are associatetches that provide individual
power manipulation to each specified system. There igia switch that controls overall
power to the electronics. There are also individualches for the motherboard, LIDAR,
VNU, wireless development board, and 5V devices (GPS@mal)s Two safety Kkill
switches have also been incorporated into the powaeriplholding with the competition
guidelines. Each kill switch has a naturally opened atdrally closed state. These are
connected to motor control logic kill and the solenoidi@osupply respectively. If the
kill switch is engaged, the logic kill will be closestppping the motor controller and the
solenoid power will be opened, shorting the engine sparkplngsraking the
lawnmower blades.

Appropriate grade fuses have also been installed in s@tlegach component of
the power system to ensure that no vital circuityamaged by power fluctuations. The
only exception is the motor controller which is takimtyantage of a circuit breaker
instead.
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2.6 Sensors

In order to accurately transverse the field, it is @u know where the robot is
located. To accomplish this, an array of sensordbas incorporated onto the robot
which includes a Vehicle Navigation Unit (VNU), a LIDAR,chsonar.

2.6.1 VNU/GPS

The VNU consists of an Inertia Measurement Unit (IM&¥lobal
Positioning System (GPS), a digital compass, and an odom€éhe IMU is essentially a
combination of gyros and accelerometers that will delgrmine where the robot is
located between GPS updates. The GPS is a sensax ¢hptble of receiving signals
from satellites in order to determine its latitude, itude, and altitude on the earth's
surface. The digital compass is essential to theyaton in this project, because it
provides an accurate determination of the robot's hea@R$ is capable of providing a
heading, but it requires several updates to calculateatidsit is not capable of
calculating a heading if there is rotation about the GP$&sentially the digital compass
will allow the robot to turn in place, and quickly kmaf the robot is going to veer off the
desired course. The odometer is simply a sensor thalaw us to count how many
times the wheels have rotated. This data should comglile!GPS data so that the
robot can determine precisely where it is. This datadsarito a Kalman filter, which is a
recursive sensor that is used to estimate the currsitigqmp and this estimated position,
is what is returned from the device. The new GPS &jlpbsitioning system) is a
Magellan DG14 capable of real time measurements witlteuracy of 3-5m. However,
it is also capable of being put into differential modeymch it is capable of having an
accuracy of about 2cm. This GPS should also be capatdedairing its position in
under a minute and a half once started.

2.6.2 LIDAR

The LIDAR (Light Detection and Ranging) is a lasearsung range finder,
which is capable of measuring distances up to eighty mehexrg, to an accuracy of 50 —
10 mm and, 180 degrees around the device, with measurementspakeevery quarter
degree. This is used for obstacle detection so thavbwe is aware if it is about to run
into something, and how close it is to something thatautting around.

The LIDAR is a SICK LMS-S05, which is a heavy-duty LIDAReaning that it
is made for outdoor environments, and rough terrain. A d@magrf the LIDAR’s vision
specifications is below.
The way in which the robot will utilize the LIDAR ibat it will only look at a window of
measurements, meaning that if an object is not locatéahvitis viewing “window” it
simply will not worry about it. The window is defined a rectangle extending six
inches on either side of the robot and two meters dwbm. It will still be using all 180
degrees of the LIDAR's measurement ability. Once agcblenters this window the
robot will either start slowing down or stopping based uperproximity of the object to
the robot. Additionally the LIDAR is set so that itvanly send an alert signal if five
measurements show that an object is within the windBecause an object must take up
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at least a 5 degree viewing angle to register as an abstaloé avoided, this should
prevent false positives that might be obtained by sirspging a blade of grass.

$/'%:

The sensors team will be using LIDAR for sensing objg@sthe robot may
collide with as it propagates rectilinearly. Howevers more probable that the LIDAR
will be configured to sense an object up to only 8m awawusecthis will require less
processing power, have faster update rates, and be marataccThis will require less
processing power, because there will be, in theoryerf@bjects at 8m to track them
there would be at 80m. It will be faster because thardimae that it will take for the
light to travel to hit an object and reflect will bes$e It will also be more accurate
because at 8m, the LIDAR has mm accuracy where as ait 8% only cm accuracy.
Currently there is functioning code written for the LIRAn Windows, so that the team
is capable of receiving distance measurements from theedeasd well as changing
various settings. The sensor team has written codiote the LIDAR to communicate
over RS-422 at 500kbaud, allowing for data to be transferradtiovieen times faster
then the default RS-232 communication protocol.

