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1.0 EXECUTIVE SUMMARY

IBM’s Watson and Deep Blue computers share thendisdbn of being the first to beat
humans at two of their own games, Jeopardy andschespectively. They also share the
gualities of being the size of a house and costirigrtune. The price of a digital chess
grandmaster has come down since Deep Blue’s histactory, and we can expect the
same for Watson. Yet, there is another sport wiednires the data synthesis of answering
general-knowledge questions, and the sheer procegsiwer of solving chess. In that
sport, a computer which can beat a human affordadynot yet been created.

That sport, of course, is foosball.

Long a favorite of arcades and game rooms, fogsbéb known as table soccer, is
basically a constrained form of regular soccer. Rofvsmall armless figures are affixed
to metal poles which span the width of the fielthjeh are allowed to rotate freely, thereby
enabling the figures to kick a small plastic sodoeli. The object of the game is, as in
regular soccer, to score by kicking the ball ifte bpponent’s goal.

The main goal of the FOOSE project is to creatgséesn which will combine advanced
optical tracking, artificial intelligence, contrelystems, and a foosball table in order to
provide a challenging tabletop soccer simulatiomegience for one or two human players.

Objectives of the FOOSE project are to:

* Be able to process the table state in real timg react quickly

» Take up only slightly more room than a foosballéalould anyway
» Achieve construction within a reasonable budget

» Like its progenitor Watson, beat an average human

FOOSE itself will consist of optical sensors andiemtially, other types of sensors to
monitor the state of the foosball table. This infation will be fed into a processing unit,
which will interpret the data coming from the serssalecide the appropriate response
using artificial intelligence, and digest the resp®e into control data which can be fed to
controllers and actuators, realizing the Al's resgg and once more changing the table
state. This would continue until the player shitshe table, or a predetermined goal limit
has been reached.



2.0 PROJECT DESCRIPTION
2.1 Project Motivation and Goals

2.1.1 Project Motivation

Foosball is one of the most popular home arcadesgalt like few others, has captured a
place in the dens and basements of America. Thebmenof this group have grown up
playing foosball in various contexts, and, of themers of the group, each is primarily
interested in a different aspect of automatinggiee.

To automate a foosball table is a very wide-rangindeavor, requiring a background in a
variety of disciplines, which helped to spur insgri this as a senior design project. The
complete project requires implementing a diversayaof sub-projects which include, but
are not limited to, optical image processing anpgectbrecognition, artificial intelligence
(which also involves analyzing and reducing humaosball strategies), programming,
mechanical engineering of linear control systems actuators, and the electrical
communications systems needed to connect all oalue to one another. The sheer
breadth of this project means that each membehefteéam can contribute something
according to their strengths, and there is mudhlioabout and implement.

Additionally, the members of the team had the @ewirdo a fun project, which would

have an easy to work with goal in mind. In conttassomething like (for instance) a
method of controlling sewer pumps, an automatishad table is something very human
and interactive, that everyone can enjoy once cetapl his was also a major contributing
factor to choosing an automated foosball table sengr design project.

2.1.2 Project Goals

In its nearly 90-year history [1], the game hasngea very little. The prospect of

automating half of a foosball table, thereby making one-player game, has attracted
significant attention in recent years. Admittediych of this interest has been in the form
of senior design projects (with widely varying beti) from universities around the world.
However, at least one company, Star Kick, in Geymaais taken the concept into the
commercial sector, where they sell automatic folbshlles to arcades for $27,000.

The range of quality present in such boards igoadd be expected, as variable as their
budgets. The Star Kick board is reputed to beditegt of ten humans it plays against,
and a majority of even advanced players. Companigtiof the two senior design boards
(discussed in section 3.2, Relevant Technologias)was designed in a short time on a
shoestring budget, and as a result has very ufysatisgameplay. The other has an



undisclosed budget and a much longer period of imehich to construct it, and is
extremely polished and accurate, with the abitityin most of the games it plays.

Given the current state of the art of robotic fadktables, the motivation of this project is
to come down squarely in the middle. This projeciniended to combine the strengths
and weaknesses of the various tables, improve thandesigns, and, in the end, produce
a table with the positive qualities of each.

More specifically, the goals of this project arda@®ws:

Cheaper
The budget for this project is $1000-1500. Thathsut a twentieth of the cost of a new
Star Kick table, but two to three times that ofesteenior design projects surveyed.

Smaller

Most of the tables surveyed occupy much more sphaa the foosball table they
incorporate. This project is designed to occupyy aliightly more space than the table
itself.

Harder

Of the tables surveyed, none with a comparablgétudere able to provide a challenging
game of foosball to an average human player. Tioggt is designed with this goal more
important than the others.

In short, this project’s goal is to provide a chatjing foosball experience to an average
user, while staying under its limited budget, andupying less space than other solutions
to the same problem.

2.2 Objectives

Per component, the project’s objectives are asvia]

 Camera
0 Must be able to sense the field often enough tblerthe system to react
quickly to the ball’'s movement
0 Must be able to output data over USB to a centi@tgssing unit
Must be small enough to be mounted on a bracketeatie table
0 Must have a high enough resolution to sense tHis Ipalsition to within a
given level of precision
 Computer
o0 Must have a processor capable of handling artificigelligence, image
interpretation, and motor control output in an gtable amount of time

o



Must have enough memory to handle artificial ingelhce, image
interpretation, and motor control output in an gtable amount of time
Must be capable of connecting over the interfaeegiired by the other
subsystems, which may include USB, serial, or pelral

Must be running an operating system which is cagpabkeal-time output
to control systems

Must be compatible with programs used to implenagtificial intelligence,
image interpretation, and motor control output

e Actuators

o

Must be capable of moving the weight of the foolstaddle’s rods quickly
enough to block a ball at normal to high speeds

Must be capable of turning the foosball table’ssradth enough force to
kick the ball at high speeds

Must be able to be controlled by either a compateain actuator control
subsystem

Must occupy a small enough amount of space so tatoriaterfere with

adjacent control rods

* Foosball table

0]
0]
0]

Must be a regulation standard foosball table

Must be easy to disassemble for transport

Must be easily modifiable in order to incorpordie tther components of
this project

Must have a flat surface, without rounded corner®(der to enable LED
grid types of sensors)

» Artificial Intelligence

(0]
(0]

o O O

o

Must be able to beat an average player

Must be able to accept ball positions and velogiftem visual interpreter
system

Must be able to accept player positions from encegstem

Must be able to quickly calculate and output a mgiven inputs

Must appear to a user to be competent and intallige

If possible, should learn from users and from tragrbank

* Interpreter

0]
0]
0]
0]
(0]

Must accept image input from camera system

Must locate ball within image

Must determine ball position and coordinates orsbadl table
Must run quickly on computer system

Must work accurately in potentially variable comaiis

e Actuator controller

o

Must interface between computer system and actggsbem



0 Must be able to control all actuators in actuaytesm in real time
0 Must accept serial input
» Sensor compilation chip
0 Must interface between computer system and radiadl @ncoder system
0 Must properly encode information from encoders iiaionat recognizable
by artificial intelligence subsystem
0 Must operate in real time
* Radial quad encoders
0 Must properly encode lateral and radial positiofookball table rod
0 Must output to sensor compilation chip
0 Must operate in real time
» Foosball
0 Must be a regulation-sized foosball

2.3 Project Requirements and Specifications

2.3.1 Sensors

In order to play a game of foosball, an automayestiesn must at least be able to sense the
position of the ball and control the position «f ibds. Knowledge of the position and
rotation of the opponent’s puppets is also berafici playing a game of foosball.

Ball Detection

The maximum speed of a foosball in a game betweerage players is 5 m/s. The distance
between rods is 5.875 in, meaning that ball wilabée to move between two rods in .03
s. Thus any ball sensing system must be able &vrdete the position and direction within
.06 s. This assumes that the computer will have8™% inches to stop a shot, because at
the goal line each player has 2 rows of puppetdisérete position sampling system such
as a camera can only sense position at each samme? samples are needed to determine
direction. This means that the frame rate of anyaera system would need to be at a rate
of once every .03 s or ~30 Hz. A much higher fraate would be desirable; however,
higher frame rate cameras are pricey and subjdatidget constraints. A camera system
would also need to take individual frames quicldy,else motion blur will make ball
identification very difficult. The ball must be tileed to within 1.25 cm in order to make a
straight kick, as shown in Figure 2.3.1.1 below.



Foosball 4 cm

2.5 cm

Figure 2.3.1.1: Puppet kicking foosball straighthvimaximum allowed error

Due to the expected inaccuracy of the mechanidadysiem the tracking subsystem must
be able to track the ball to within .25 cm. Assugnéndesire to identify the ball on a pixel
based image, each pixel should represent at nosm2x .25 cm square on the table. The
length of the table is 120 cm, meaning a horizamsblution of around 480 pixels. Optical
tracking algorithms can, however, make use of Plpikels to make estimations on the
sub pixel level, so a resolution below 480 coullll Is¢ acceptable. The desired operating
system is Windows, but a camera should work in XiouwWindows; however, a Windows
only camera is acceptable. The table should betabdlewithin a standard US household
and thus should be less than 8ft or 243cm long. Adight constraint also places a
requirement on the minimum viewing angle of the eesan Requiring at least 7 cm
clearance between the camera lenses and the cahisthgaking into account the 86 cm
between the floor and table surface the minimurwiig angle of the camera would need
to be 22°, shown below in Figure 2.3.1.2.
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Figure 2.3.1.2Diagram depicting the minimum required viewing angf the camera
(not to scale)

Given the need to construct a tower over the tebipport the camera, a viewing angle
of greater than 22vould be desired, as it would reduce the necegdsght of the tower.
Given the constraints stated above, a summarypiined characteristics of a ball sensing
camera is given in Table 2.3.1.1 below.

Feature Desired Minimum
Required
Frame Rate 120 Hz 30 Hz
Resolution 480 x 360 320 x 240
Compatibility Linux and Windows
Windows
Viewing Angle 40° 22°




Table 2.3.1.1Table summarizing the required characteristics éda@sball sensing
camera

Puppet Position

Knowledge of the position and orientation of thgopent’'s and computer’'s puppets is
beneficial in playing foosball. The position andeotation of the computer’s puppets is
required as an input to a PID loop to control tleever given to the drive motors. The
position of the opponent’s puppets is beneficiatoAl that could use the information to
avoid colliding with the puppets when kicking theogball. Detecting the computer’s
puppets rotation can be achieved using a simplesipn sensor. The linear position of
the puppets is slightly more complex and must beedm within a resolution of 30
increments. The maximum distance traveled by adyise<15 cm, which is done by the
2" rod on each end of the board with 2 puppets e&ehsing the position of the rod out
of 30 increments would provide accuracy to witibncm, adequate for shooting and
puppet avoidance. An accuracy of .1 cm would béulissthough not required; this would
mean 150 increments on the encoder. As with mastose, more accuracy useful but is
not necessary. Sensing of the opponent’s rotasonnnecessary because it may be
assumed that the puppets are attempting to blook sbot and are thus in the down
position. At a bare minimum, sensors are requiredh® computer’s rods to provide
positioning information to the PID control loopg the linear motors and to provide stop
locations for the rotational motors. Rotary encsedse a common choice for this type of
sensing as they can be easily attached to a motar akle and can be interoperated by a
microcontroller. Rotary encoders can be used ftin batational and linear motion through
simple gearing. Table 2.3.1.2, below, specifies tiesired and minimum required
specifications for the puppet sensing encoders.

Feature Desired Minimum
Required
Computer’s Rotation Resolution 150 position 2 position
Computer’s Linear Resolution 400 position 30 position
Opponent’s Rotation Resolution 150 position -
Opponent’s Linear Resolution 400 position -

Table 2.3.1.2Table summarizing the required characteristicsgappet position

and rotation sensing



2.3.2 System Architecture

2.3.2.1 Central Processing Unit

The processing for this project can be quite intendt must be able to handle the image
processing, the Al, and the motor controlling. Tamdlle this load, this project requires
either a dedicated microprocessor for each task eor single chip with
multicore/hyperthreading to be able to handle #@ltelized data processing.

For processing the images and running the Al,ghagect will require a computer with a
relatively high clock frequency. Because all of firecessing must be done in real time,
and low latency is extremely important, this projdl require a processor with a
minimum clock rate of 2.0 GHz.

The processor must be of the normal x86-compaditdbkitecture, and may need to be
x86-64 compatible, if required by the future neetithe project.

For communication with peripheral devices, sucthasod control board and the
camera, the processor must have at least 2 serislgnd 2 USB ports, or at least 4 USB
ports.

In order to run a standard operating system, tihepcber must possess at least 1 GB of
RAM, but should preferably have 2 GB or more, witbre always being better.

