Multi-Disciplinary Senior Design Conference
Kate Gleason College of Engineering
Rochester Institute of Technology
Rochester, New York 14623

Project Number: 11217

GOLF ROBOT
Cory Gregory / Project Manager

John Gutmann / Lead Engineer

Derek Hugo / Communications Specialist

Jason Thrush / Software Representative

Marcus Grant / Software Specialist

Karikalan Thirumavalavan / Electrical Engineer

Jeff Cosimano / Mechanical Engineer

Tenzin Seldon / Mechanical Engineer

ABSTRACT
The Golf Robot project has participants hitting golf
balls at an augmented reality tee-off which shows the
simulated flight and landing of a ball at the green. The
primary goal of this project is to design a robot that
will deliver a golf ball to the given set of target
coordinates on a real golf green, where the player will
be able to putt. This project is a collaborative effort
between Facilities personnel and RIT Academics and
is led by David Schwartz and Jessica Bayliss in the
Department of Interactive Games and Media. It is
meant to be a mainstay at the 2010 Imagine RIT
Exposition. During the initial stage of the project, the
ball placement mechanism was constructed and
programmed, followed by the construction of the
chassis and testing of sensors. Due to high error and
reliability issues, the beacon method was discarded.
Using a camera, a compass and encoders, the robot
navigates to a specified location. In this paper, the
design, fabrication, control, and testing processes and
results will be described in detail.
NOMENCLATURE
CAD – Computer Aided Design
PVC – Polyvinyl Chloride
BPM – Ball Placement Mechanism
RGB – Red Green Blue color components
YCrCb – Luma, Red Difference, Blue Difference
color components
I2C – Inter-Integrated Circuit
GUI – Graphical User Interface

PID – Proportional Integral Differential controller
INTRODUCTION (OR BACKGROUND)
Augmented Reality (AR) games are gaining popularity
these days as players experience a greater level of fun
and adventure. David Schwartz and Jessica Bayliss at
the Department of Interactive Games and Media at
RIT initiated this project to enhance their previously
existing Virtual Golf Project. During last year’s
project, the golf ball was placed in the green using a
huge metal leverage, which interfered with the
player’s experience and the ball was not placed
accurately in the specified location at all. For this
year’s project, the use of a robot to place a golf ball
would enhance player experience immensely. The
robot will have physical appeal, be landscape friendly,
be interactive and move accurately to a specific
location within an acceptable margin of error. In order
to deliver these goals, the robot must be able to
wirelessly communicate with a PC at a distance of at
least 100 feet for the purposes of receiving target
coordinates and sending a 'task completed' signal
during each round. It should navigate to the received
coordinates with a margin of error less than 2 feet. It
should carry and drop a golf ball at the target
coordinates while causing no visible damage to the
green.
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PROCESS (OR METHODOLOGY)
In order to achieve the goals mentioned above, the
project was divided into six main categories: chassis
design, ball placement mechanism, sensor calibration,
camera development, software and communications.
Ultrasonic sensors were initially agreed upon as the
preferred choice for navigation due to the highly
theoretical accuracy from our analysis. However,
accumulating errors in the sensors detected early
during the initial phase of the project led to the use of
a CMUCAM3 for the final navigation method of the
robot. Premanufactured parts were ordered for the
frame of the robot. Wheels, axle shafts, PVC pipes,
Plexiglas, gearboxes and motors were purchased.
Much of the chassis and the ball placement mechanism
were designed during the initial phase of the project.
The next phase focused mostly on developing the
software for sensor coordination, and compass and
camera calibration. Finally, communications testing
was carried out using a laptop relay and XBee radio
channel.
Some assumptions were made during the project. An
operator/attendant will be available to perform basic
maintenance, cleaning, and battery replacement.
She/he will also be able to answer basic questions
from players about the robot. The golf green will
resemble a typical golf green: flat or gentle slope, clear
of obstacles, dry, short grass, solid soil and a single
hole. The golf simulator operators will have roughly
an hour of setup/teardown time to prepare & calibrate
robot and support equipment. A power outlet or
extension cord will be available for the laptop, router,
and other beacon equipment.
MOTOR AND GEARBOX SELECTION
The major, and basically only, mechanical components
are the motors and gearboxes, which have a direct
connection to the shaft that the wheel is attached to.
This means that the only gear reduction of the motor is
done with the gearbox; the wheel size offers some
contribution force at the wheel contact points and the
rate of speed.