$/'%: : .8
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2.6.3 Sonar

Another possible obstacle detection solution was soDaspite sonar be an adequate
sensing technique for most applications, we decided to aseiir secondary sensing
device instead of our main because it lacks the resolatidrupdate rate of the LIDAR.
The robot will be using sonar (sound detection and randimgensing obstacles which
the robot may collide with while turning. The sonar devidet have been chosen to be
used are the SRF04 from www.Acroname.cdiney are capable of at least half-inch
accuracy. Two will be mounted on both the left and rigle sf the robot. One will be
mounted near the pivoting wheels and the other neaetiter of the robot. Finally,
another sonar device will be mounted in the rear ofdbet to detect an object that the
robot would collide with while backing up. There are consaising these, such as the
fact that they are not rated for outdoor use, and fitverenust be kept free from moisture,
but a suitable alternative to these was not found. &4 has a micro-controller
communicating to all five sonar, which relays its measwnts back to a PC
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2.7 Vision

An important objective of the autonomous mower is thbtyto stay inside the
boundaries of the mowing area. In the competitionpthendaries are white lines painted
around the grass to be mowed. In order to avoid penaitdisqualification, the mower
needs to be able to detect the white boundary lines kadttions to avoid crossing
them. The proposed mower design intends to accompisthrough the use of a
computer vision system. The vision system is designedllag/é: First, a small USB-
driven webcam is interfaced to the mower’s onboard coanplihis webcam will be
positioned such that it can see several feet in fibtiie mower, pointing downward to
capture more of the terrain and to minimize interfeeesmurces seen at the edges of the
field. The video feed from the webcam will be fed framefilayne into image processing
code, which will extract white line locations from thames. This data will be passed to
the main control loop, which will use the data to makasiens about the next action to
take.

The general image-processing algorithm uses several inaagfarms to detect
white lines in the image. Taking each individual frama efdeo feed, it thresholds
bright, white areas out of the image and processamtge to detect edges. Best-fit lines
are generated using the Hough transform, and their losatie output to the main
control loop. This method has proved successful at tiegewhite lines on green grass
using test images and videos. The actual methods usedto@sh this algorithm,
however, must be chosen with care. All processing oaistlare to some degree
susceptible to variable lighting conditions and webcam expasitings. Bright lights
can over saturate the image, generating false posie®, land dark lighting conditions
fail to trigger the thresholding conditions. Similarlgriation in the color of grass and
the ground, and noise from items such as leaves, shadotwash can also affect the
successful detection of white lines. It is importantdthlbwrite robust code to such
picture variations, and to choose appropriate hardwam@rtimize the appearance of
these variations entirely.

The image processing algorithm begins by continuously tadtithdrames from
the webcam feed as the mower moves throughout thenrgawea. The color image
received is immediately converted to grayscale by mixuegéd, green, and blue
channels. This reduces the number of color channels tmbegsed from three (RGB,
for red, green, and blue) to one (Y, for black). Becaedaaing the number of color
channels also reduces the amount of data available foggsiag, care must be taken to
use a conversion that preserves the data desired, cadaghe white lines, while
minimizing undesired data, such as light variations orenfogam objects on the field.
From examining the color channels of test images, the ¢diannel was found to provide
the most distinction between white lines and the surrogngtiass. Similarly, the green
channel was found to show the effects of variable Inghéind grass discoloration more
than the other channels. The red channel provided thedististtion in any area out of
the three color channels. From these observationgftbeiing formula was derived to
convert images from color to grayscale:

Y (black) = 2*B(blue) — G(green)
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By using the blue channel as the base channel, and sulgrafftthe green channel, we
gain both high contrast between the white line and gresss@nd a smoothing of the
intensity values of the green grass, giving it a more umifappearance. Multiplying the
blue channel by a factor of two helps to keep the resuilexck channel within the
normal intensity range of 0-255.