The computer must be otherwise compatible withstaadard operating systems that
may be selected for use in this project, includvigdows 7 x86, Windows XP, Ubuntu
Linux, and FreeBSD.

The computer must run on a standard power cabtemarst possess a power supply
capable of powering all the necessary componetighwnay include the camera and the
rod control board.

The computer should ideally be able to boot and‘neadlessly”’, meaning that it should
be able to be turned on and run without interactioneeding a monitor to be connected.

The computer should ideally be small and light eyfoto be mounted underneath the
playing surface, but in any case must be small ghhoo be unobtrusively placed under
the table, connected to all components, withoutidiéng gameplay in any way.

The computer must have a means of acquiring ardirnigdahe software necessary for this
project, and must be capable of running them.

The computer must operate properly and reliablyh wo hardware failures throughout
the life of this project.



2.3.2.2 Hardware controllers

The control algorithm processing in this projecl wake place in the central processing
unit. Thus, the hardware controller must be ablake the output of the central processing
unit in the form of a high frequency pulse width datation signal (PWM). It will then
output a PWM signal to control the actuators, ofregaat 15KHz. The motor controller
must be able to handle a 12V output for motor adrénd handle 40 amps of continuous
current for motor output. It will also need to bbleato operate in normal room
temperatures of 15 degrees Celsius to 32 degrdsmife

Summary of Specifications:

* Handle industry standard high frequency (15KHz) P\Wiput and output

* Provide a 12VDC output for the motor control

* Handle 40 amps of continuous current for motor outp

* Operate in normal room temperatures of 15 degre¢suS to 32 degrees Celsius

2.3.2.3 Sensor Aggregation Hardware

The sensor aggregation hardware is responsiblatienpreting the data from the sensors
and converting it into useful data for the cenpedcessing unit. The sensors that the
aggregation hardware is responsible for interpgeinclude the four encoders measuring
the lateral position of the Al opponent and therfencoders used to track the lateral
position of the human controlled puppets. The agapear takes in the encoder data and
converts it to a serial output to be read in bydbmputer.

Summary of requirements:

» i/o ports for 8 optical quad encoders
» 1 serial output port for computer interface

2.3.3 Actuators

In order to meet the design requirements of a sernomated foosball game that is
challenging to an average user, the system mugiube with high-quality and well-

designed mechanical subsystems. In this section dbsign requirements and
specifications for mechanical actuators are andly®eior studies have shown that an
accurate estimate for the maximum speed of a fdlodlnang a regular match is 10 meters
per second [2]. Using this value and relevant dsiars from a regulation foosball table,
the minimal necessary response time and speed eofattuators can be computed.
Following is a diagram of a standard foosball tablee colored ovals are the position of
the puppets, with colors corresponding to eachgulayeam. This project will control four

of the rods (one player) in both the linear dir@ctand the rotational direction. The table’s
dimensions are 120cm long, 68cm wide, with a raoig8 cm to 15 cm perpendicular

10



distance between rods. The goals are 20 cm widgh player controls thirteen players on
four rods.

120cm

68cm

5?“ 15cm
15cm

Figure 2.3.3.1: Relevant dimensions for calculat@oguator response times

Lateral Motor Requirements

From the measured dimensions of Figure 2.3.3.1tlamdpeed of 10 meters per second as
an approximate maximum speed for the ball, thedspges will be required to move in the
lateral direction can be computed. This value einlsure that the electric motors used in
the automated foosball table will be able to keppwith the gameplay. However, the
requirement calculated for the motors using idealues is unrealistic to actually
implement, given the constraints of the budget. diseance between the polesl cm
and assuming an ideally placed shot, the furtespoles will have to move &) cm.

. 0.15m 0.015
~“1oms 0
0.2m
s =——=13.3m/s

t

11



So, the maximum speed for a lateral actuator onfabeball table isl3.3 meters per
second. In an ideal final motor design, all syst&osld be required to keep up with this
speed to play a perfect game. However, this speedtiemely fast and unrealistic given
the budget and physical constraints. Since theepesfystem may be impossible to create,
the project requirements for lateral motion will &t to a competitive but slightly lower-
than-perfect metric.

A more realistic metric for a non-professional btill competitive maximum speed of hits
is 2m/s from independent research done by membermhi® senior design group.
Furthermore, instead of calculating for the maxinmdistance on the board (20cm between
the defenders and the wall in a worst case scénhraaverage distance between puppets
is considered (10cm), which is a more likely disgathat will have to be moved.

. 0.15m 0.075
- 2m/s s
0.10m
s = = 1.33m/s

t

A maximum value of 1.33m/s will be attempted forelar actuator motion.

The complete linear actuator subsystem will reqatrkeast one motor per pole, meaning
a total of four actuators to control the automatiponent’s side of the field. Two touch
sensors may be installed on each bar at the extesreof motion. These sensors will
prevent the poles from damaging themselves duayt@assible software fault or failure.

Summary of Requirements:

* Move between the extreme lateral ranges of motitimmO0.25 seconds, in essence
approximately 1.0 m/s.

* 4 Motors used, 1 on each non-user game pole, arilirol the motion of the game
pieces.

o 2 tactile sensors will be placed on each end ohegme pole to limit the
movement of the lateral game pieces. This will ceddamage to the actuator
system.

Rotational Motors Requirements

The rotational motor has a number of options foplementation. The selected design
must be able to hit the foosball in a manner simdaa human in speed and accuracy. The
value of 10 meters per second will be used for @mpn against a maximum professional
power shot from the rotational subsystem, but aenmealistic measure of 2 meters per
second will be used for drafting the requiremeHigkoop, et. al. have determined that the

12



toque needed from a rotational motor to achieve $peed is approximately 13.2N [3].
Therefore, a motor for the rotational subsystenukhbe able to apply 13.2 N to play an
ideal game. Once again, this metric may be beybadtope of this project. The number
is good to use as a starting point, but withoutiggaand careful calculation a perfect 13.2
N will be challenging to achieve. The requiremenplay a satisfactory game of foosball
will be a more realistic goal.

The complete rotational motor subsystem will regjair least one motor per pole, meaning
a total of four motors to control the automatic opent’s side of the field. The motors
may be directly mounted or indirectly mounted te pole depending on the ratio needed
to kick the ball. The entire subsystem must be ablaandle the motion of the linear
subsystem discussed above.

In order to keep the safety requirement the rataficubsystem may use two tactile
sensors to stop motion at the extreme ranges.

Summary of Requirements

* Be able to hit the ball with approximately the saamgount of force as a moderate
human hit. The ideal is 13.2 N but acceptable belbetween 5N — 10N;

* 4 Motors used, 1 on each Al game pole, will continel rotation of the game pieces.

» 2 tactile sensors on each game pole.

* The axial rotation subsystem must be able to foltbe motion of the linear
subsystem.

2.3.4 Software

2.3.4.1 Table State Interpretation

The table state interpretation describes the stdrsygesponsible for tracking and
predicting the position of the foosball on the &lds well as measuring the position and
rotation of all active puppets. These two partshaedled very differently in the code. The
foosball tracking is done with a complicated systaEnmputs which feed into a Kalman
Filter trained to predict and track the positionaohighly maneuverable and dynamic
foosball. On the other hand the position and rotatracking of puppets is done simply
through rotary encoders attached physically tootlngpet poles.

In order for a Kalman Filter to work the input neddwill include:

e Current Position

* Velocity Estimate

* Acceleration Estimate

* Model Error Covariance
* Input Error Covariance

13



The position of the ball will be estimated throutte raw inputs of the camera and
computer vision algorithms (discussed in sectidh1d. The velocity and acceleration
estimates cannot be measured directly through sehsevever. In order to estimate the
velocity, the difference between two or more frantesy be used to measure the
instantaneous velocity of the ball from the lasaswement. The acceleration can then be
estimated using the difference in velocity. Howetgelbe more accurate and able to handle
large changes in acceleration, like what would leapphen the ball bounces from a wall
or puppet) the acceleration will be estimated ubioidp a constant acceleration model from
the camera estimate and also a white noise estimatodel. White noise is a random
variable which is not time dependent and genetalymean is 0. When a Kalman filter is
used using a white noise random variable as aatierit is constantly anticipating the
change and able to quickly react to a ricochet.

The Model and Input Covariance measures for thenialfilter are extremely challenging
to measure accurately and is commonly cited aswalziack of the Kalman filter method.
However previous research has given models toarsgirhilar domains, and to measure
these values the senior design group can simpigwahe precedent.

Finally in order to keep a competitive game of tmadkrunning there must be some time
requirement. If the table state runs too slow ttenautomated foosball puppets will not
be able to react to the ball fast enough to bldeéts Judging from the speed of the
potential cameras a safe requirement is aroundz30 H

Summary of Requirements

* Be able to measure instantaneous position.

* Be able to estimate instantaneous velocity ande@t®n.

* Update table state model at approximately 30 Hz.

* Be able to measure model and input error covariance

* Have hardware to measure linear and rotationatipasof puppet rods.

2.3.4.2 Artificial Intelligence Algorithms

The artificial intelligence (Al) subsystem is theaision maker which takes into account
the current table state information (discussedhénprevious section, 2.3.4.1 Table State
Interpretation) and generates output to the matantrol subsystem, discussed in the next
section, 2.3.4.3, Motion Control Algorithms.

There are a number of potential Al schemes thaldcoe used in the completion of this
project, which are discussed in 3.2.4.2, Al Aldamis Research, and the final design
choice, discussed in 4.5, Software Design Det&llee of the Phase Il (i.e., post-
completion, time permitting) goals for this projéexto improve the Al from a basic one to
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one that mimics a human’s play style more closahd is capable of more advanced
movement. However, regardless of which Al algoritisrahosen for the project, there are
several clearly-defined requirements that will hevée met.

At its most basic level, the Al algorithm must aable of accepting the current
table state, which consists of the information dptin the above section, and
outputting to the Rod Control Boards the desired@navhich will likely be in

the form of a rotational encoder position (for klnenovement) and whether or
not to kick.

The Al algorithm must not add significantly to thae taken to process a frame.
This is to say that the Al should, given a tab&estbe able to calculate and
output a move in around 1ms on the central proogasiit.

The moves output by the Al algorithm must be cdraecording to the
information it's given. This is to say that whileetball may not be kicked
perfectly every time, if the actuators are workprgperly and the optical system
has accurately sensed the ball, the Al algorithaukhderive the optimal move.
The Al algorithm should be able to operate withwggtoprecision to accurately
tell the Linear Movement Control subsystem whaddo(More specific numbers
discussed below in 2.3.4.3, Linear Movement Coptrol

2.3.4.3 Motion Control Algorithms

Linear Movement Control

Motion control algorithms will be required for themear movement control of the
robotically controlled puppets. When controlling ttnotors, it will be required to move
each of the rods holding the puppets in both dwastat very high speeds for real-time
response, and with relatively accurate stoppingtipos.

To control an optimal automated opponent, the #lyor must be able to transport the
puppet 20 cm to block a ball hit by a professidiél m/s). Because the distance between
the rods is 15 cm, the control algorithm must mthe puppet 20 cm in 0.015 seconds
(average speed of 13.3 m/s, more detail shown 3t8 Zactuator specifications). The
diameter of the foosball is 4 cm. To block a slaéally the center of the puppet foot is
lined up with the center of the ball creating agiamtial contact parallel to the playing rods.
This makes the ball stop completely and gives tbekier full control to return a shot in
most circumstances. The width of the puppet fo@ %scm. Thus, to create a full contact
block the foot of the puppet must be moved to withi2.5 cm margin of error (1.25 cm
from center contact on either side of the ball)e Téllowing diagram clarifies:

15



Foosball 4cm

' 25cm |

Figure 2.3.4.3.1: Full Block

From this diagram we can see that the margin of €sr2.5 cm. The foosball player foot
can be moved 1.25 cm off either side of a deadadiision and be considered a full block.

However, it is unreasonable to create an optimg@loopnt, because the physical game
constraints would run the cost of equipment fardmejthe projected budget of this project.
Thus, the requirements of the linear control alfpons will make the same suboptimal
game assumptions as the ones made in Section A&wRtor Specifications, which are
an average distance to move being 10 cm (whictséshalf the width of the goal) and an
average hit of 2 m/s. Thus it must move the roarhOin .075 seconds. Furthermore, the
goalie puppet has twice the distance to block bim¢ because the closest rod to the goalie
is the same team defenders so it will have .15rmcth move to block a shot. In addition,
these calculations assume instantaneous reactie dn the human end of the game,
which will give additional time for the control agthm to put the puppet in place.