To be able to efficiently use the robot’s battery and get
the most out of a motor it must be operating
efficiently. For most permanent magnet DC motors
this means the motor should almost always be
operating above the 60% efficiency mark. The motor
which was chosen operates anywhere between 12,500
RPMs and 7,500 RPMs when it is operating at above
60% efficiency, with it operating most efficiency at
about 11,500 RPMs. Given the chosen wheel size the
robot needs to have about 28 RPMs to move at around
1 foot per second. If this is divided into the RPMs at
the most efficient point, 11,500 RPMs, a ratio of 410:1
obtained. The gearboxes and motors are coming from
Banebots, which in this type of transmission only
offers the highest ratio of 256:1. With this ratio, the
motor only needs to operate at about 7,100 RPMs.
This is just outside the efficiency range, therefore
given the options and the excess torque that will be
available this was determined to be sufficient.
With the selection of the 256:1 gearbox this will allow
the robot to move at a rate of speed almost double than
that of what was originally defined, this is of course
assuming absolutely no parasitic loss.
GOLF ROBOT COMMUNICATION
The Golf Robot communicates with the AR Golf
simulator software via a laptop relay and an XBee
radio channel. As players complete the simulator
portion of the game, the simulator determines the
location of their golf ball on the green and uploads
those coordinates to a web server. A Golf Robot
Control Program (GRCP), meanwhile, runs on a
laptop stationed next to the golf green. The program
periodically requests new coordinates from the server
and stores the coordinates in a queue. The coordinate
pairs are automatically transmitted to the Golf Robot
as needed. The GRCP also displays aspects of the
robot's health and allows the operator to add, edit, and
remove players in the queue. For typical play,
however, the laptop software requires minimal
interaction with the operator once initiated.

Before moving into motor analysis and calculations
there are predetermined constants that need to be taken
into account. These constants include an eight-inch
diameter wheel size to allow for appropriate clearance
of the golf ball while it is on the ground. The weight of
the robot was decided to be a maximum of fifty
pounds to help allow users to easily move the robot
and to not tear up the grass on the surface of the green.
The final constant was the maximum movement
speed, which is one foot per second; this value was
decided upon since it is relatively slow but can still be
easily controlled.
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Figure 1: Two XBee Modules, Xbee-to-Arduino
shield, Xbee-to-USB board, USB cable
The laptop communicates with the Golf Robot through
a 2.4 GHz ZigBee radio channel. The laptop is
connected to a Digi International XBee module with a
range of approximately 300 feet. The Golf Robot's
microcontroller is connected to an identical XBee
module through an XBee-to-Arduino shield. The
XBee modules are configured in API (packet) mode
with a baud rate of 57600 bytes per second. API mode
allows the XBee modules to use addressing and other
helpful features.
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The golf green laptop runs the Golf Robot Control
Program, a multi-threaded Java application written to
manage communication between the AR Golf server
and the Golf Robot. The java.net library contains the
functions needed to make the relevant HTTP requests,
and an xbee-api for Java provides simplified
communication with the XBee transmitter. The laptop
intermediary approach has several benefits. First,
coordinates in the queue may be quickly edited at the
green. Second, the distance between the AR Golf
simulator and the golf green is only limited by the
availability of a network connection. The laptop
requirements are minimal - most importantly, a Java
runtime environment must be installed. When the Golf
Robot is ready to deliver a golf ball to the next set of
coordinates, it sends a status packet to the laptop. The
packet contains the robot's estimated location, battery
level, obstacle detection values, a coordinate request
bit, and some other information. The Robot Control
Program's XBee handler thread is constantly listening
for status packets from the Golf Robot. When a packet
is received, the Control Program updates the user
interface with the received status information and
sends a response packet containing the next
coordinates in the queue. If the request bit was set in
the initial status packet, the Control Program removes
the top player from the queue.
The RIT Wi-Fi has been tested around the green and
has shown adequate ability to send and receive Wi-Fi
packets (test showed signal strength of about 40%).
The range and data rate of both the XBee transmitter
(300 ft, 250 kbps) and RIT Wi-Fi (~50 Mbps) are
sufficient for our application. The XBee channel has
also been extensively tested under different conditions.
The robot can currently be commanded to move
manually and can receive the most basic status
information.