After conversion to grayscale, isolated highlights amgohoise in the grass are
removed with a Gaussian smoothing function. The imageisi#tan thresholded into a
binary image, with pixels with values over the threslfoldser to white) saved as 255,
and all other pixels set to zero. The resulting imagegedominantly the white line set
against a black background with a few isolated groups of whitdspiRunning the
OpenCYV version of the Hough transform on this imageautput data that correlates to
the white line being detected; however, the number ofal#faut is excessive. To reduce
the amount of data output by the Hough transform a Cannydsdgetor is used to
remove redundant interior pixels, leaving only the outlifeb@white lines.

The edge-detected image is input into the Hough transformH®hgh transform
searches for lines in the image and calculates @céities, which both run through the
origin of the coordinate plane and are perpendicular tdetected lines. The Hough
transform outputs the angle from the x-axis (thetd)langth from the origin (rho) of
each location line calculated. In the case of the OgeA@ugh transform, multiple
location lines may be calculated for a single detelotedf the line in more than a single
pixel wide. Since the white line in the competitiogenerally at least several pixels wide
in the captured image, many location lines will be outpueach white line detected.
The number of these redundant lines is reduced subsiabiiaising Canny edge
detection, but there may still be upwards of a dozenitténes for each white line in
the image.

3 5 3 5

The location lines need to be averaged into a singgetdi provide the best
approximation of a white line’s position. This need forraging leads to several
problems. First, it is possible that more than oneenrimee will be present in a given
camera frame. Examining the camera’s location andtatien on the lawnmower
relative to the field can solve this problem. At a gitieme, at most only two legitimate
white lines can be in view of the camera on the moWeese times occur as the mower
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nears corners, when the line the mower is travelimggajoins perpendicularly to another
line. The image processing code separates the locatiefdinehese two white lines by
noting that if the white lines are more or less perperaian a camera frame, their
resultant location lines will also be more or lesgopadicular. Similarly, location lines
for a given white line will have the same rho and theltas or minus some variance.

I &

Using the first output location line as a “base lirteg thetas of subsequent
location lines are compared to the base line’s thetaaes classified as parallel or
perpendicular to the base line by thresholding the \@itieeta. This method results in
two groups of perpendicular lines that can each be avetagedvide a better location
of the white lines. By using this method, location lines even be averaged correctly
even if approached at an angle instead of head on, but whibe two sets of lines is
more perpendicular or parallel to the mower is dependemt tigovalue of theta of the
base line. The averaged location line data is fed intaneia control loop and is used
with other data to determine the next motor commandidtre frames from the webcam
are not used for any averaging and thus have no effebeautrent image data; this
increases the immunity of the system to erroneousefsashdata due to oversaturation or
poor contrast adjustment within the camera, since ttelata will not affect other data
samples.

As important as a good image processing algorithm is, godatare cannot
replace good hardware. The better quality image a cgmedaces, the more
information can be determined from it, and the lessyliketors from oversaturation,
poor lighting, and other similar effects are. A Logit€uickCam Fusion was chosen as
the camera for computer vision, because it offers batti®-exposure, color saturation,
and light adjustments compared to the other potentialregach®ices, and features higher
guality optics and a better CCD, resulting in a pictuite wiore clarity and a higher
resolution. The camera works seamlessly in the Windawgonment used for
development and on the lawnmower.
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3. Testing/Results

3.1 Motor Controller Testing

Using a shunt connection, we measured the current drgwhre DC motors and
motor controller (collectively). The current drawn by tmotor controller is negligible
compared to the motors. Under heavily loaded conditmmsent spikes reached almost
70A. A 300 Ibs load was applied while the lawnmower drove ugtelgular operating
conditions varied. Often the current was settled ar@u@d. Other times the current was
steady between 14-17A. Assuming regular current draw ofrstddoe between 15-20A
would be a safe assumption.