Assuming a suboptimal game also changes the reqgeires for blocking. Although a full
contact block is most desired to obtain contrahefball, deflections also act as a suitable
defense against goals. Thus, with a 20cm goaheifedge of the puppet hits 1 cm away
from the ball's center, the deflection angle isagrenough such that the ball will still miss
the goal (this applies even when the goalie pupett centered in front of the goal due
to the large deflection angle of a block 1 cm advayn the center of the ball and relatively
small goal size). Therefore, the margin of erroneased to 4.5 cm (1.25 on each side
from the edge of the puppet foot hitting the bakll ahen an addition 1 cm on each side
because the contact can be 1 cm off from the ceriténe ball and still deflect). The
following diagram clarifies:
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Deflection

2.5cm

Figure 2.3.4.3.2: Deflection

From this diagram, we can see the margin of esrnow 4.5 cm. When the foosball puppet
foot is moved 2.25 cm from center of the ball ithdeflect the ball enough for it to miss
the goal.

Summary of specifications and requirements:
For a full block:

* Move the puppet up to 10 cm in 0.15 seconds wittaggin of error of 2.5 cm
For a deflection/blocked goal:

* Move the puppet up to 10cm in 0.15 seconds wittaegm of error of 4.5 cm

Rotational Movement Control

For rotational movement control, a very similarcdission could be made compared to
linear movement control. However, in this projeafssign, the rotational motors will
simply move from a down position (block position)an up position (let ball pass or kick)
and will not require a specific control algorithmrhonitor speed, position, etc.

2.3.5 Table

In order to ensure the success of the projectfabsball table itself must conform to a
strict set of specifications:
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The table must be of the 3-goalie, flat cornerseiygs this prevents the ball
from flying off the table [4]

The table must conform to standard Foosball talzle specifications, which
are 30"x56", with the playing surface being of 8iee 27"x47" [4]

The table must have side walls at least 1.5” thigkjch allows for more
predictable bounce angles

The control rods must have a coefficient of frintitow enough to not
significantly reduce their lateral and rotationaéed

The puppets must be firmly affixed to the contrmdls, and totally immobile
relative to it.

The table’s legs must be capable of being removt#tbut damaging the table,
as this is necessary for transport.
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3.0 RESEARCH RELATED TO PROJECT
DEFINITION

3.1 Existing Similar Projects and Products

3.1.1 Adelaide University Automated Foosball

Five engineering students at Adelaide Universityg#alia), with serious funding and
support from Sage Didactic and Rockwell Automatiware able to create a very effective
automated foosball table in 2007 as a senior dgsigject. A top level view of the project
reveals a well-made machine that provides a furonept with the playing ability to “win
most games”. [5]

Although not explicitly stated in the sources, #&ncbe assumed that this table had
significant funding, likely on the order of tenstbbusands of dollars. With its Plexiglas
encasing, fine-grained motor controls, and proéesdly machined parts, it functions with

deadly precision and looks great while doing it.

The sensing mechanism consists of 96 LED lasempantbresistor pairs, creating a grid
for sensing the location of the ball. This positisithen sent to the PC where the student-
developed Al processes the decisions. The studeets a Softlogix control system along
with a Kinetix 2000 motion control platform for cwalling the actuators. Also, because
both the Al and the control systems were run orstmee PC, all communication between
them could be done through memory. [6]

Overall, this project sets a great example of vdaait be done for a senior design project.
It functions well and provides an exciting user eéx@nce. The only downside is its

apparent cost. This project aims to provide a sinekperience for a small fraction of the
price, thus having to sacrifice some aestheticscamaponent quality. However, through

smart engineering decisions, it is this projecttmlgto make a competitive table with

significantly less expenditure.

3.1.2 StarKick Robotic Foosball Table

German-made StarKick foosball tables are anotreatggxample of an automated foosball
table. However, unlike the Adelaide University ®hhich was developed by senior
design students and later donated, the StarKidk tala commercially-available foosball
table, allegedly the world’s first. It has beendstd a few arcades around Europe and
provides a competitive, mechanically-robust opporteat operates in a harsh arcade
environment. However, it costs $27,000. As sedrignre 3.1.2.1, they are very polished
consumer-grade tables.
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Pending permission from Star Kick, Inc.

Figure 3.1.2.1, the Star Kick Foosball Table

From a performance standpoint, this table is ontsiey. Matched up in 72 games against
a wide range of players including beginners, anraieand advanced players, it beat out
85% of its competition (2 player teams). It evemwaore than 50% of its games against
advanced players. [7]

Functionally, it works similarly to its Adelaide Wiersity counterpart. It has a 300 LED
grid which samples the ball location at 50 Hz vattesolution of 384x288 (effective frame
rate and resolution after processing). Comparetstprototype, which used a mounted
color camera, the LED array allows for operatioraiharsher playing environment. The
LED grid makes the table more compact, and alse@mesilient to changes in lighting and
ambiguity in the ball's location caused by obstiwts. In addition to ball sensing, the
table also has encoders to keep track of the hynager’s locations. In the table’s current
design, this information isn’t used, but it is piad to be incorporated in the future. [7]
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After the sensing information is sent to the cormmqusystem, it is processed with the Al
decision engine. Star Kick as used a simple gréddtgorithm capable of the following
functions: kick the ball, kick a ball that is stugk the wall, block the ball, and get out of
the way of the ball. During a game, the automaiide works on a simple block and attack
tactic, where is predicts the balls movement, mawdsont of it, hits the ball toward the
human’s goal, and moves its own players out ofwhg of the shot. Although simple in
nature, this tactic, as shown early, is quite eifec

After the decisions are made, actuation is requistarkick uses a cable driven system for
horizontal movement and a belt driven system ferrttational movement.

With this mechanical system, the automated table shoot the ball at 3m/s, which,
compared to an experienced player (typically simgo@ m/s), is not as fast, but is still fast
enough to consistently make goals. [7]

Overall, StarKick is another great example to fwlléor this project. It is a robust

mechanical opponent that consistently beats itsamuoompetitors. It has fine motor
controls, a functioning Al, and highly accurate sag. Again, its main disadvantage is
the significant cost; $27,000 is more than 20 titesbudget for this project. However,
with the right engineering decisions, the loss eff@rmance could be mitigated while
drastically reducing the cost of production.

3.1.3 Georgia Tech Automated Foosball

Senor design students at Georgia Tech created tamated foosball table which is
radically different than those aforementioned. Thzsball table would be best classified
as a minimalistic robotic foosball table.

In terms of performance, this table could only déthe most inexperienced players. The
reaction time was slow, the kicking speed was lamg the accuracy and defense were
both rather poor. This prototype table would nodbve the desired competitiveness
expected from most human players.

In terms of function, the ball location is deteredithrough a mounted webcam and image
processing. This provided a very slow ball recagnitime and contributed to significant
errors caused by table movement, visual obstructidime ball when it rolls under a player,
and different lighting scenarios.

The limiting factor was reported by one of theartemembers as the mechanical portions
and the webcam quality, not the Al or the proceasdi@] However, the main reason why

this project is important to consider is that itsm@mmpleted in three months for only 500
dollars. This sets a great example of the mostmahversion of an automated table. Thus
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with this project, a $1000 table should providegmi§icant performance increase while
still maintaining a reasonable price.

3.2 Relevant Technologies

3.2.1 Sensor

3.2.1.1 Ball Detection

Existing Magnetic Sensing Systems

The use of magnetic tracking was evaluated foriusleis project. The requirement for a
tracker in this project is that a fast moving ballst be tracked across a limited playing
field. To this effect, any magnetic tracking systemst use a sensor or grid of sensors to
track the position and rotation of a magnet placedhe ball. This will maintain the
requirement of play that the ball not be wired ngthing and also be able to quickly and
accurately track the ball.

Off the shelf systems exist such as the Polhemusomtracking system, which offers
extremely accurate and extremely fast motion tragkThese type of sensors require an
approx. 1 cu. ft. base station and a 3 axis magmetter to be placed on the object being
tracked, the data is then relayed off the magnetema a wire to a wireless relay (cell
phone sized) [9]. The physical setup of the Polherracker is depicted in Figure
3.2.1.1.1, below.

Figure pending permission from Polhemus, Inc.

Independent G*

Magnetic Sensor
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Figure 3.2.1.1.1Depiction of Polhemus G4 motion tracker
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This will not work for foosball tracking becausesmall but free moving ball is the object
that must be tracked. While the existing system laarelatively small wireless relay, a
cellphone sized relay is still too large for usdracking a foosball because a foosball is
considerably smaller than a cellphone.

The cost for these systems is also prohibitivelpessive, each system ranges in the
thousands of dollars. Our total project budgeg¢ssithan the cost of obtaining a single off-
the-shelf magnetic tracking system.

Given the cost constraints and the size of th&kénra@ny existing, off the shelf magnetic
tracker is an infeasible solution for use in thigj@ct.

Custom Magnetic Tracking

In order to meet the requirements of a magnetiaking system for a foosball, a custom
sensing grid was considered. The custom grid satopld consist of several 3-axis
magnetometers mounted on custom PCBs that would/ neformation to a central
processing unit. The processor would then in ts@ the magnetic field direction and
intensity from each sensor to compute the locaticamagnet placed in the foosball to be
tracked.

A sample set of parts was obtained and testedderim this type of tracking grid. The
MAG3110 was used along with an N48 rare earth miagitee MAG3110 sensor was
purchased from SparkFun for $14.95 [10]; the bosag easy to test with because the
leads from the chip were brought out to a stand#t@" inch spacing. The MAG3110 was
selected because of its common use in the indastwyell as its fast refresh rate (80 Hz
[11]) and relative accuracy. The magnet choseth®test was a cylindrical ¥4 in diameter,
Y in long N48 rare earth magnet.

During testing the background magnetic field crédig Earth’s magnetic field registered

as 55 uT on the sensor. In order to register d fidtortion that was above the background
field, the rare earth magnet used needed to benw8tinches of the sensor, however this
could be increased to 3 feet if the magnet wastpdim the direction of the sensor. The
rotation of the ball cannot be relied on, thus wauld need a sensor within 8 inches of
every space on the board.

The limitations on sensitivity would require aroul@to 20 sensors to be placed under the
board. Due to the noise of the sensors in excedswi and the relative price of each
sensor chip, $1.73 [12], 4 sensors could be plaead each other on each sensor chip to
reduce noise. This would make up for the inaccunadie individual sensor.

Price quotes were obtained for the constructioth@fsensors described above. Due to the
size of the MAG 3110 sensor, we would be unablsadider the chip to the board. The
small size of the leads on this sensor, 0.22 mm &2ze also leads to high production
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costs, depicted below in Figure 3.2.1.1.2. The afstmanufacturing 15 PCBs varied
between $350 and $550. The cost of assembly wazdess of $1200 for 15 PBCs. The
cost of the parts was around $100. This put thed tatst of sensor creation around $1700.
Because this price was nearly twice the projecgbtydhe possibility of creating boards
for each sensor was out of the question.

Pending copyright permission from Freescale, Inc.

—p 1.82mMm |¢—
1 v
T A

Bl —
0.40 mm

0.22 mm

il

Figure 3.2.1.1.2Diagram of Freescale’s MAG3110 connection pads

Another possibility was to use the boards from Blpan as the sensors in our project. This
however was ruled out because we would want theen@duction of multiple sensors,

because of the individual cost of $15 per unithgs# MAG3110 chips at each sensor
location would yield a sensor cost of $15 * 4 *4®#600. This was a more reasonable
figure than having the PCBs made ourselves; howéhercost was still in excess of half

the total project budget. Due to cost, magnetisisgnwas ruled out as a method of ball
tracking.

Laser Optical Tracking

The possibility of using a series of lasers andsenplaced near the bottom of the board
was evaluated for this possible use in the projeoe design that was considered would
consist of 2 lasers at each end of the table plaebthd the goal. A spinning mirror placed
at a 45° angle, placed at a height such that #e l@ould shine out underneath the puppets
but above the table and would hit light sensoragkhe edge of the table.

A variable rotation rate on the mirror could bedise adjust the sampling rate, in addition
relatively spaced out sensors would provide aceuwatnpling of the ball’s position. The
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ability to add more lasers to provide more accusatapling made this an attractive idea
for ball tracking.

Each laser would need to point between the plaamagpuppets. In the table we purchased,
the distance between the bottom of the puppetlanthble is 3 mm. This imposes a need
for high mechanical accuracy with pointing of thesdr. Coupled with the need to
determine which laser was shining on a given seres@iving a signal made this tracking
method a very difficult proposition that was liketyfail. As a result, laser optical tracking
was ruled out as a ball tracking method.