Figure 2: Golf Robot Control Program – Player Queue

Figure 3: Golf Robot Control Program – Robot Status
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BALL PLACEMENT MECHANISM
The purpose of the Ball Placement Mechanism (BPM)
is to hold the golf ball while the robot navigates to the
given coordinates. The BPM can be broken down into
two main components: the emitter/phototransistor pair
and the servo with the carrier arm. The emitter
circuitry produces a 40 kHz signal, which the
phototransistor recognizes. The output at the
phototransistor will produce a high (~5V) if a golf ball
is present (blocking the signal from reaching the
phototransistor) and a low (~0V) if there is no golf ball
present. The schematic of this circuitry is shown
below in Figure 4.

Figure 5: CAD Drawing of BPM
CMUCAM3
Figure 4: Schematic of the BPM Circuitry
The carrier arm attached to the servo has two
positions: directly below the BPM (0°) and off to one
side of the BPM (~60°). The carrier arm will remain
directly below the BPM until the robot has moved to
the given coordinates. It will then move off to one side
of the BPM for a short amount of time before moving
back to its original position. The carrier arm is shown
directly below the BPM in the isometric CAD drawing
in Figure 5.

The CMUcam3 has the ability to track a color (input
as RGB values or YCrCb values) and return the x and
y coordinates of the center of the mass of the given
color and a value relating to how confident it is that it
sees the given color. The camera is attached to a
pan/tilt mechanism, which allows the camera to track
in two dimensions.
The CMUcam3 and the pan/tilt mechanism will be
placed on top of the robot and will be used to track the
flagpole, which will be placed in the hole on the
putting green. The combination of the compass (which
is also attached to the chassis) and the panning of the
camera will give us the direction the robot is facing
and the angular position with respect to the flag pole.
This is shown in Figure 6 below.
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Figure 6: Camera Tracking [Top View]
The tilting of the camera will give us the distance the
robot is from the hole. This is shown in Figure 7.

Figure 7: Camera Tracking [Side View]
SENSORS
The AR Golf Robot uses sensors to help navigate and
maneuver on the green of the golf course. The two
sensors utilized are the ultrasonic range finder –
Maxbotix LV EZ1, and the Honeywell Digital
Compass – HMC6352. The ultrasonic range finder is
used to make sure that the golf robot does not crash
into any object in its path. The compass is used to help
orient the robot so it may deliver the golf ball to the
next coordinate accurately as possible.
The Maxbotix LV EZ1 helps to insure object
avoidance is achievable by the golf robot. This sensor
uses sound to determine that there is no object in the
robot’s path when it’s moving to its next given
coordinates. The sensor has the ability to detect an
object within 21ft ahead of it. For our purposes,
however, the sensor only needs to be able to detect
within a foot in front of it. This device will be
controlled by the Arduino Mega 2560 microcontroller.
By insuring that the robot has object avoidance this
now keeps the robot safe and in one piece when being
used on the green

