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1. Introduction

Our team is comprised of two computer engineers and ockeiedd engineer who
choose this robotics project as there undergraduate sesignaeork. The ION Autonomous
Lawnmower Competition provided us the opportunity to gaahwerld experience in the field
of robotics and navigation.

Ampcontrol, in cooperation with Dvorak, loaned us onéefr Spider remote control
lawnmowers and allowed us to modify it for this compeiiti Our first task was to adapt the
Spider so that it could be controlled autonomously insbédég remote control.

The main goal of our project is to create an indusiiénomous lawnmower that can
mow large areas of grass with little supervision, depempdaid reliably. The result is the
Beeast a unigue autonomous design which could serve as a bas@fionercial designs in the

future.

2. Design Overview

Our design work is divided into five main areas: chas$gtronic design, software
strategy, systems integration, and sensor integrafibme. electronic design consists of routing all
the data throughout the physical system. The softwateens all compass and shaft encoding
information from the Field Programmable Gate ArrayGRf along with images through the
camera, processes this data, and makes navigational deci$iossystem is integrated through
the FPGA which communicates with most of the sengmrtgand sends this data to the
computer. It also communicates between the Spidenta interface and the laptop by

sending the commands issued from the computer.



2.1 Chassis

There are a few basic chassis needs that an autonocoemysuter-controlled lawnmower

requires.
1. Mechanically sound and reliable.
2. Electrically controllable, with precision movement.

Thus, having a reliable chassis with a reliable electrnbgcface is a vital part of
designing a good autonomous robot.

Our team had two options--design and build a chassisrets these requirements or
obtain a chassis that has already been engineered tohese requirements. Given the fact that
we are computer and electrical engineers, we prefereeiddé of obtaining an already-existing
solution.

The most obvious pre-engineered solution was to find a eeawsttrolled lawnmower on
the market. This would provide a system that is alrettyrecally controlled, and we would be
able to interface our computer with the existing signmatsrder to control the unit.

We found two companies that sell commercial, remotéralbed lawnmowers: Evatech
and Dvorak. The Evatech mowers are small and designé@me use while the Dvorak Spider
is much larger and intended for commercial use. Withnigeld budget for this project we would
need either company to donate their mower free of charge Evatech mower costs over
$3000, and the Spider mower costs over $40,000. Needless todsmation did not seem too

likely, so we began to consider designs that we could.bui



After communicating with these companies, Dvorak (and Ampol, their US-based
distributor) agreed to provide a Spider for our team tahiseyear. The Spider and its remote

controller are shown in Figure 1.

Figure 1. Spider with Remote Controller

The Spider’'s movement capability is very unique. Instédmbing a typical front wheel-
steered vehicle, all four wheels turn in synchrony. Téugiired us to keep an open mind and
approach our design from an atypical perspective. ®ice@rimary sensor is a video camera,
the camera needs to be facing forward in the directidraeél. With a typical front wheel-
steered vehicle, a static camera mounted on the bodsvastthis. However, with the Spider,
the body never changes orientation as the froriteot/ehicle is defined as the direction the
wheels are currently pointed. Thus a statically mouoéedera would not always point in the
direction of travel. The solution we came up with waslesign a rotating turret that would
house our camera, laptop, and other electronics.

The turret, pictured in Figure 2 below, was made by mgldi support frame off of the

chassis of the Spider. This frame supports a rotatingakeshaft which is linked to the chain



on the Spider that steers the wheels and maintairisgear ratio with the tire orientation. The
platform is secured to the rotating vertical shaft whaites the direction of the tires at all times.

The platform contains our computer, FPGA, camera, cesy@and power systems.

Figure 2. Turret Support Frame

One limitation of the Spider is its large size and iligttio change its orientation. Thus,
it is not ideal for mowing extremely close to objectis presents a difficulty for the
competition since high value is given for edging capabiliipwever, from Ampcontrol's
perspective, edging is not a significant function of tlasice.

We have decided to enter the basic category becausebetter match with this
mower’s capability. We also are interested in manmgi an ongoing relationship with Dvorak

and Ampcontrol and want to develop techniques that will inegr needs.



2.2 Electronic Design
The Spider control unit has a Serial Peripheral laterfSPI) bus that we were able to

utilize for sending control commands to the Spider. Bi$ packet is detailed in Figure 3.
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Figure 3. SPI Packet

Figure 4 shows the physical connection of the main pawersignal routing of the

control system (excluding individual sensor connections).