Infrared LED-Sensor array

The University of Akron foosball table uses an pwé22 LEDs with an associated array
of infrared sensors on the opposing side. This doupose the need to design a hardware
controller for aggregation of the sensors. The ireguboard wouldn’'t need to have any
surface mounted components and thus could be nteply. The LEDs would need to
between sensors, the result would be a minimizaifdahe interference between pairs of
LEDs. The position would be equal to the granwanftthe array. However an assumption
on constant velocity (in between strikes) wouldwllfor much finer approximation of
position.

The implementation of an LED array would fit wither budget and time constraints thus
is a possible solution to the problem of tracking position of the foosball on the field.

Infrared LED array-Camera

The Star Kick, commercial automated foosball taisies an array 300 LEDs placed around
the edges of the field, below the puppets. Thelfitdelf is made from a material that
appears solid however lets through infrared ligtitere is an infrared camera with a
resolution of 384x288 placed below the table loglanthe field [3]. The LEDs illuminate
the underside of the ball which then in turn shitesugh the field and produces an image
in the camera such as the one seen below in F&jRre.1.3.

The solution developed by Star Kick is a noveliatde solution that has a relatively low
cost because of the simple LEDs and camera usegdimplementation. This solution has
one drawback, which is that the table must be naide special material that allows
through infrared light so that camera may deteettthll. This is not a viable solution for
this project because the table that was purchasethik project is solid and blocks all
infrared light.
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Permission pending Star Kick, Inc.

Figure3.2.1.1.3Typical image from Star Kick camera, the foostalircled in red
Visible Light Camera

An obvious solution to this problem is to attengpttimic how the player tracks the ball.
The typical player simply visually identifies theosball on the field. The computer based
solution to this is a camera mounted above thd A#iached to a processing unit running
computer vision algorithms to identify the positiohthe ball. Two different types of off
the shelf consumer camera systems were evaluateds® as a foosball tracker: the
Logitech QuickCam® Pro 9000 and the Microsoft Kii®cThe Logitech QuickCam®
Pro 9000 is available for $60-$90 while the Micrivstnect® for Windows is available
to students for $150. Both cameras provide coldewifeeds as well as the ability to
capture still images at higher resolution, howewer Kinect® provides a depth map by
measuring displacement in an infrared grid.

With regard to simple analysis of color images, @p¥ provides a vast set of image
processing algorithms. A Haar cascade can be ttameecognize the ball, this is one of
the algorithms that is available in OpenCV. A Heascade is an algorithm that reduces a
set of alike, training images to light and darktaegles. These rectangles are arranged in
a cascade that is ready to compare an image, anggde such that the failure to satisfy
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the first set of rectangles means that the imagenisgative. Another possible algorithm

for recognition of the ball is a Hough transforrattis being used to recognize circles. The
Hough transform is much simpler, however it reqgiineore computing power and can

only recognize geometric shapes that can deschpedimited number of constants, such
as a circle.

The Logitech and Kinect both produced similar gyainages, shown in figure 3.2.1.1.4.

Figure3.2.1.1.4Color images captured from
Logitech QuickCam® Pro 9000 (left) and the Micrasthect® (right)

One problem that was noticed during testing was tthe ball did not appear as a circle
when moving quickly, motion blur produced a streakpwn in figure 3.2.1.1.5. The
motion blur produced with the color channel of ktierosoft Kinect® was much less than
that of the Logitech QuickCam® Pro 9000.

Figure 3.2.1.1.5: Image capture from Logitech Q@akn® Pro 9000 showing motion
blur

The markings on the table such as the circles mgrttistance in the middle of the board
and the circular heads of the puppets would makecten using a Hough transform
difficult. In addition to the other sources of ¢&s in the table, motion blur would make
the ball not appear as a circle; thus, a Houghstaam will be unlikely to yield good
results.
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The presence of motion blur allows for determimatd position, direction and speed from
a single frame. This would very useful because casevaluated for use in this project
operate at 30 Hz, thus at least 2 frames are ndeddetect a direction and velocity. The
frame rate constraint means the fastest deteci@anew direction and velocity would

take 1/30 sec + processing time. If an algorithns waplemented that could detect
direction from a single frame before the next fream@ved the game could be drastically
more responsive and challenging. The problem ofiandtrom blur has been analyzed
from an algorithmic point of view by Shengyang @ad Ying Wu in a 2008 paper titled

“Motion from Blur” [13]. The math has been done fbrs problem however no real-time
implementation has been made. If the Logitech cariseused, motion from blur may be
used to gather some information about directiomfeach frame.

Depth Maps

The Microsoft Kinect® also provides a depth mapriBasuring the displacement in a grid
of infrared lights fired from the camera. The pregiag of the displacements back into a
depth map is done onboard the Kinect® and thus dvoat require any extra computing
power to compute. The advantage of a depth mdgaigdble markings are not visible and
cannot interfere with detection of the ball. Theodball is clearly visible from the
surrounding puppets and board in figure 3.2.1.1.6.

The depth map also has another advantage in tpaemiare higher off the board than the
ball and thus will not be detected as the fooslmlt, the puppets can still occlude the
foosball. In testing the Kinect® sensor no motidarbwvas noticed in the depth map
sensing, and thus a simple Hough transform coulgiskd to detect the ball after a Canny
edge detector was run on the image. An importaté ttomention: the puppets legs will
at some time, if rotated within a very specific Engvill be at a similar height to the
foosball. Thus, it will be possible to confuse gpet foot with a ball. A Hough transform
may be able to distinguish this, otherwise a se#ochparallel objects can be done to
distinguish a ball from a puppet.

The use of two cameras is also possible, the Ks®aepth map and the QuickCam’s®
color map could be combined to provide more aceufabsball tracking, however this
would require additional processing power. The afsmdividual cameras for color and
depth would be preferred over the Kinect® only huseasthe bandwidth limitation of USB
imposes a limit below 30 Hz when using both demith eolor.
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Figure 3.2.1.1.6Depth map from Microsoft Kinect®: the presencehef foosball is
quite apparent in the image and easily differergabom the puppets.

Sample Normalization

After an image processing algorithm determinegtition or several likely positions of
the foosball on each frame, these samples musbinéined into coherent position and
velocity data. The Kalman filter is the primary alghm being researched for use in this
system. A Kalman filter uses knowledge of the stdtan object to predict where to look
for it next. The filter is also able to remove r&ich as a sample showing the foosball as
a puppet's head other side of the field, becausge wlould be inconsistent with the
foosball's last known position and direction. Thalian filter assumes a state-based
dynamic system evolution which is very approprfatehis project, which will be tracking
the physical position and velocity from a serieslistrete samples.

A common algorithm for use in computer vision is RBAC or “RANdom SAmple
Consensus.” RANSAC is very good at filtering acfadiscrete samples into those that fit
with a mathematical trend and those that do nas iBhparticularly useful when using an
algorithm that is prone to overidentification ofdats, e.g. when a Hough transform
identifies 15 different circles in an image andyohlis the foosball. RANSAC also has the
advantage of being very fast, but tunable. Therdlgo is non-deterministic and will
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produce a better answer for each additional itemdtiis allowed to run. This is a desirable
feature for use in this system because the resuttariormance can be increased by
making each stage of the final foosball identifizatalgorithm faster.

Conclusion

Optical camera tracking is the strongest candittatéracking of the foosball because of
its low cost and mostly software implementatiomwalhg easy upgrades to the system. A
secondary possibility is an infrared grid of LED®dasensors due to its simplicity and
accuracy. The Kinect® also provides an interestipgon due to the ability to change
between using a color only, hybrid depth/color eptth only tracking method with
software only. If a hybrid color/depth is choseiffedent cameras with individual USB
root hubs would be required due to the bandwidttitsition of USB. The advantage of a
hybrid color/depth model is that the motion blurfr the QuickCam® could be used to
determine direction in a single frame, while th@ttlechannel could be used to provide
accurate position information. The best singleaptiowever is the Kinect® depth sensor,
due to its resistance to resistance to interferancdefalse positives.

3.2.1.2 Player Puppet Detection

This subsection deals with determining the ministate vector of the rods that control the
puppet’s motion. The state vector will contain othlg position of the translation along the
direction of the rod and the rotation of the cohtoal. This will tell us exactly where each

puppet is located on the field and whether theykarkeng, blocking or rotated such that

they will be out of the ball’'s way.

The first thing to research in this section is emsider what this information would be
used for within the Al subsystem, or any other gatesn, and determine if it is necessary
to the FOOSE project’s success. The position ofatitemated rods seems like the most
critical component to keep track of. In order tgplement any linear control algorithms,
and in fact move the control rods to any positiatheut dead reckoning and guessing,
this information is needed. The rotation of theomated rods is another question. The
rotation information would be useful for confirminge position, and if the rods were
given complete 360-degree rotation control withany physical stops, then having an
encoder reading the rotation of the pole would Issertial. However, if the
kicking/rotational mechanical subsystem is insteldsen to be a simple back and forth
motion with tactile sensors to stop the motionheg &xtremes, then adding an encoder
would be potentially unneeded.

Whether the subsystem should detect the positidrirenrotation of the human-controlled
rods is another question entirely. In an idealgejthe human rods’ position and rotation
would be known so that the Al can react appropyétethe player’s position, and even
try to maneuver the ball around the human playeugpets. However, in the event that
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the Al is not accurate enough to do this, then itifermation would be wasted.
Furthermore, the rotation of the human player'sgaips only useful if the puppets are
rotated up and the Al could exploit that fact. Ight be just as effective and much simpler
to assume the human controller rods are alwaysetiown.

Regardless of which information is chosen to beeajrthe most likely way to get this
information from the physical world to the conteslis using a quadrature encoder. There
are many varieties of encoders to consider. Therérear encoders that run from changes
in magnetic fields, and there are optical rotargosiers which use a wheel with markings
to determine the rotation. Either choice will give same data back to a microcontroller
which can interpret the state. In order to interfines data into a position, the system will
need to decode quadrature encoding.

Quadrature Encoding

A fundamental part of this research went into lesgrhow to read the signal from an

optical encoder and create a counter to keep ththe linear position of the rods. Quad-
encoding is a way to read a counter using justdigoals. This counter can count up and
down depending on the direction of the rotationsAen in Figure 3.1.2.1, the two signals
A and B will count up at each ‘click’ (where a #ics some arbitrary amount of rotation

or linear motion down the encoder, in order to bestiective encoder this click value is

very small.) Each click, however, has two parts, Ahpeak and the B peak. If A leads B,
then this click is counting up and the accumulatorthe control board must be

incremented. If the B signal leads the A signaénththis is counting down and the

accumulator from the board must be decremented.nvdhany point the control system

needs to know the current position of the contodl, it will access the accumulator value
that is being modified by the control boards.
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Figure 3.1.2.1: Quadrature Signal

A very fast embedded processor will be requiretteep track of the encoder’s values,
likely this board will use a processor like the Aimb [14] or the Cypress system’s
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processor [15]. This processor would be fed theitimalues and keep track of different
counters. The quadrature encoding method is vergnuan and there are numerous
products of varying quality which all output thexsasignal. This opens up the option of
many different encoders to purchase for this subsysA quick comparison of products
follows.

MakerBot Linear Encoder v1.2

The MakerBot line is built for roboticists. The eanf this board is the AS5306 chip. This
particular board is set up to be a linear encaakenpposed to all other options here which
are rotational encoders. This method works by uaingagnetic strip which is moved over
a static sensor which reads the magnetic field gbsinlt takes this value and creates the
Quadrature encoding to send to the PCB. This isvemuent for the foosball table
application because it would be easy to attachedibear actuator system. However, for
obvious reasons, this would not be possible tdfarsetational encoding.

Website:http://store.makerbot.com/magnetic-linear-encodekit.html

Features and Specifications

Resolution: 15 microns
Voltage: 5V
Length: 12 inch magnetic strip

Cost: $50.00

US Digital Miniature Optical Encoder

US Digital is a well-known and well trusted distitbr of electronics. The applications for
this tiny encoder chip are well beyond just theustdal section, including hobbyists and
roboticists. This option is a rotational opticaceder, meaning that it has a shaft which
rotates and the rotary wheel on the inside of tleehanical subsystem uses an optical
sensor to count the quadrature ticks that arelssai to the control board. This sensor has
a very tiny shaft which could be a problem for etiag to motors, depending on the
selection.

Website:http://www.usdigital.com/products/encoders/incretagtary/kit/e4p

Features and Specifications
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Resolution: 360 clicks per revolution (1 degree)
Voltage: 5V

Length: NA — rotational

Cost: $29.95

Shaft: +/0 0.20” axial shaft of 0.59” to 0.250”

Shaft Length: Minimum shaft length of 0.375”

Sparkfun Rotary Encoder- 200 P/R

Sparkfun is a distributor for mainly hobbyists, meg their parts are well documented
and have great support for applications. The Rotangoder solution provided by
Sparkfun comes in two resolution options, the 2(R &d the 1024 P/R options. Some
additional research will be needed to determine hwamy points per revolution will be
needed for an acceptable linear control loop fedifferent subsystems on the mechanical
actuator portion. This option is a larger physeatoder and has an awkward cylindrical
shape which could cause mechanical mounting issumsever the benefits are that it
comes with several convenient additional resouares documentations which could be
useful for the project implementation.