The HMC6352 utilizes 2-axis magneto-resistive
sensors. The compass uses a two-wire I2C system to
communicate to the robot and back to the computer.
The common issue with using such compasses is the
inaccuracy read when the compass operates near
electromagnetic fields such as the metal frame of the
robot and the motors that help move the robot.
Because of this, the compass was designed to be
placed on the robot opposite of the motors. Also,
another feature of this compass that we utilized was
the calibration feature. When the compass was
calibrated and used away from the robot, it gave the
correct heading. However, when the compass was
calibrated away from the robot and brought near the
frame, the reading went all over the place. In order to
compensate for this, the compass will be calibrated
while on the frame of the robot. In order to begin the
calibration method, a command ‘c’ is given to the
compass. Once in calibration mode the compass
should be rotated twice over 20 seconds. A command
of ‘e’ is given to exit the calibration mode and the
command ‘a’ begins to show the current headings. Just
as the object avoidance sensor, this compass is also
controlled by the Arduino Mega2560. By the compass
giving the robot accurate current headings, this will
help the robot orient itself and determine where the
next ball should be placed on the green.
SOFTWARE
The main problem that needs to be solved by the
software is coordinating all sensors readings, actuating
all the servos/motors and communicating with the
host, while not running into problems of excessive
computation time. The chosen architecture is the
Arduino development kit, which uses an Arduino
Mega2560 as its microcontroller. This is an 8-bit
microcontroller and though it has plenty of timers and
multiplexed resources, the task given to the controller
pushes its limits. To solve timing conflicts for the
sensors used, two interrupts are used. The most time
critical of which has a routine that reads the
instantaneous velocity of the motorized wheels, to
perform as an odometer for robot navigation, and to
keep it driving straight and at a constant velocity. By
keeping this process interrupt driven, other important
tasks such as motor control and communications can
run without hindering sensor readings.
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The robot has two modes of operation: manual and
automatic. The first version of the robot software that
was written to test its subsystems was only manually
controlled through the host computer and its GUI.
Simple directional commands are given to the robot
(forward, backward, left, right, stop, and drop ball), by
the host PC. These commands are read, and the proper
action is taken, and while it performs the command
given, all sensor readings are communicated back to
the client. Should any navigational system fail, this
mode can be used to guide the robot back to stable
operation.
When all subsystems to the robot are functional, or a
command given by the host PC is given to do so, the
automatic mode is used. Here the robot will perform a
self check, and wait for both a new coordinate and for
a ball to be placed in its hopper. It then uses the
camera system and compass to drive to the correct
heading, face the target location of the ball and attempt
to drive straight using the encoders, compass and
camera system to keep it straight. Once at the location,
the robot's frame for the ball dropper is used to
determine where to drop the ball. At this point the
robot drops the ball, drives out of the way for the
player, and faces the flag to be ready to repeat the
sequence for the next player.
This process has many simultaneous actions to get the
robot to the right place. No matter the action being
performed, however, some feedback is used and it is
important that whatever, motor or servo actuation
being used, has up to date and reliable sensor readings.
Again interrupts are used when a change occurs in
digital sensors and timed interrupts are used to poll all
other sensors. Because variables are stored globally it
is really quick and easy for all functions that use that
data to quickly access the most up to date version. The
motors, when trying to drive straight, will use all three
navigation sensors (camera, encoders, compass) with
different weights provided for the feedback based on
the reliability of the sensor and the usage scenario. For
example the camera is very useful near the flag but not
useful at all after it cannot pick up the flag anymore. A
PID model will also be used so that accumulated error
is corrected more, which is particularly useful for
angular errors from the compass and camera feedback.
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RESULTS AND DISCUSSION
For the demonstration, the laptop running the Golf
Robot control program was placed inside a tent
approximately 10 feet from the golf green and 100 feet
from the Gordon Field House, the nearest building.
Unfortunately, the wireless network in this location
was not strong enough to establish and maintain a
connection. Therefore, the robot simply relied on
either manual control or coordinates generated by the
operator. In earlier tests, the control program was able
to connect to the AR Golf database and successfully
retrieve coordinates at a rate of one pair every 30
seconds, so the software itself requires no major
changes. Possible solutions to this issue include