Thus far, the AX2550 motor controller has been testegp@n-loop, R/C-mode.
Tests have proven its ability to supply the drive mototk sufficient current while
under extreme loads. There have been many additionalbgenents in the team'’s
ability to control the drive motors. RS-232 communiaatias first tested using a
laptop’s hyper-terminal with the motor controller. WHhhbis was successfully
accomplished, a motor controller class was writtem tould be called from other
programs to send commands to the AX2550. The robot’s maiegsor can now
autonomously control the motors based off the motatrobalgorithm.

3.2 Sensors Testing

The testing that has been done on the VNU so fainkhgled individual system
testing, but a full system test has yet to be attespleesting of the compass has
included simply moving it by hand to assure that it was regachmnrectly, and mounted
on a vehicle to determine how much the magnetic fietwts the vehicle affected it.
From the results of this test, it was determined tleaheeded the PVC (polyvinyl
chloride) mast, approx 2m high, which is currently on timt. Additional testing has
been preformed on the odometer to confirm that whsrdtated a change is also seen
in software. GPS has been tested in a similar faskbere it has been connected to the
VNU and confirmed that the VNU'’s software saw the data the GPS was sending it.

Testing of the Sonar has included connecting the éwars and interfacing the
Sonar PIC to the PC and moving the sonar closer arftefuatvay from an object and
confirming that a corresponding change was seen by thesBfDigare.

Testing of the LIDAR has included running it with the mantfees software
and the team’s own software and confirming that thelteestithe measurements are the
same. Checking the baud rate of the LDIAR was done bygiincoming data to
spreadsheet and time stamping it, to confirm that ratdah data was be transferred.
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3.3 Vision Testing

Sixteen test videos were taken of a playing field outlindénfield behind the
solar house. These test videos were recorded with theraandifferent heights, angles,
and orientations to the field. These videos were used ¢ondiee the optimum mounting
location for the camera, the final position being approtefgahree feet up on a boom on
the front side of the mower, looking down with a 30 dedpek angle from the ground.
This provides a sizeable viewing area in front of the mamrout capturing the sky,
horizon, or mower chassis in the picture, simplifying iflhage processing needed.
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3.4 Wireless Antenna Testing

3.4.1 Aerocomm AC4490 transceivers

For the RSSI experiment two AC4490 1W transmitters weré. U3ese radios operate
at 900MHz and are frequency-hopping spread spectrum (FHSS) padiast. These
radios were chosen because the frequency hopping spreacuspetikes them more
secure and less vulnerable to noise, and they boasingytmile range in ideal conditions.
In less than ideal conditions, such as indoors, in medf -sight or otherwise obstructed
areas the reliable communication distance can be nessh By examining the RSSI
measured at both ends of a pair of communicating AC4490scamesee how their
environment affects their reliable communication rangeis Tidea was tested in an
experiment that collected two sets of data. In ompeemxent the RSSI was measured in
an indoor environment at the radio’s full power and quaptawver levels. The next
experiment was an outdoor test also at full and quanigep

3.4.2 Indoor Testing

Indoor testing was performed in Broun Hall on the campus ofuAuluniversity.
Testing was not linear due to the winding hallways oflnégding.

Indoor Full and Quarter Power Tests

The first experiment that was conducted was performedh indoor environment. The
RSSI was measured at a total of 15 data points each onead@mm The testing was
performed on the basement of Broun Hall on a pathrds#mbles a figure eight. There
were two separate runs that were performed and mea3inedrst run was performed at
measured at full power (1000mw), the second was performgdn@asured at quarter
power (250mw).

For the experiment, one of the radio transceiversmasnted on a remote controlled
lawnmower. This mobile station was mounted a heigh0.@B74m (31in) above the
ground. The second transceiver, the base stationpeat®t! in a fixed point in the Greene
Room. The height of this radio was 0.8382m (33in) abovédbe

There are a total of forty frequency bins, due to the frecyuaopping spread spectrum
capabilities of the radio. For each one of these bives RSSI was logged for both the
base station and the mobile station.

Indoor Test Results

As was briefly mentioned before, there were a totalvo indoor experimental, data
acquiring runs. Setup before these runs was necessargrkotime exact location where
test data would be recorded. There were a total of 15egkttest locations. Tests were
performed once around the indoor points at the radiodearess full output power and
once at quarter power.