Website:https://www.sparkfun.com/products/10790

Features and Specifications

Resolution: 200/1024 clicks per revolution
Maximum rotational speed: 5000 rpm
Voltage: 5-12V

Length: NA — rotational

Cost: $29.95/$39.95

Shaft: 4mm diameter

Shaft Length: 1cm length
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3.2.2 System Architecture

3.2.2.1 Main Processor

Since the FOOSE project requires intensive datapdation and interpretation, it will
require some kind of central processing unit. loti®a 2.2, the objectives for the central
processing unit are listed as requiring a processdrRAM capable of interpreting sensor
data and computing the artificial intelligence’sxneove in a reasonable amount of time,
the ability to connect over serial and USB to tkeassary sensors subsystems, and to be
running an operating system, if any, which is cégalb communicating in real time with
the control systems. These objectives must be ikeptind when deciding on a central
processing unit for the FOOSE project.

In addition to the objectives which must necesgdnd met in order for the FOOSE project
to be successful, it is also necessary to takeaotount ease of programming, setup, and
assimilation into the rest of the project, as vaslithe actual cost of parts required for the
component. Within the constraints of the projelag one requiring the lowest amount of
work and monetary cost will be the one chosen $eria the project.

Keeping in mind the aforementioned assessmentiesiteere are the potential candidates
for central processing unit:

e Field-Programmable Gate Array (FPGA)

* AVR Microcontroller and

* Full computer, of which the two primary candidases
o An ultra-small-form-factor computer using an Inégbm processor, and
o A small-form-factor computer using a Pentium 4 gssor

Field-Programmable Gate Array

The first candidate which could serve as the FO@&fect’s central processing unit is
the Field-Programmable Gate Array, or FPGA. An FPiSAa microprocessor which
contains interconnected, configurable logic bloeksich effectively reproduce a network
of Boolean logic gates [16]. The main function afEPGA is to effectively replicate the
job of an Application-Specific Integrated CircuASIC), with the advantages of being
dynamically reconfigurable and multipurpose, but fiotential disadvantage of being
slower, which would depend upon the model of FP@lkced.

FPGA: Sensor Interpretation and Al Computation

The primary question to be asked of an FPGA is dratr not it is capable of performing
the computational duties required of it. Fortungtéhe question has been addressed in a
number of academic papers. Among these, one, cdsshby senior design students at the
Grenoble Institute of Technology in France [17hoerns implementing a modification of
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the Canny edge detection algorithm, called the i@drarca implementation, which has
been adapted for optimal performance on an FPGAth&ir experience using this
implementation, they were able to achieve edgectletein real time, when operating on
a 512x512 pixel video image being input at 60HzisTpe of video image would be
sufficient for the FOOSE project’s needs, so thplementation of this algorithm on their
FPGA should not be an issue.

After this, it will be necessary to actually recagmnthe image of the ball, post-edge-
detection. One of the ways that the FOOSE projext mmplement object recognition is

through the use of a Hough transform. A team frdgeAa was able to implement a quick
Hough transform on a Xilinx FPGA [18]. As the paperather old, the FPGA they used
seems hard to come by. However, it was a cheapaneh met their needs exactly. Using
one of the cheapest FPGAs available today shoulbleeto at least replicate, and more
probably improve upon, their performance.

After this, the FOOSE project’s proposed algorittuifi implement a Kalman filter to
reduce noise from the image and provide object peemce, part of Piaget's first stage of
development. A team from China was able to impldrtteén effectively on an inexpensive
FPGA, and obtained sub-millisecond response tirh@f [

As for the Al, while an official Al scheme has nget been decided upon, it can be
reasonably assumed that the algorithmic compl@fitize Al will not exceed the previous
(rather intensive) operations, and so a reasor@ierful FPGA should be able to handle
its processing requirements.

FPGA: Physical Capabilities and Costs

So, the processing ability of the FPGA has moless been proven. The practical physical
capabilities of the FPGA are now in question. TIRGA used by the French team who
implemented Canny is an Altera DE2 Developmentddcation board.

If this project were to use an FPGA, it would likdbe in the form of an integrated

development board like the one shown. This boardaios an FPGA which was, when

used in the Canny project, highly underutilized][TThe extra capacity should, according
to the other sources, be more than enough to ingiemhe other algorithms necessary,
and to perform them in a reasonable amount of titreso has the serial and USB ports
necessary to communicate with the sensors usée iproject [20].

Addressing the monetary concerns, the DE2 boans,clos academic users, $269, which
is within the constraints of the budget [20].

However, the major negative aspects of the FPGAecomo play when time costs are
considered. Using an FPGA would mean that mosiptfall, of the software used would
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have to be hand-coded, whereas with a full comptlteroptical sensing algorithms could
be taken care of with freely available softwaregpams. While the FOOSE projects could
travel on the shoulders of giants by making usithefresearch papers cited in this section,
most of the authors of the papers have not madedbee available, and, while the math
is documented in the paper, the code is not. Aldale the code for other processors may
be written in a high level language, the developni@nan FPGA must be done in Verilog
or HDL, something that the members of the groupehbess experience with. This
represents a significant additional expense whiohlgvnot be incurred with other types
of development hardware.

FPGA: Conclusion

In conclusion, while the other aspects of the FREB& good and suitable for this project,
the additional time investment represented is sfmpt something this project can afford.
Another type of central processing unit will hawebe used in this project.

AVR Microcontroller

The second candidate which could serve as the FQE@§Ect’s central processing unit is
the AVR microcontroller, an inexpensive, common$gd variety of programmable chip.
An AVR microcontroller contains reprogrammable meynan which to store code, and a
processor which is used to execute the code [2i]tHe purposes of this section, an AVR
microcontroller with 32KB of program space runnetgl6MHz will be considered [22],
running on a development board with a timing clackJSB connection, and a serial port
[23].

AVR: The Costs and Physical Capabilities

Given the development board seen in [23], the AMBrocontroller will certainly have
the physical ports necessary to interface withseiesors and motors in use on this
project. Compared to an FPGA implementation, theral’costs of an AVR
microcontroller solution are much lower in a vayief ways. Firstly, the complete AVR
microcontroller solution consists of two parts @88 more AVR microcontrollers are
necessary), which cost a total of $38.79 [22] [3iis is extremely affordable compared
to the $269 previously considered..

Additionally, the time cost of developing for theVR microcontroller is drastically
reduced compared to the FPGA. While AVR microcdtdre can be programmed in
native assembly, C compilers are supported foAMBR microcontroller [21], and C is a
language the members of the FOOSE project havea deal of experience in. So, all in
all, the costs of using an AVR microcontroller ke FOOSE project’s central processing
unit are quite low.
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AVR: Sensor Interpretation and Al Computation

However, the most important question to ask is tdredr not the AVR microcontroller is
actually capable of supporting the functions whiakeeds to be able to support. Although
it may be physically capable, research findinggyesgthat the AVR microcontroller may
not be fast enough at the required precision tsus@ble for this project. While even a
16MHz AVR microcontroller can perform execution Gfcode very rapidly, once the
necessary precision increases beyond the 8 bitlseoAVR microcontroller, execution
slows to a crawl and it becomes difficult to implmhreal-time algorithms.

AVR: Conclusion

Despite the obvious advantages the AVR microcoleirplossesses, of low price and easy
development, its lack of speed and precision uaf@tely make it unsuitable for use in
the FOOSE project. We will have to look insteadhe final type of central processing
unit currently being considered.

Full Computer

The final candidate which could serve as the FO@®ject’s central processing unit is

simply a full-fledged off-the-shelf computer. Rungia processor compatible with Intel’s

CISC x86 instruction set, and having speeds and RApacities much more than either
an AVR microcontroller or an FPGA, a computer stiths many advantages and
disadvantages that must be considered. For the EQ®&ect, two physical computers

are being considered for use: the small-form-factmnputer using a Pentium 4 processor,
and the ultra-small-form-factor computer using atell Atom processor.

Computer: The Costs and Physical Capabilities

Physically, each of the computers in question cowitgsa plethora of peripheral
options, all of which are already integrated irite tomputer and do not require any sort
of development board or additional chip. Each has¢quired serial and USB ports,
among others. Each of the computers in questioalacealready owned by members of
the FOOSE group, and are willing to be sacrificedtie good of the project. The ultra-
small-form-factor computer is extremely small andld be mounted underneath the
playing surface permanently once configurationoisplete. In contrast, the small-form-
factor computer is larger and heavier, and wilhinech more difficult to mount
underneath the playing surface.

The mounting of the computer, is, however, probalolya decisive factor in determining
which computer to use. Each computer has an opptytoost associated with it, as the
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team member potentially providing the ultra-smahrfi-factor computer is currently
making use of it, while the provider of the smalirh-factor computer is not.

Computer: Sensor Interpretation and Al Computation

Several factors must be considered for each compand the operating system which is
to be used on each must also be chosen. As caaebeirs Table 3.2.2.1.1, Computer
Specifications, the two computers being considdrtdr in a variety of ways.

Computer Specifications
Computer SFF USFF
Processor typé Pentium 4| Atom 330
Processor 3.0 GHz 1.6 GHz
speed
Cores 2 logical 2 physical
RAM 1GB 2GB
Disk space 80 GB 32GB
Disk type HDD SSD
Serial port Yes Yes
USB port Yes Yes

Table 3.2.2.1.1, Computer Specifications

One of the most important factors being considdre is single-thread performance.
That is to say, how quickly can the processor perfa single task? In this department,
even a slightly slower Pentium 4 computer exhibiteate than twice the performance of
an Atom 330 [24]. The other factors do not matigitegas much; among two computers
similar in other respects, thread performanceasntiost important for the applications at
play, here. So, it seems as though the small-factef computer has won out. However,
there is still one issue left to consider, whiclthis operating system.

Computer: Operating System

Since this component requires the use of an eopieeating system, rather than a simple
controller like the AVR microcontroller and the FRGt is necessary to minimize the
overhead created by such a system. The operatstgnsy which are being considered are
Linux and Windows, in their several versions. E&as a number of advantages and
disadvantages.

First, the qualities being looked for in an opergtsystem are (as aforementioned) low
overhead. It is extremely important that the opegasystem chosen be able to handle the
duties required of it quickly, without waiting father processes not relevant to this
project. Additionally, it must be able to suppdnetserial communications and USB
connectors. Given that only modern operating systare being looked at, this is more or
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less a trivial requirement. Additionally, the optamrg system will need to be compatible
with all of the software needed to perform thefiaitil intelligence computation. This will
include the OpenCV image processing library as aglihe software that may be needed
to support the camera systems under consider&tmn.to consider the operating systems
themselves:

Linux

A generic version of Linux would, for this projectean something like a command line
distribution of Ubuntu, or something comparabletiigdy, Linux does not handle real
time processing very well, which would make it utedole for this project. This is because
of its microkernel design, which handles systencfioms as separate modules rather than
as a monolithic block. However, installable modwesst which purport to add realtime
functionality to the Linux kernel. One of thesecalled RTLinux, and is used in many
realtime applications that would make the Linuxnarappropriate for use in the FOOSE
project. Linux also supports serial and USB commations natively. However, Linux
may limit the project’s choice of cameras, as gsloot have easy support for the Kinect
imaging device, which is under consideration.

Windows

For this project, the most likely version of Windewo use is Windows 7, which is

lightweight, fast, and stable. It also will run Weh any of the candidate computers which
may be selected for use in this project. Windowdijke Linux, tends to be better at

realtime communication with devices, due to its olithic system architecture. This is

one significant advantage. Also, the Windows opegasystem tends to work better with

the Kinect hardware, as both of them are made loyddoft and natively use and support
the .Net framework, which is used to easily coddlie Kinect device. All of the software

modules that would have been used on Linux areaalatable on Windows, and often in

the form of .Net applications, which the memberghi$ group have a great deal more
experience working with. All of these variablesdedn indicate that Windows will be the

operating system of choice for the FOOSE project.