running a wired network connection out to the tent or
setting up a wireless repeater near the doors of the
Field House.
The Golf Robot GUI (graphical user interface) worked
well throughout the demonstration. Many of the
features were unavailable because of the lack of
connection to the data server and the lack of
implementation on the Golf Robot's side (sonars,
battery, compass, etc.). The GUI layout could certainly
be improved to simplify manual controls; however, no
major issues were reported by the operators.
Fortunately, the XBee antennas maintained an
excellent wireless connection with the Golf Robot
throughout the entire day. The connection was broken
once or twice but was immediately re-established.
Range is not believed to be the issue that caused this
temporary connection loss. Interference is likely the
main factor. One improvement would be to place the
Golf Robot's XBee antenna in a more prominent
location; ensure that it is not covered in wires or
blocked by any large components. More importantly,
ensure that the Golf Robot handles a dropped
connection properly. If the connection was lost while
the Golf Robot was moving, it continued to move until
the connection was re-established. This issue must be
handled by the engineer responsible for the Golf
Robot's programming.
Many automated navigation methods were attempted
including camera positioning, ultrasonic positioning
and laser positioning. The camera positioning theory is
mentioned above. It was our selected navigation
method but unfortunately did not recognize color
outdoors anywhere near as well as it did indoors.
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The ultrasonic positioning method uses two ultrasonic
beacons placed on the outside of the green to help the
robot find its position. Each of these beacons emits
and receives on different frequencies. In order for the
robot to find its position, it first emits a quick
ultrasonic pulse at one of the beacon’s frequencies,
and then starts a timer. When the beacon
corresponding to that frequency hears the pulse, it will
send back another pulse to the robot at a different
frequency. When the robot hears that return pulse, it
stops the timer. The measured time represents the
time-of-flight of the ultrasonic pulses, and therefore
can be used to determine the robot’s distance away
from that beacon. This process is repeated again for
the other beacon so that its distance from that beacon
is also known. From then, trigonometry can be done to
obtain the robots position on the golf green in relation
to the beacons.
In testing the ultrasonic positioning method, it was
found that it was difficult to measure accurate time-offlight times. The times measured never seemed to be
consistent and varied greatly. This could have been
caused by a number of factors. For example, it is hard
to guarantee that when the robot sends out a pulse that
the beacon will immediately recognize it and send one
back. If there is any delay because of this, the time-offlight time is invalid. Positioning using this method is
definitely achievable, but more development time was
needed than was available.
The laser positioning system uses a laser and reflectors
to determine the robot’s position on the golf green. A
laser is mounted horizontally on a stepper motor,
which spins around so that the laser scans around
outwards. Two retroreflectors are placed around the
green with their separation distance known. As the
laser spins around, when it hits one of the reflectors,
the laser beam is reflected back to the laser. Photocell
sensors detect this reflection. Since a stepper motor is
used to spin the laser, the angle at which it is at is
known and recorded. Once reflections from both of the
reflectors are found, their corresponding angles are
used to calculate the robot’s position on the golf green
using triangulation.
Tests with the laser positioning system showed that it
functioned perfectly up to distances of about 25-30ft.
It proved to be a very reliable and usable system for
determining the robot’s position. Testing could only
be done indoors, although it is assumed that it would
function properly outdoors, as well.
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Instead of using basic mirrors, retroreflectors were
used. This eliminated the need for the laser to hit the
reflector perfectly perpendicular in order to get a
reflection straight back to the robot. Retroreflectors
always reflect light back parallel to the incident light,
regardless of the incident angle. This is a requirement
for this application, as the golf green terrain is not
perfectly flat.
Since there wasn’t enough time to develop a novel
navigation method, encoders became the fallback
navigation method. The major caveat to wheel spin is
that it can’t account for systemic error introduced by
the robot chassis and is highly sensitive to workspace
errors (or in this case wheel slippage). To combat this,
the robot is manually navigated to the center of the
green to reset odometer error and is then given
coordinates for the ball placement there. This allows
the robot to be more accurate near the hole, where
accuracy is more noticeable. The error in linear
distance, using odometry came out to be
approximately 5%. So if the robot is asked to drive
one meter to place the ball, it has a potential linear
offset of +/- 25mm. Attempting to turn with any
practical accuracy is very troublesome using encoders.