Figure 4. Physical Connections



The upper junction box (Figure 5) contains barrier strigstite the incoming power and
signals to the various places above the rotating aterf It also contains a 5V regulator for
powering the compass.

The lower junction box (Figure 6) contains barrier sttgpsoute power and signals, and a
5V regulator for powering the shaft encoder circuital$b houses a 28-pin DIP socket which
provides the option of using a PIC microcontroller toaacan intermediary between sensors on
the mower body and the FPGA. Although currently no BIG=ing used, there is an option in

the future for processing analog infrared proximity sensotb®@mower body.

Figure 5. Upper Junction Box



Figure 6. Lower Junction Box

The battery and control unit of the Spider are houseétit@mowing deck. Thus, our
electronics reside in a system that rotates with réspebe body of the mower and the
electronics we need to interface with. The robot shaat be constrained to limited steering
rotation, so a rotational electrical interface was néaderansfer the signals from the body to
the rotating platform without worry of twisting wireJraditionally, brushed slip rings are used
to accomplish this. We were able to obtain a discauspecialty slip ring from Mercotac.
Mercotac’s slip rings contain liquid metal instead of bassto make the rotational electrical
connection. This provides for reliable, low resistagleetrical contacts (R < 1 n). The slip

ring and pinout are shown in Figure 7.



Figure 7. Slip Ring and Pinout

We are testing an inexpensive WAAS enable GPS receMere was insufficient time
to make the GPS an integral part of the system, batrevebtaining and logging GPS readings

for future development.

2.3 Software Strategy

The laptop computer is an integral part of the autonomwmtsat system. Its main task
is to process the image data and use it in conjunctidnoweinpass heading and shaft encoder
information to formulate a command and issue it ta3pieler’s firmware via the Field
Programmable Gate Array (FPGA).

We chose to use a laptop because we knew it would be eas®e the processing power
of a professionally designed and manufactured processoathFPGA with a soft processor. It
was originally unclear if a faster processor on aptdp was going to be needed for image

processing, but as we progressed in software developmagtamsolder department laptop, it
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became clear that the processing power would be suftfic&lhof the code on the laptop is
written in C++, both because we are familiar withtGand because we inherited a large amount
of image processing code from a previous senior design veaioh was written in this
programming language. We chose to use Gentoo Linux apénating system and the
KDevelop Integrated Development Environment (IDE) to naambackward compatibility with
the previous team’s code. Libdc1394 is the Firewire caiaary of choice because it
provides relatively simple low level image manipulatienfree, and is familiar to us. We
considered using the proprietary Windows-based Fire-i ARldbuld be purchased from the
Unibrain corporation, who makes camera that we are usirigyve could not justify the cost
when teams in the past had already had success with3®d@and the Fire-l did not seem to add
any functionality that was not present in libdc1394.

We originally thought that an effective mode of cuttihg grass would be following the
edge between cut and uncut grass via a texture recognitiantlaigo Upon investigation of a
Ph. D. dissertation on this exact problem, it becama&r ¢hat to do a good job of recognizing
this cut grass edge would require a large database of intagespare current images to, as
well as more processing power than the team felt wasilgle to expend in real time. We
instead decided to use algorithms that relied more heaviip@following and dead reckoning.

The high-level programming is divided into four importaasses: Robot, Camera,

Imageprocessor, and FPGA. See Figure 8 for a UML diagfdhe class structure.

11



Figure 8. UML Class Diagram

The Robot class is the container class for the FBGAthe Camera. In addition to
simply being a container, the Robot class containsobtiee most important functions of the
program: makeDecision. The makeDecision function detes the next command that is
issued to the Spider based on processed images, compassdataaft encoding. More
specifically, two LineData structs are passed in, abasaghe compass heading and shaft
encoding information that indicates the distance tealve

The FPGA class is a container for important perighgata and a way to provide an
abstraction for issuing commands to the Spider. Anatmgortant function, issueCommand,

takes a command formulated by the Robot and executesdleeo issue a data packet to the
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physical FPGA via RS232. Communication to the physical Fi¥&farted in the FPGA’s
constructor. The FPGA contains compass heading andesttaiding data, which is sent to the
laptop from the physical FPGA. The intendedDirect®nsed by the Robot to determine what
direction the system should be facing and reconcilevihiatthe actual compass heading. The
state of the system is used in line following to tedl Robot if the system should be going
straight, slowing down, or turning. The collectioneidud is spawned in the FPGA'’s constructor
and is constantly listening to the RS232 connection \uglhphysical FPGA for compass and
shaft encoder updates.