3.2.2.2 Motor Controllers

The purpose of the motor controller is to providevpr and control to the actuators. In the
scope of this project, the motor controller will theving the motors for linear motion of
the rods. Most motor controllers are connected betwa micro-processing unit and an
actuator via pulse width modulation, although ott@nmunication methods are possible,
including CAN (controller area network). More infoation about communication
methods can be found in Section 3.2.2.3, Data pateation Methods. In terms of
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possible choices, the following are the most widedgd options for motor controllers in

robotics applications:

Jaguar by Texas Instruments, Inc./Innovation Firstinternational, Inc. (IFI)

Jaguar is the motor controller specifically desifedthe FIRST Robotics Competition,
one of the most widely-known youth robotics compatis [25]. This motor controller is

widely used in the robotics world because of itdtiple interfaces, large voltage and
amperage specifications, and widespread tools amdindentation. The Jaguar motor
controller has the following features, detailed’able 3.2.2.2.1, Jaguar Specifications:

Feature Title

Feature Value

Voltage Input 12V and 24V
Amp Rating 40 A continuous
Switching Frequency 15 kHz
Communication Methods CAN, PWM, QEI input, Analogiit,
RS232
Cost $60.00

Table 3.2.2.2.1: Jaguar Specifications
[26] [27]
Talon by Cross the Road Electronics, LLC

The Talon is a simple and robust motor controlegrrbbotics. It is the lowest cost motor

controller and still maintains a wide voltage angparage load capability. Talons are just
recently entering the market and are being manufadtby a much younger company
compared to the alternatives for motor controll@tss could suggest that documentation
and support will be harder to find if any probleotsur during design and implementation.
However, the Talon does act as a “no frills” optwith nothing but the basics, but

everything a controller needs to run. The Talonanobntroller has the following features,

detailed in Table 3.2.2.2.2, Talon Specifications:

Feature Title Feature Value
Voltage Input 6-28 V
Amp Rating 60 A continuous
Switching Frequency 15 kHz
Communication Methods PWM
Cost $59.00

Table 3.2.2.2.2: Talon Specifications

[28]
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Pro Victor 884 by Innovation First International, I nc. (IFI)

The Pro Victor is typically seen as the alternatieethe Jaguar for robotics motor
controllers. Victors have less communication meshibén the Jaguar, but have a smaller
footprint and are considered more a little morekdé than the Jaguar [29]. The Pro Victor
motor controller has the following features, dedilin Table 3.2.2.2.3, Pro Victor
Specifications:

Feature Title Feature Value
Voltage Input 6-15V
Amp Rating 40 A continuous
Switching Frequency 15 kHz
Communication Methods PWM
Cost $89.99

Table 3.2.2.2.3, Pro Victor Specifications
[30]
Summary of Motor Controller Research

An overall summary of this section’s research isnsbelow in Table 3.2.2.2.4, Motor
Controller Research Summary.

Motor Advantages Disadvantages
Controller

Jaguar Has the most options for Limited range of voltage
communication between devices. | inputs. Lower continuous
Can run control loops without use pturrent limit.
separate microprocessor. Well
known and widely used. Lower cost.

Talon Lowest cost. Highest continuous | Newly manufactured.
current limits. Flexible voltage and| Limited to PWM
amperage specifications communication. No built in

fan.

Victor Reliable. Well known and widely | Highest cost. Limited to
used. PWM communication.

Table 3.2.2.2.4, Motor Controller Research Summary

3.2.2.3 Data Transportation Methods

There are multiple options when choosing how to en@ata around between the
components of a system. In this project, a few oaglare discussed to see which methods
best fit the project’s needs. The types of commatioa are: Pulse Width Modulation
(PWM), Controller Area Network (CAN), and Universg¢rial Bus (USB).
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Pulse Width Modulation

PWM is the most common method for interfacing wetntroller motors. It works by
sending a digital signal (usually a voltage) toyvtre speed of the motor. Most motors
simply go forward with a positive voltage appligdyerse when a negative voltage is
applied, and don’t move when no voltage is appligsing a PWM allows for speeds in
between to be easily reached and controlled (usigila microprocessor via a motor
controller). The PWM'’s duty cycle (percentage ofi’Jowill determine the speed of the
motor. In some cases, 50% duty cycle means thernstonning at half speed. In others,
the width of the signal tells the motor which diren to spin and how fast. [31]

Overall, PWM is widely used and a great candidate dommunicating between the
microprocessor, the motor controller and the aongat

Controller Area Network

CAN, similar to PWM, is used in motor control aaliions. It is an alternative to using
PWM when controlling actuators. The benefits of Caer PWM is that multiple motor
controllers can be networked together so commupitdietween them is easier. The
limiting factor to CAN, is that many motor contrets do not support it, so a specific motor
controller must be used to take advantage of thisngunication method. [32]

Universal Serial Bus

USB is one of the most common methods for commutinicabetween computer
components. The benefit of USB is that it is widelailable in many devices, which
makes it easy to use for communication among mafigreht devices with a single
processing unit. Also, it can supply small amowftgower to external devices. [33]

3.2.3 Actuators

A critical component of the project is the mechahmootion that must occur after the state
of the table has been determined through the sgndevices. Regardless of the
sophistication of the algorithms and the accurddy® sensing, if the actuators are not of
a high quality then the entire table will fail torfction. This section gives an overview of
the research and design tradeoffs made to ensotriat mechanical system.

3.2.3.1 Linear Motion

In order to slide the game poles into positionltek a shot or aim a strike downfield, the
linear motion subsystem must be fast and accuiidiere are a number of existing
technologies and research endeavors in the argzeaf actuation that must be analyzed
in order to decide upon the best approach for tA®FE project. Some research groups
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and undergraduate senior design students haveedraatomated foosball tables similar
to the one described here, which sets a greaingigubint for the research. After the
existing technology used in this field, this sectwill take a look into different suppliers

and options for linear automation.

The primary metrics for comparison between optimndinear motion will be as follows:

* Cost

* Speed

* Physical Complexity

» Control System Complexity

Option 1) Industrial Linear Actuators

The first option for linear actuators is to contactarge company that specializes in
industrial linear actuators. This route has bekandy previous engineering design teams
with great success [34] [35]. These linear actisatwe prefabricated and have the benefit
of being professionally designed and tested foustidial applications.

A prebuilt linear actuator would contain both tlntrol and the linear motion rails all in
a single assembly. The physical motor to move tilespforward and backward would be
designed and built specifically for the motion fdain. The physical quality of the

assembly is a huge concern for this project andetbee this is an enormous benefit
provided by this option.

Many prebuilt linear actuators also have built-iantol boards that handle motor
controlling and tight feedback loops for the lineaontrol algorithms. This would
potentially put two control systems into one, andegus extra computing power by
relieving some stress from the central computingage Off-board control loop processing
such as controller area network (CAN) processarmithe actuator and take in the
feedback from encoders or some other sensor ang qugickly calculate a control
algorithm to respond to the inputs. Running a adritop on a Linux OS from a general
Intel chipset will have a huge amount of overhegitivieen receiving inputs and calculating
the required error adjustments for the actuatotsirig the delay the overhead creates, it
is very likely that the old data will be outdateatahe control loop’s adjustments will be
less useful. Without the OS and a dedicated procéssthese actuators, the control loop
input will be the most relevant and the most uskfutontrolling velocity and position.

The primary concern with the industrial linear attu option is that they are not intended
for hobbyist or consumer use. Oftentimes it isidift to find a quote for price anywhere
online, and some distributors expect there to gelgpurchases in bulk from companies,
and not small individual purchases from individu&isding a supplier for only 4 actuators
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can be difficult. Along that same issue is the pgob of cost. Linear actuators for
industries are usually made with a larger budgetimd than this project’s. Although some
of the choices from this section might be an ideafitimal choice, they may be unrealistic
due to cost.

Kollmorgen R2A Series

This industrial linear actuator has been used evipus projects as a high-quality,

extremely robust solution to the linear actuatdosystem [35]. This model comes in three
options for movement: Ball screw drive, lead scdgive and belt driven drives. Ball screw

is a bit more precise than the lead screw verdiohthe belt driven drive has the highest
speed potential.

A huge drawback to this choice is that they arerided for large scale industry use. This
puts them well outside of our budget unless a dists added or hardware is donated to
the group.

Website: http://www.kollmorgen.com/en-us/products/linear4piosers/rodless-
positioners/r2a-series/

Features and Specifications

* Max Stroke Length- 72 inches

» Actuator Type- Ball Screw/Lead Screw/Belt Driven

* Max Thrust Force- 450/320 N

* Max Velocity- 30/80 inches per second

* Physical Complexity- Low. Prefabricated.

* Control System Complexity- Moderate. Well Documente
» Cost- Pending price quote. Likely out of our budgeige.

Myostat Coolmuscle Linear Actuators

The Myostat line of linear actuators was used @highly successful Akron University

Automated Foosball Table [34]. These are extrenve®yl suited to our needs. The

CoolMuscle line of actuators comes with an on-boardtrol loop processor to ensure
extremely accurate positioning. In addition, thekame comes with computer software to
help engineers quickly deploy their code to theboard processor.

This system is extremely robust and accurate.léicsed, the group would not be required
to focus on linear control algorithms quite as mashhey would have if a different linear
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control system were used. The power and speedeo$ybtems certainly helps as well.
However, the drawback again comes in on the sid®sif In order to discover the actual
price, the senior design group must inquire foriegpquote from the company. The Akron
University Senior Design team was only able tothgesystem because they were donated
to the team free of charge [34]. If a similar agament could be made then this would be
a possibility for the project at hand, otherwisis tthoice is again unlikely.

Website:http://www.myostat.ca/coolmuscle#

Features and Specifications

* Max Stroke Length- 511 mm

» Actuator Type- Lead Screw, Belt Driven

* Max Thrust Force- 820 N

* Max Velocity- 500 mm per second

* Physical Complexity- Low. Prefabricated.

» Control System Complexity- Moderate. Includes cotapaoftware and extensive
documentation.

» Cost- Pending price quote. Likely out of our budgeige.

ServoCity SDA4-263

Servo City caters to a more hobbyist environmeranthhe previous two sources
investigated. This is great in terms of affordapiland potential for the project. There
could be a concern in quality of the resulting éinactuator. If this product is inaccurate
then the entire project would be critically impatte

However even more concerning is the speed of théaf actuator. The stroke speed is
very slow compared to previous options analyzedh@lgh a competitive player could
still be programmed with a slower linear actuatsponse, it would be preferable to have
the fastest and more responsive component in tibisystem as possible.

Website:http://www.servocity.com/html/560 Ibs thrust lineactuato.html

Features and Specifications

* Max Stroke Length- 24 inches

» Actuator Type- Ball Screw

* Max Thrust Force- 560 Ibs

» Max Velocity- 2.63 inches per second

* Physical Complexity- Moderate. No assembly reqyihexnvever the design of the
linear actuator would require modifications to m#k&ork for our needs.
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» Control System Complexity- High. Contains no onrdgarocessing.
e Cost- $399

Option 2) Rack And Pinion

A rack and pinion solution to the linear control thed would avoid the precision-
engineered solutions from the industrial actuatansl instead put more assembly
responsibility onto the senior design group.

This design consists of a strip of jagged matalahg the path that the linear motion
occurs on. To move the pole up and down the strétehe is a gear drive that latches to
the jagged material. This design can be seen imgie®dech’s Senior Design project [36].
This design would likely be the least expensive give the senior design group the most
flexibility for modifications. However, the previsuteam that experimented with this
method noted that for future projects they woultbremend a design with more capability
for speed. If the rack and pinion moves too fasentit is more likely to slip and lose
accuracy.

Likely, the Rack and Pinion will be a prototype ides however, the design must be
watched carefully for the issues brought up in @eofech’s project [36].

McMaster Rack and Pinion Gears

If the project group decided upon a Rack and Pimjgproach, the most likely option for

a supplier would be McMaster-Carr. Their distribaticenter includes a vast selection of
rack and pinion gears and gear racks. They pralldéfferent sizes and qualities ranging
from low-pressure plastics to high-quality steeidhed bore gears.

These options are extremely bare, without muchhéway of bells and whistles. They
would require a very large degree of constructromfthe senior design group in order to
get them working. This would be a major concerthefrack and pinion approach.

The final hesitation is that the last design projeat used rack and pinions as a method of
linear motion complained about their unreliabilégd a lack of speed. This is countered
by the extreme simplicity of implementation. Itlisely that the rack and pinion method
will be prototyped as a potential replacement aptio

Beyond the Rack and Pinion from McMaster, this @ptivould also require one motor
from the list of potential general motors. See #r of section 3.2.3.3 for more
information.

Website:http://www.mcmaster.com/#rack-and-pinion-gears/gii
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Features and Specifications

* Max Stroke Length- 4 feet

* Actuator Type- Rack and Pinion

* Max Velocity- Dependent on General Motor Selection

* Physical Complexity- Moderate, but a lot is depenam having robust hardware
to get it work.

» Control Complexity- High, there is no pre-build ¢ah loops to use. All must be
hand constructed.