Once all tests had been run and experimental data haccblected, it was organized
by distance from base station. Because testing inirtleor environment was not
performed in a straight line, trigonometry had to be eygd in order to calculate
distance from the mobile station to the base sta#acurate measurement and a floor
plan of the building also aided in this process.
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The experimental data was greatly affected by distasigeal strength, number of
walls in the way, and the amount of bends in the Il Test results for the two
experiments could not be accurately mapped to hypothetical lsnode a result the
experiment was inconclusive.

There are several possible explanations for the restifte inconclusive experimental
data. Problems include the possibility that the modele weorrectly used and applied.
This might arise because of the dramatic change ininth@or obstacles (ex. Walls,
hallways, lab equipment, etc.) throughout the entiréthe tests. Other potential pitfalls
include not accounting for signal anomalies such a mtftipgerference.

Through trial and error, it was determined that that risodan be made to fit the
experimental data. In order for this to happen, each test moould have to be
individually matched and tuned in an incorrect manner.

Indoor Test Figures and Graphs

RSSI, Full Power vs. Distance
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3.4.3 Outdoor Testing

Outdoor Full and Quarter Power Tests

The outdoor tests were designed to most closely modebtlhasuburban environment.
The test area that was chosen was the Auburn Universiicourse. The concourse is
believed to model a suburban area, because it doesniégsod® proliferation of large
buildings indicative of an urban setting, and neitbat purely open space. It is flanked on
either side by moderate sized buildings, which are bedige provide moderate signal
reflection, as well as the mammoth Haley Center,clwvhis hypothesized to generate
significant reflection. However, the concourse isagen air straight shot. Thus much
reflection may be insignificant when compared to thenary signal.

The experiment was postulated to run the entire lengtheo€oncourse. Twenty-five
foot (7.62m) intervals were measured and marked off. Timsesals ran for a total of
nine hundred and twenty-five feet (981.94m). This provided & dbtehirty seven data
points. The experiment was run with the robot, whiahi®@a one of the wireless antennas,
progressing to each of the thirty seven data poirtteagh point, the robot would stop and
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communication would be made with an operator back at the ¢fation. The operator

remained at a stationary location with the other e@®lantenna. The operator would log
the specific time of each stop of the robot so thatinformation on each point could be
harvested later. The fact that one antenna staidthenrobot and the other sat on a
stationary concrete planter meant that both antereraained at an equal approximate
height of one meter. The only obstacles on the wanse were occasional trees and
concrete planters. The experiment was run twice; ahdell power and once at quarter
power.

Outdoor Test Graphs

Full and Quarter Power RSSI vs. Distance
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This is a combined plot of the experimental data fronfuhend quarter power tests.
This shows that on both tests the same RSSI trendogeekldespite the difference in
transmitting power, due to environmental and externabfa¢hat affected path loss.

Correlating Outdoor Test Data to Models

The purpose of the outdoor experiment waséahe relationship of the RSSI in
this outdoor, suburban-like setting to distance. The obwapsctation was for the RSSI
to decrease as the distance increased. This trend Wwaspexted to be linear, however.
Several models were used to compare the results ofidberi and outdoor tests. For the
outdoor tests the Free Space propagation model and the, Sdaurban, and Open Hata
models were used for comparison. From examining the eursbf the different Hata
models, the RSSI was anticipated to level off as thmite progressed. This is not an
infinite trend. There is still gradual decrease in RS$h wicreased distance, but not the
sharp drop that is evident in the first several dozen sieBsiow details the models used
and examines how the experimental results matched bp tlifferent models.

The Hata Model for Urban Areas

The Hata Model for Urban Areas, also knows asdkemura-Hata moddbr being a
developed version of the Okumura Model, is the most widasdyl model in radio
frequency propagation for predicting the behavior of aalltrensmissions in built up
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areas. This model incorporates the graphical informétion Okumura model and
develops it further to realize the effects of diffranticeflection and scattering caused by
city structures. Although Auburn would be more likely cifeesg a suburban area than an
urban one, the Urban model was considered to see tcewtesit the testing environment
differed from what would be expected in an urban environnidwa.model is represented
by the formula:

where,
Lu = Path loss in Urban Areas. Unit: decibel (dB)
hb = Height of base station Antenna. Unit: meter (m)
hm = Height of mobile station Antenna. Unit: meter (m)
f = Frequency of Transmission. Unit: mega-hertz (MHz).
Ch = Antenna height correction factor
d = Distance between the base and mobile stations. Kilaineter (km).