Since turning the robot requires that the wheels skid,
and as such the attempt to develop an automated turn
algorithm using the odometer didn’t give reliable
results indoors or outdoors.
CONCLUSIONS AND RECOMMENDATIONS
Much future work can be done on the ultrasonic
positioning method, as it theoretically is a very
plausible method. First, a better selection of ultrasonic
transducers could be used. Because this method relies
on four different frequencies to be used, to avoid
interference and other issues, the transducers must be
tuned to work well at those frequencies. The ones
experimented with in this project were tuned to
24kHz, which didn’t leave much room other
frequencies outside of that.
A better way of detecting the proper frequency was
heard would improve the system, as well. In this
project, two different methods were tried, a tone
detector and using a PIC microcontroller as a
frequency counter. The tone detector circuit worked,
but did not have a tight enough bandwidth around the
frequencies necessary; therefore it would react to
frequencies of sometimes more than a couple kilohertz
off from what it should. Using a PIC as a frequency
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counter proved to be unreliable, and also introduced
delay itself in just detecting the proper frequency.
In general, measuring time-of-flight time with a
system that relies on accurate two-way communication
is difficult, especially when sound is used. Any
method of simplifying how the system works would
be a benefit.
Although the laser positioning system functioned
properly, future work can still be done. One of the
biggest improvements that could be made is the
method of sensing the reflected laser beam. Currently,
photocells are used. Photocells respond to visible light
of any kind, therefore any bright light source could be
misinterpreted as a laser beam reflection. To help
alleviate this issue, a red filter was placed over the
photocells, which only let light in the red spectrum
pass through. It still does not solve the issue of a
bright light that happens to be made up of light in the
red spectrum (i.e. the Sun) giving false detections.
Either a specialized filter or specialized laser sensor
that only detects the laser beam itself could be used to
make the system more reliable.
In testing, reliable laser reflections could be detected
at 25-30ft. While this was just enough to make the
system work in this application, efforts can be made to
increase the distance even more. This could be
accomplished by using a better laser sensor, as
mentioned before, using a more powerful laser, or
better reflectors.
Due to budget constraints only two motors were used
in the design. It was decided that directly mounting the
wheels would be the simplest design to provide robot
movement. As a result the non-driven wheels provided
much resistance while turning. A significant amount
of error was produced due to this resistance. The nondriven wheels were swapped for casters to reduce the
amount of resistance while turning. These casters
could be mounted closer to the interior of the robot to
reduce the space occupied.
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The motor control have fans which help to cool them
off while running high loads and the power regulator
for the +5V rail has a fan to cool it off as well. The
thermal capacity of the motor controllers could be
evaluated to see if fans are necessary since they are
highly over rated for the motors being driven. The
power supply for the +5V line could be redesigned to
not dissipate power and possibly be PWM regulated.
These items would eliminate the need for airflow
through the case and allow the fans to be removed and
sealed
off.
The electronics are mounted securely but the wiring
makes the robot look messy and disorganized. The
motor wiring could be rerouted as to run with each
other neatly and the sensors could have a single
harness created which would encapsulate everything
on the robot.
A gearbox with an acceptable shaft length should be
ordered. The current gearbox shaft was too short and
required the keying of another shaft to extend the
length. The gearboxes should be properly greased.
Both gearboxes should be greased the same amount so
that they perform similarly. A deeper groove should be
cut for the encoder belts. The current thickness allows
the belts to occasionally slip out of place. A
waterproof shell should be assembled. The current
shell wasn’t water-sealed and was cut incorrectly. The
two axle blocks should be replaced with ones that are
constructed out of a single piece of metal. The current
design is in two parts.
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The design specification stated that the robot must
have a solid outer shell and be water resistant. The
current shell is composed of 6 pieces of acrylic which
form a small box around the robot. The bottom piece
acts as a shield for the components inside the robot
chassis. The shield was poorly mounted to the chassis.
A new shield could be created with clearly planned
mounting points. The top part of the shell is not
physically attached to the robot. It just sits on the robot
using slots cut into a couple of the sides. The corners
between pieces are not sealed at all and gaps are
clearly noticeable. This should be sealed up to aid in
resistance against water.
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