Option 3) Chain or Belt Driven System

The chain and belt driven subsystem is similaheorack-and-pinion style linear actuator
described in the subsection above. Instead of ugeays, which may realistically slip
under too much torque, the option is to use a cbambelt as the linear driving force and
relying on a separate structure to guide the matiam straight line. This style of motion
would lack the industrial precision of a prefabtezhlinear actuator and would put more
responsibility on the senior design group to cartdta solid mechanical rail.

This method would have a moderate simplicity coregato rack and pinion for
construction, but it would provide the benefit aiving a much lower price than the
industrial prefabricated options. There is sti# tieed to construct a rail system with a belt
or chain, which is certainly not trivial. Howevérwould be less likely to slip and would
have more accuracy compared to the rack and pinion.

Suppliers of the linear rails are many and extrgmalied. However, the best solution to
finding a monorail mounting would be to visit adgbbardware supplier such as The Home
Depot or even a big box retailer to purchase adeeggaality sliding rails for this project.
Chains and belts can similarly be procured thraoggyeral stores.

3.2.3.2 Rotational Motion

After the linear actuator subsystem has moved thlespinto position to block a user’s
shot, the next step is to return the attack byikigkowards their goal. The rotational
subsystem is entirely in charge of generating treef for the kick, and also has some
responsibility for aiming the kick. This system rmbsg very well in tune with the linear
control subsystem in order to time the kick atghme point in time that the linear control
is positioned directly in front of the ball.
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From Section 2.3.3, the requirements for a rotalionotor are to be able to hit the ball
with approximately the same amount of force as darete human hit. The ideal is 13.2
N, but the acceptable will be considered to be betwsN — 10N.

These results follow from work done in earlier wsk] where they calculate the amount
of force required to hit at a professional levellOf meters per second. Separate research
done by members of this senior design team hasadsindicated that for a moderate
player, this maximum speed is much closer to 5 ragter second for an average/fast hit.
This reduces greatly the force needed to be applige motor. The assumption made by
the group of senior design students has been egrdeparately by Akron University’s
2011 Senior Design group [38]. In their calculasipthe amount of torque needed by the
system is as low as 0.333 Nm to have an acceptatideln the project presented here, the
goal will be around 3-5N for a sufficiently powelrfaw-end motor.

The two primary options researched for rotationators are connecting either a stepper
motor, which would have precise control on the mistposition, or connecting a standard
DC powered motor, which would use limit switchestmtrol the kicking motion.

The benefit of a stepper motor would be the extreamdrol that it would provide over the
kicking motion. Stepper motors would get to theippomss required quickly and accurately.
Depending on the quality of stepper motor, howeierould be possible to lose power
due to low torque. The benefit of a standard DCamatbuld be purely in its simplicity. It
would require no more than a relay to turn on afidamd it would only stop by the touch
sensor input. The drawback is the lack of contrdhie kick.

Option 1) Stepper Motor

Stepper motors are a versatile motor for their @pgewer and accuracy. Instead of simply
giving a DC signal to the motor, they frequentlyraintegrated with a controller that will
guide the position of the shaft to a specific lamainstead of spinning with no destination.

The increased complexity certainly does not comdrée, however. The extra precision
comes at a cost. On average, the stepper mototistéenost significantly more. The
guestion becomes whether the extra accuracy iswhetextra investment.

The kicking style of the puppets is the decidingida on this decision. If, in order to kick
successfully and accurately, the kick requiresesmély precise control over the force
imparted to the ball, then a stepper motor woul@ aluable choice. The stepper motor
would also be useful for slight precise nudgingkimstead of full powered slams. If the
strategy selected by the artificial intelligencets® requires this style of precision then a
stepper motor would probably be a better choideilfdl it. The main drawback is again
the price, but also it is possible that there $s l®rque from certain stepper motors. These
will be key points in the analysis.
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Sparkfun ROB-09238

Sparkfun is a distributor of hobby-oriented elentcomotors and sensors. As a result, this
stepper motor is potentially a lower-quality optiofhe voltage and torque used in
operation of this option are both lower than maoxpemsive, more professional options.
However, a potential benefit of this option is tance that it will offer a simpler interface
into the rest of the control boards.

This particular model has only 4 wires input in@rtb control it. Two wires in the stepper
motor control the power, as signified by the powed ground on the datasheet. These
lines only need to be connected up to the poweplgup obtain movement. However, to
control precisely the position, which is the maain of the stepper motor, the other two
wires are used as two phased signals. This wonkiasly to the pulse-width modulation
(PWM) input style. The two phased inputs must beetl correctly to indicate to the motor
what position to rotate to. In order to translat¢his signal the options are to purchase an
easy stepper translation board from Sparkfun ocréate a unique board just for this
project. Either option is doable and affordable.

Website:https://www.sparkfun.com/products/9238

Features and Specifications

» Step Angle: 1.8 degrees

* Input Style: 2 Phase, 4 wire input
* Voltage Rating: 12 V

* Current Rating: 0.33A

*  Maximum Torque: 0.016NM

» Cost: $14.99

McMaster NEMA DC Stepper Motors

The option to purchase through McMaster is a véifger@nt route. Instead of a hobbyist
market, this would be looking at more industria@dg parts. The benefit of this distributor,
however, is that they not only distribute in lamgygantities, but also small quantities as
well, for a fair price. This is good for a projeitte the one proposed here.

The NEMA series from McMaster is a small frame ppmotor that comes with a suite
of drivers that can move the motor accurately, ithiw 0.9 degrees per step. These stepper
motors also come with an array of choices for mogats. The frames come in different
sizes, but for each size there are also sevefarelit levels of available torque that the
motor can output. This is useful because in thecipations, Section 2.3.3, it was
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determined that an adequate motor for the rotdtisnhsystem should have at least
approximately 5 Nm of torque.

Website:http://www.mcmaster.com/#stepper-motors/=k7j0xk

Features and Specifications

» Step Angle: 0.9 degrees

* Input Style: Separate NEMA motor controller reqdireDepends on motor
controller.

* Voltage Rating: 12-40 VDC

e Current Rating: 0.6 —8.0 A

e Maximum torque: 0.19 — 34.00 in-lbs

» Cost $86.67 - $653.02

Option 2) Motor with tactile sensor response

Another option for the rotational hardware desigithie option to use simple, generic DC
motors, brushed or brushless, and instead of igglgim an onboard processor for the
location calculations, there would be two tactéamsors which would sense the limits of
motion. In this model the kick would always be fpwered. Instead of a motor controller
to control the speed of the movement, and instéadcomplicated optical quad encoder
control system to limit the position, the entireviament could be controlled by a relay.
The relay would have to stop motion once the &stnsors are pressed, but this is a very
simple option.

The primary benefit of this option is the simphcifThis would require no complicated
control algorithms or sophisticated hardware fairams. The simplicity is a huge benefit
that makes it very likely to be chosen for the finlesign. Simplicity has its own
drawbacks, however. There is very little controtween the two touch sensors. This
would not allow for delicate nudge-style kicks beem players. If the artificial intelligence
strategy requires this form of ball control fornirtais method of rotational actuation would
be much less likely.

Another benefit of this option would be in the gritategory. Touch sensors are very cheap
and generic motors do not cost very much to acqtiobbyists and professionals alike
have need for these components so they are awalflaoh a number of locations. To see
a more in-depth analysis of the generic motorsSastion 3.2.3.3 for a tradeoff.

Tradeoff 1: Direct Drive vs. Indirect Drive
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Rotating the control rods has two options for impdatation. The generic motor selected
could be either connected directly to the polesaae rigid mechanical coupling or the
rotational energy can be transmitted through amectidrive using gears. Figure 3.2.3.2.1
shows a comparison of the two options. The princansequences of this design decision
are in the complexity of design and constructiod anthe gearing factors which would
change the amount of force and torque delivergddagole.

The direct drive could be simpler to construct. Aogym of rigid connection could be used
to graft the driveshaft of the motor to the cont@d to kick. However, if there are any
problems with alignment or with kicking a solid etenting object, this solid connection
is more likely to pop off and need to be replacEde direct drive also may not have
enough torque for the specifications set out iniBe@.3.3. If there is a problem with the
torque, then the motor would have to be replacedhere is no way to increase that in a
direct drive method.

Control Rod
Motor Motor

E

Contrel Red

Direct Drive Indirect Drive

Figure 3.2.3.2.1: Comparison of Direct Drive vsdirect Drive

The indirect drive would require a significant ambwf hardware precision from the
senior design group. If a gear were to be off ls¢ pusmall degree, the entire setup would
likely jam and fail. It would also require a largenount of physical space to set up the
gears and the mechanical mounting for the gears. Bdmefit of the indirect drive,
however, is that one can easily tune the torquepaneer tradeoffs of the motor without
changing the physical properties of the motor. (Bgacan increase speed for a tradeoff in
torque and vice versa.

Tradeoff 2: Axial Subsystem Location
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The entire axial subsystem consists of a singleomantd, potentially, two limit switches.

There is a choice to either mount the entire subgsy®n the linear sliding actuator, or to
instead mount the hardware off the actuator antskate the rotation to the control rod
through a gearing or hex shaft system.

The tradeoff for this option is similar to the tesdf between direct and indirect drive to
the shaft. Inevitably, if an off-actuator rotatibhacation is selected then an indirect drive
shaft would be necessary for the other choice.slimdarity in the tradeoff is also in that
an off-actuator system would be preferable in éesysvhere hardware assembly skill and
cost were of no consequence.

Having the rotational subsystem off of the lineatuator would reduce the amount of
weight required for the linear actuator to move ahhwould assist in both the amount of
power needed by the linear actuator and also irctimrol given by the linear control
algorithms.

The drawback of the off-actuator system is thavould be much more complicated to

construct. Very precise hardware fabrication meshodst be used in order to accomplish
the off-actuator task. In some designs that userttgthod, like the one by Hijkoop, [35]

precision machining was employed to create thedhet and linear slide that couple
perfectly to accomplish this.

3.2.3.3 Comparison of General Motor Options

In many of the designs discussed in this sectioeretis a need for a general DC-style
motor. In this section, a number of affordable opsi for general motors are considered.
This information will be used to select motors e design section. General DC Motors
come in several varieties, which are identifiedranily by their voltage requirements and
the output given by that voltage. Another optiorsétect between different DC motors is
the option to get brushed or brushless motors.BdI©HC motors are more standard and,
as a result, less expensive. The most inexpendiv@ptons would be a low-quality
brushed DC motor. Brushless motors, on the othed,hase slightly more complicated
technology to remove a physical component in théon®engineering. This can create
more precision control of the motor.

Depending on the application of the general matahé architecture of the overall project,
different features will be needed. For this secaomumber of general specifications and
features are presented to assist with later dexssio

3-24VDC Motor- General Hobby Motor
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In this category is the plainest of the plain. Sen®-24V DC motors from surplus supply
stories have no warranties or guarantees on thigygoathe motor, but this is the least
expensive and most common variety of motor to §itting around. This is a very likely
candidate for prototyping and testing.

Features and Specifications

* RPM
0 6VDC- 2950 rpm
o 12VDC- 3970 rpm
0 24VDC- 8370 rpm

*  Weight: 0.4lbs

* Torque: Unlisted

e Cost: $4.95

Sparkfun Servo- Large Full Rotation

Sparkfun remains a distributor to investigate, thutheir worldwide distribution and very
competitive prices. For the rotational general motbey have a few varieties of servos
and motors that could have use for the foosbaletalntomation. However, the motors
from this website tend to be lower powered tharoghteons from other sources. This could
be a problem, depending on the exact applicatidrttza availability of gearing. A primary
option from this supplier is a standard full-rovatiservo. It is extremely standard with a 3
pin PWM input cable and a small drive shaft. Mor®rmation on the ROB-09347 can be
found on the distributor’'s website.

Website:https://www.sparkfun.com/products/9347

Features and Specifications

» Operating Voltage: 4.8 - 6.0 VDC
» Top operating Speed: 60-70 rpm
* Torque: 4.8 kg-cm

» Dimensions: 42 x 39.5 x 22.5 mm
* Weight: 44 g

» Cost: $13.95

CIM Motor
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CIM motors are a classic for hobbyists and robstciThey have a somewhat awkward
shape and are larger than other options for aciuakiowever, they make it up in their

speed, power and reliability. A CIM motor can takeyeneral DC voltage with no motor

controller or regulator, making it very conveniéort use. It is also very resistant to high
amperage and burning out when in a stall state.

This option is a higher cost than some other gemeators; however, it is still well within
the budget proposed for this project.