The Camera class maintains the connection with theigdlycamera and provides an
interface for obtaining images for processing. Conoadt established in the Robot’s
constructor, but is configured in the Camera’s construddmcamera is the class that libdc1394
uses to represent a camera, but the Camera classcédshis out and simply returns a new
image in the form of an SDL_Surface pointer when tkeR&ture method is invoked by the
Robot. The Camera class has the ability to storgasmavhile providing them for processing and
fetch them later instead of live images. This allowustore images and test different
processing algorithms on the video by asking the Camedaved picture instead of a live
one.

The Imageprocessor is a utility class used by the Rolgather information from
images. It has eroding and dilating methods, linear reigresnethods, and an intensity filter.
The most important functions are the vertLinearRegrasaia horzLinearRegression methods.
These are essentially the same method, except thaath tailored specifically to find lines
running in two different directions. To find lines, the lineagression methods take a rolling

average of the pixel intensities in one directionnd the brightest pixel in either every row or
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every column. Then an algorithm is run to check for graimsxels. Any stray pixels or small
groups of pixels are thrown away. Next, classicablimegression is run on the pixels, and a
LineData struct is returned which contains the slopbefine, the x and y intercepts, and the R-

squared value of the line.

2.4 Systems Integration

The laptop has a limited number of ports to connediéaspecific interfaces of the
compass, GPS, and shaft encoder. The DE 1 FPGA develbpoed, shown in Figure 9, has
many ports that can be designed to connect to numeyees of interfaces. The GPS is
connected to the FPGA through a PS/2 port; it usedrmneas signal input and provides both
power and ground on the two other pins. The compass csrndtie FPGA through the
general purpose I/O pins, it also receives ground and poveergt hard-wired power and
ground pins on the general purpose I/O pin bank. The siadter comes into the FPGA
through the same general purpose 1/0O bank as the complasslata that is received by the

FPGA is stored in registers and sent to the laptopy@emilliseconds.

Figure 9. DE1 Cyclone Il FPGA Board
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The second responsibility of the FPGA is to be abtalkoto both the laptop and the
robot itself through the SPI bus. First the FPGA sandiata packet with all the sensor data to
the laptop. While this is happening the laptop is contislyosending commands based on the
sensor data commanding the robots next action. Bdtleeé operations use RS232 as their
communication link. The FPGA stores the command and setadthe robot when it asks for a
new command. The SPI bus is mastered by the robot aodnected to the FPGA physically
through the general purpose I/0O pins. The FPGA acteadahe on the SPI bus. Figure 10

shows a block diagram of the various communication aoiiores.

Figure 10. System Integration Diagram
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2.5 Sensor Integration

In order to detect its environment the robot requiresossrae needed to determine
distance traveled, position, heading, and a few otherblasianecessary for autonomous
navigation. Determining what sensors to use was a signiffiroblem. There were several that
we considered using. We wanted a good solution that usedatile sensors and would be
practical for commercial use. Although laser range fisdgyroscopes, and differential GPS
solutions all have many advantages, their high priceymtedithem from further consideration.
The more practical sensors we considered were ultvia aad infrared proximity sensors, a
camera, compass, shaft encoder, and a single-re@¥®&aS enabled GPS. We felt that a
combination of a camera, digital compass, GPS, and eshedtder would provide all the data the
robot needed to navigate the competition field.

The digital compass sends generates a pulse width basminpass heading. The
length of this pulse width corresponds to the directi@cthmpass is pointing. The pulse width
ranges from 1-37.1 ms and therefore a simple counterdstoasketermine the width of the pulse
and the conversion to degrees is trivial. On the rolttmpass is placed as far away from the
motor high on a PVC pole to reduce any magnetic field wisienound the compass. Figure 11
shows a plot of the compass data while the Spidersdiivieour complete circles. Figure 12

shows the precision level of the compass whileBibeastis idling.
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Figure 12. Compass Accuracy While Idling

The shaft encoder was placed on one of the wheelsler to determine how far the

robot has gone (See Figure 12). The surface of the eneasl@2 black and white segments and

is read with a device called a photointerruptor. Theghterruptor emits light from a photo

diode on one side and collects the reflected light erother. This allows the photointerruptor

to tell the difference between a white surface, whidlecets light, and a black surface, which

does not. When the surface rotates, the photointerrupiduges alternating high and low

signals which are used to determine the distance travled.
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Figure 13. Shaft Encoder and Photointerruptor

We placed a piece of laminated paper with alternating l@adkwvhite segments as
shown in Figure 13. The infrared detector senses thgehartolor and produces pulses that
the FPGA then counts. We are able to attain resolutitimee centimeter per shaft tick range.