The value of G is different for large cities and small or mediuman&uburn falls
into the latter category, resulting in

The Hata model for urban areas is accurate for fregeefrm 150 MHz to 1500
MHz, a transmitter height of up to 200m, and a maximumdistance of 20km. After
inserting the parameter values of the outdoor testshetanodel, the path loss was
calculated for every distance we logged a RSSI value migdour tests. Subtracting that
ideal path loss from our transmitted power resultedaredicted RSSI for every data
point in our tests. The predicted RSSI for both Full @udrter power outdoor tests using
the Hata Urban model is shown plotted versus distarloerbe
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Predicted Signal Strength at Full Power vs. Distanc e -
Hata Model for Urban Area
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If we compare these graphs to the experimental dateeifighres above, we see in
general the Hata Urban model predicts 20-30dB less receiyedl strength than was
experimentally determined.

The Hata Model for Suburban Areas

The Hata Model for Suburban Areas, also knows a®#wenura-Hata moddbr being
a developed version of the Okumura Model, is the most yigsdd model in radio
frequency propagation for predicting the behavior of @gllitransmissions in city
outskirts and other rural areas. This model incorpstie graphical information from
Okumura model and develops it further to better suite ted.éhe formula respresenting
this model is given as

Where,
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LSU = Path loss in suburban areas in (dB)
LU = Average Path loss in urban areas in (dB)
f = Frequency of Transmission in (MHz)

The working conditions for this model are extended owgidar range of frequencies,
resulting in valid prediction for frequencies from 150 MHA 16 GHz. Using the
suburban model to predict RSSI as described for the unbael above results in the
figures shown below.

Predicted Signal Strength at Full Power vs. Distanc e -
Hata Model for Suburban Area
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As would be expected, the Hata model for suburban ared&{s much less path loss
and thus a correspondingly higher predicted RSSI. Howedwm comparing the data to
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the outdoor test results, the prediction is still off byesal orders of magnitude.

The Hata Model for Open Areas

The Hata Model for Open Areas, also knows as the Okuiata-model for being a
developed version of the Okumura Model, is the most wiasdyl model in radio
frequency propagation for predicting the behavior of aalltrnsmissions in open areas.
This model incorporates the graphical information from i@kxa model and develops it
further to better suite the need. According to Wikipedia, warsion of the Hata model is
applicable to the transmissions in open areas where tacimns block the transmission
link, and is suited for both point-to-point and broadt@stsmissions. The following
formula describes the model:

Where,

Lo = Path loss in open area in (dB)

Ly = Path loss in urban area in (dB)

f = Frequency of transmission in (mHz)

The operating range for this model is the as the Hatéehfor suburban areas,
covering frequencies ranging from 150MHz to 1.5GHz. PrediR&8I from this model is
shown below.
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Predicted Signal Strength at Full Power vs. Distanc e -
Hata Model for Open Area
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This model provides the closest prediction of the tet da far, providing a good
prediction between 50 and 150m, and generally keeping within abiiie test data.

Free-space Path Loss model

The last path loss model examined was the Free-spabd &s¢ model. Free-space
path loss (FSPL) is the loss in signal strength aflaotromagnetic wave that would result
from a line-of-sight path through free space, with betacles nearby to cause reflection
or diffraction. It does not include factors such as the géithe antennas used at the
transmitter and receiver, nor any loss associatedhaittiware imperfections. This model
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is the most ideal of the models compared to the outdsbdrdata. The formula for the
FSPL model is

where:
f is the signal frequency (in hertz),
d is the distance from the transmitter (in meters),

The predicted RSSI of the model, shown below matchggisumgly well with both
Full and Quarter power data from the outdoor tests, giyettaying within 5dB of the
experimental data.