The GPS receives is WAAS enabled and communicates uditcgAN Thankfully the
protocol sends ASCII characters to the FPGA which stbeedata in a ROM and parses out
only the pertinent data that the robot needs, whicleidatitude and longitude. We are not
currently using the GPS data but plan to investigate itgtbe future.

The camera is the most complicated sensor andedaned directly with the computer
through a Firewire cable. It is a Unibrain Fire-i videonera and it is used within our system to
detect both lines and obstacles. We have decided to catecein YUV format. The Y
component of the video represents intensity, and is gaothfling bright lines against dull
grass. The U and V components represent color, whigbad for finding red barrels in green

grass.
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3. Team Organization

Dan Ballard
Responsibilities: System integration, Logic desigmitl compass

Nick Parry
Responsibilities: Software development, Image proegs3iesting, Shaft encoder

Scott Norman
Responsibilities: PIC programming, Electrical designwamghg, Power system design

Team Advisor: Dr. Clinton Kohl
Special thanks to Dave Denlinger for all the shop workumnchassis
Corporate Advisor from Hetronic: Dave Paden, engineer

Corporate Advisor from Ampcontrol: Ryan Dethridge
http://www.ampcontrolinc.com

Dvoak Coperation - Czech Rpublic:
http://www.spider-mower.com

4. System Specifications

4.1 Dimensions and Weight
Dimensions: 164.1 x 143.2 x 195.6 cm (64.6" x 56.3" x 77.0")
Weight: 715 Ibs (325 kg) without turret, approx. 765 Ibs (348 kd) tuitret
4.2 Cut
Cutting width: 124.16cm (48.5")
Height of cut: 8.89cm (3.5") at lowest deck setting
Blade clutch/brake: electromagnetic with a brake (OGURA)

Work productivity: up to 2 acres/hr
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4.3 Engine
Model:Kawasaki FH 680V
Perfomance: 23 HP @ 3600 rpm
Displacement: 0.675 Liter (41 ci)
Fuel consumption: 0.8 Gal/hr (3 L/hr)
Fuel Capacity: 4.1 Gallons (17 Liters)
Fuel: unleaded gasoline (94 or 95 octane)
4.4 Drive
Transmission: hydrostatic (SAUER DANFOSS)
Oil tank: 9.5 Quarts (6.5 Liters)
Speed: 0-5 mph in fast mode, 0-2 mph in slow mode.
Note: While in autonomous mode, the robot never enters fastle.
Steer: 360 degrees, 4 wheel
Wheels: 16 x 6.50 — 8

4.5 Cost

Note: This is not budget, but total system value.

Spider: $42500
Bearings, sprockets, chains: $375
PVC pipe & fittings: $72
Steel: $112
Electronics: $42
Dell Latitude C800: $370
Fire-i Camera: $120
Altera FPGA Board: $150
Mercotac Slip Ring $450
Total: $44191
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5. Safety Features

We understand that tligeeastis a very large entry to the competition, and theesfor
safety and reliability have been a primary concerrewvetbping and operating our machine. The

most important safety features are listed here.

Wireless Emergency Stop
The remote control for thBeeastcannot perform any functions while the robot is in
autonomous mode except for the emergency stop funciibe.large red button in the center of

the remote will stop the engine and disableBheast

Remote Control Signal Stop

There is also a safety feature built into the Spadatrol unit which will disable the
engine if the signal with the remote is lost. Efere, while the remote cannot operate the
Beeastduring autonomous operation, it must be within a reaserisiance of the robot to

ensure that this safety requirement is met.

Side Emergency Stop Buttons

There are two large, red emergency stop buttons on eitleeofihe turret. These are
over 40 mm in diameter and will send a system stop comhrinam the FPGA to disable the
Beeaast.
Stock Emergency Stop Button

There is also a small emergency stop button which sataedard on the Spider. It must

be raised for the Spider to be turned on, and depressuilgiiistantly turn the engine off.
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