Predicted Signal Strength at Full Power vs. Distanc e -
Free Space Propagation Model
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Outdoor Test Results
A comparison each of the model's predicted RSSI todhected outdoor RSSI data is
shown in the figures below. The free-space propagation Inmefound to provide the
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best overall match to the experimental data, withtata model for Open Areas be fairly
applicable in the range from 50m to 300m. The Suburban anchWtat models were
determined to be poor predictors of the experimental gatevjding to much path loss
over the distances used.

Experimental and Derived Signal Strength
at Full Power vs. Distance

0.00 T T T T T
0.0pPoo 0.0500 0.1000 0.1500 0.2000 0.2500 0.3000
-20.00

-40.00 H—

—e— Experimental
—=— Hata - Urban

Hata - Suburban
Hata - Open

—x— Free Space

-100.00 -

Sge Srergh (dB1)
o o
o ©
o 0o
& ©°
| @ Il

-120.00

-140.00

Distance (km)

Experimental and Derived Signal Strength
at Quarter Power vs. Distance

0.00 T T T T T
0.0p0o0o 0.0500 0.1000 0.1500 0.2000 0.2500 0.3000
-20.00

-40.00 -

—e— Experimental
-60.00 1 —=— Hata - Urban

o Hata - Suburban
-80.00 +H Hata - Open
—x— Free Space

Sge Srergh (@M

-100.00 -

-120.00 -

-140.00

Distance (km)

? * 35 > 35

Surprisingly, the outdoor test results did not match upoaely to the suburban model
as predicted. It was closer to the Open Hata model arsestl still to the Free Space
propagation model. These results signify that the absaihaay real obstacles between
the two antennas, even at 925 feet most closely ressriibe space. The anticipation of a
reflection influence from the nearby buildings proved tosperious. The experiment
would have had to been performed under much greater distanagin the presence of
more substantial obstacles to be more match therktadals.
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4. Conclusion

In conclusion, the team has made genuine progresangtatrthe beginning of
the semester, the team literally had nothing, but nath, tiwe generous contributions of
many supporters and much hard work, an actual robot haddreesd.

Let us compare our results to the “Problems to solveSgmted in the introduction:
Be able to follow the white line that outlines the field

0 Vision is capable of viewing the white line on the fieldl dhrough grayscale
thresholding, plot a line of best fit and interpret the’s slope to deliver
commands to the control code.

Have the robot know it's position and orientation onftalel

0 The robot has been equipped with a functional GPS sySdeoe the robot has
mapped the field by following the line with the vision syst¢he differential
GPS system provides centimeter accuracy.

Achieve precise motor control

0 RoboteQ’s AX2550 dual channel, high power, digital motor @dletris a
sturdy and robust device that can handle stress andioontiictuations. It
performs in close synchronization with the control code

Detect upcoming obstacles and avoid them

0 The primary obstacle detection system is the LIDARicW can easily spot
obstacles across the competition field. The LIDAR ba supported by the
sonar to safely navigate around the obstacle.

Communicate wirelessly with the base station

0 Extensive testing has been performed on the wireless@ad and it has been
determined that they are going to be performing most glésehe Free Space
Propagation Model. On an open field of the competitisize, communication
between the base station and the robot will be strodgantinuous.

Precisely power the various robotic systems
o0 A complete power system has been designed and put ade pl
Design software that will interpret relevant data esde correct commands.

0 The control software is robust. Through its use of ederen state machines,
it can sort through the incoming information from theias sensors and
correctly identify the next course of action.

Design a graphical user interface for the base station

0 A GUI has been constructed and functions with real-tipaates from the
robot via the wireless antennas. It is also capablesoing the wireless Kkill
command.

Construct the robot

0 Mechanical integration of the robot's many systemstalesn place. A stable
robotic frame has been obtained and augmented to suppedribus required
systems. Wiring of and protective housing for the many akicircuits and
devices has been implemented.

Adhere to competition guidelines and safety regulations

o All ION completion guidelines have been met. Robot dinmerssfall within

parameters. Manual and wireless safety kill switchesraplace.
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5. Cost Analysis
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7. Appendix
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RoboteQ’s AX2550 Wiring Diagram
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Part Number: RL5-0O5015 Super-Orange LED (AlGa InP)
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Power Schematic

56