Website:http://www.andymark.com/CIM-motor-FIRST-p/am-025%nh

Features and Specifications

» Operating Voltage: 12 VDC

» Top Operating Amps: 2.7 A

* Top operating Speed: 5,310 rpm

 Torque: 2.42 Nm

» Dimensions: 2.5 inch diameter, 4.34 inch long body
*  Weight: 2.82 Ibs

» Cost: $28.00

AndyMark 9015 Series

This is another option for a generic motor conéollAndyMark is a company that
specializes in motors and controllers for compedisport robotics. This motor quality is
similar to the CIM motor discussed above; howetee, difference is that this motor is
slightly smaller and has lower power requirements.

A huge benefit of the AndyMark-series motors id thay tend to come with pre-attached
and adjustable gearboxes on the shaft. This caeljd ¢hange the speed or torque of the
motor to better fit the needs of the rotationalimear actuator system. However, getting
the correct gearing ratio is something that mudir@etuned and carefully designed. This
would put pressure on the senior design team extie correct ratio.

Website:http://www.andymark.com/Default.asp

Features and Specifications
» Operating Voltage: 12 VDC
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* Top Operating Amps: 1.2 A

* Top operating Speed: 16,000 rpm
* Torque: 428 m-Nm

* Dimensions: 3.19 inches length

*  Weight: 0.5 Ibs

» Cost: $13.00

3.2.4 Software

3.2.4.1 Table Physics Model

Within the CPU/Software side of the project, thenest be some concept of the table state.
The table state can be defined as the minimum nuofbariables needed to fully define
the physical state of the system being modeledhim case the system is a game of
foosball. So the state can be described in termes mimber of moving components. In
foosball there are only two main moving objectsstfis the foosball and second are the
game poles that the puppets are mounted to. Tramshat the game state being tracked
within the computer during gameplay will consist&fod positions, 8 rod rotations and
the x, y position of the ball. In order to be maczurate about the game state it may also
be necessary to keep some running tracker of theddacity and acceleration.

The state of the table cannot be known immediately consequently the system will

require a number of sensors to determine the &thte. Due to the controlled nature of
the puppets and the rods they are connecteddwéry easy to directly measure the rods’
states. Each rod will be directly connected toressewhich can directly read the position

and rotation of the rod. More information about gemsor subsystem which detects the
rod state can be found in section 3.1.2.1. The dralthe other hand is a very different

issue. The ball cannot be mechanically measurdttisame way the rods can be. The ball
is free to move around the table and can only beently sensed. Indirect sensor input is
more likely to have large amounts of noise which derupt the table state. As a result
more research will be devoted to methods of crgatisteady table state observer.

In a matrix form the ball state can be describetbbews:

I 8w

In the state matrix x and y represent the real x&ordinates of the ball on the field and
u & v represent the x and y velocities of the bafis matrix will be used in several of the
models that follow.
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In order to play a competitive game of foosbathdy be necessary to do more than just
keep a running track of the current game statgoltld be necessary to be able to project
into the future and tell where the ball is goingo® when it has moved several seconds
into the future. In order to predict in such a agre is a need for some understanding of
the physics of the system. In this case there ameynwvays to create a physics model of
the table state to help the Al in predicting thaléastate. A small amount of research and
some derivations for the table states follow.

Constant Acceleration Dynamics Model

The first simple route of research is into the basinamics equations which are taught in
school. In this method of state tracking the acedlen, velocity and instantaneous

position are used to predict the next in discregps The two main equations used in this
method are simple linear relations of those thisréables:

1
x=x0+vx*dt+§*ax*dt2

1
y=y0+vy*dt+§*ay*dt2

Uy = Uy +ay xdt

vy = vy +a, *dt

The velocity required for these equations can biemased using several contiguous frames
of motion. The position would be the previous positobserved in the recent image
captures. The acceleration of the ball is the exttg tricky part to discern in this
particular setup. The ball will have some deceleratelated to friction and air resistance
when it moves in a straight line with no interrgpti However the more important factor
of acceleration is going to involve the extremekspiin acceleration due to collision with
the walls or the many puppet obstacles that litsgpath through the table.

One way to handle this problem would be to writeaupimple model that assumes no
acceleration and quickly waits to update the vé&yoaihenever a divergence from the
expected velocity is measured. This would work engnsituations however the problem
occurs when the ball is bouncing around rapidlyaishort period of time. The velocity
calculations may not have enough time to stabdize create an accurate estimation of the
true velocity of the ball.

The positive points of this method include thasiextremely simple to implement and
grounded in some very solid math. It is difficdtrhess up an implementation of this style
within the software subsystem, and would likelycbenpletely written extremely quickly.

This method would also give a noticeable improvenwier the simple instantaneous
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readings of the ball. Even if it would be slighthyaccurate it would still give a small

prediction into the future that the Al could usdite up a block before the ball is there.
The primary draw-back, as mentioned already, isiths probably too naive of a solution
to be really accurate. Highly maneuverable motitkesbouncing off of walls and puppets
and even the slight curvature of the table flooulddhrow this model off.

Kalman Filter Ball Observer

The Kalman Filter is a mathematically derived optimfilter for estimating the motion of
linear random variables. What this all means ittt Kalman Observer works to take in
a number of different sensors or even sensor rgddom different points in time and it
will create the best possible estimate of the frasition given noise uncertainty. The
Kalman Filter is derived from a linear stochastiodal that predicts the motion of some
observable stochastic variable. Part of the gewmmisies from using a model that
understands some physical property of the systdmarad that it can use to predict where
the variables should be at in some point in ther&utThis model that lies at the heart of
the Kalman Filter can be the exact same as thie sigtamics model that we used before.
However the difference now is that his model getesranother estimation of the ball’s
position that can be compared to the measuredigosit the ball from the sensors.

A short description of how the Kalman Filter woudd used in our project follows. All
sensor inputs will be represented as random vasainl the normal form. As shown in
Figure 3.2.4.1.1, this form will represent the ahie as a mean and a variance which
represent the predicted value and the confidentieabivalue respectively. In this figure it
can be seen that the variable of the Kalman fititkes the shape of a bell curve.

The trick of the Kalman Filter comes from the fé#wat no matter how uncertain we are
with our measurements, we can always increaseothf@ence with a combination of two

different stochastic values. Figure 3.2.4.1.2 destrates the geometric interpretation of
this fact. In this figure it can be seen that ugimg combination of different values allows
for a new variable with significantly smaller staind deviation. This allows for a higher
amount of certainty.

Pending Permission from Navtech Seminars & GPSI8upp
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Figure 3.2.4.1.1: Form of the stochastic variale the Kalman Filter.

Pending Permission from Navtech Seminars & GPS I8upp

i
Pt a0 ¥ 11 72) /\

Figure 3.2.4.1.2- lllustration of Kalman Filter'soenbination of stochastic variables.

Kalman’s optimizations can be described by theofeihg set of equations wheux;,
represents the state matrix described in the inttioh ancyz,, represents the sensor inputs.
A andB are transition matrices from one state to the désdrete stateP, is the model
uncertainty.Q is the model covariance atRlis the sensor covariancH. is a matrix
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relating sensor input to actual physical positiowd as used in the calculation of an
innovation factor.

Predictor Step (Before Measurement)
X, = AXp_1 + Bug_4
P; = AP,_,AT +Q

Update Step (After Measurement)
Ky = PHT(HP;HT + R)™!
X = X + K (2, — HXR)
P, = (- KH)P,

These discrete update steps will estimate theiposif the ball. The A and B matrices
will be defined as follows:

1 dt 0 0
10 1 0 0
4= 0 0 1 dt
0 0 0 1
_Atz 0_
2

0

B = At 2
o A

2

At -

Finally the covariance terms are defined as foltows

w=[]
Tp
—adt? 0 0 O
2 0 0
0= 0 adt
- 1
0 0 —adt®? 0
0 o 2
0 adt

With these equations, the design team could imphéraevery accurate Kalman Filter
which would be able to predict and update the stettix for the ball's position with near
optimal results.
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3.2.4.2 Al Algorithms

While an integral subsystem without much room fwoe the artificial intelligence (Al)
subsystem is a highly variable part of the FOOS#egt. In contrast to components such
as the linear actuators, which must simply moveafrtbe control rods along an axis, the
Al subsystem has room for an extremely wide varietystyles and methods. At its
simplest, the Al algorithm might simply kick thelbi@awards the opponent’s goal at every
chance it gets. This is akin to the method usedrbgteur human foosball players, and its
extreme simplicity is paired with a reasonable amiai efficacy. Less simple, but more
effective (and impressive!) means of running analgorithm might involve taking into
account the positions of the opponent’s puppetsyen taking steps to route around them.
Such Al methods would be extremely interesting,\boitild probably exceed the abilities
of the hardware in this project’s price range.

Information Taken Into Account

Apart from the Al algorithms themselves, it's nesaay to note that the algorithms could
operate with different sets of information. Whilea them examine the Table State and
output a Move, the Table State could consist ddirgable set of objects. Necessary pieces
of information are the ball position and headingg &he positions of the robotic player’s
puppets, but less certain to be included are thiestof the opponent’s puppets. While
some advanced algorithms require that informatmany simple but successful ones do
not. For instance, although the Star Kick boarcbimmercially sold and has the hardware
to examine the opponent’s puppets, its Al doegalad this information into account when
calculating a move [3]. Therefore, when an algonittekes in the “table state”, it is
important to remember that the “table state” cauddsist of different things.

Greedy Al

The greedy Al is the aforementioned extremely sadl The algorithm for it would read
as follows:

1. Acquire ball position and heading from Table Staterpretation

2. Locate nearest controlled puppet to projected iooat

3. Calculate the distance needed to move the pupfeethia path of the ball, kicking
if possible.

4. Output calculated move to Rod Control Board of ectrrod

5. Repeat constantly based on updated table state

The greedy algorithm is represented below in Fiu?ed.2.1:
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Figure 3.2.4.2.1: Greedy Algorithm Representation

This method has many advantages over some of tiee potential methods. Primarily, it
is easy to code. This presents a huge time benaditother methods. Also, it is reasonably
effective. Assuming responsive motors, it is nathta imagine how dominating even this
simple algorithm would be. In independent researdlong amateur and advanced human
foosball players, it was found that most amatewskall players used essentially this
algorithm for deciding shots. However, with slownian reaction times, this algorithm is
easily beaten by advanced players. Since superHurfest motors cannot be counted
upon as components of this project, it may be regsto use a more advanced Al to
compensate.

Pathfinding Al

This is the other major type of Al being considerddlike the greedy Al, which does not
require the opponent’s puppets’ positions, thi®algm would require them. It would use
a series of steps akin to the following:

1. Acquire ball position, heading and opponent’s pamositions from Table State
Interpretation

2. Examine the table and find a navigable path argbaspponent’s puppets to
the opponent’s goal

3. Use the nearest puppets to execute the path, masingeded (for instance,
hitting the ball with the side of the puppet ratttean simply kicking it)

4. Output the calculated move(s) to the correct Rodt@bBoard(s)

5. Repeat pathfinding constantly based on updated &ibte

The pathfinding algorithm is represented belowiguFe 3.2.4.2.2:
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Figure 3.2.4.2.1: Pathfinding Algorithm Represeraat

This algorithm is obviously a good deal more cowgiked than the greedy one, since it is
more involved than simply finding and kicking. Thisvolves the more sophisticated
method of looking for an open route to the goald arsing intermediate computer-
controlled puppets to guide the behavior of the &adl avoid opponent’s puppets. Even
within this algorithm, there is some variabilitytime information which can be considered.
While it may be easier to simply model straighelipaths between computer-controlled
puppets in the course of the pathfinding, it maynbare useful to take into account
bouncing off of the walls, for instance. If the Ipidder were able to use moves that
involved bouncing, it would provide a more challerguser experience, which is one of
the goals of the FOOSE project. On the other haints most minimalistic, the pathfinding
algorithm could denote something like the greedjoalhm, except with the ability to
detect whether an opponent’s puppet will be inwagy of a kick. Even this low-level
pathfinding Al could be able to improve performartgenot essentially handing the ball
into the opponent’s control.

Generic Tactical Advantages

Despite the rather uninspiring title of this sewtithere are numerous ways in which the
Al's performance can be enhanced without direchiginging the way it decides what to
kick. One of the simplest effective means of perfance enhancement is something many
human players do, raising and lowering the puppased on the current position of the
ball. This allows the Al to get out of its own washen kicking, and also to prevent the
ball from moving too far even if it is not detectedime. Such a system would need to be
considered by the Al, although it should be easyugh to implement, since the ball’s
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position only needs to be considered in one dinoen@iaise puppets ahead of it, lower
those behind it).

It may also help to move the lowered puppets bethirdall constantly. The motors may
not enjoy constantly operating, but moving the goabntrol rod back and forth is a time-
honored human defense strategy, and it makes serise/e the Al do the same thing.
Such a strategy would also be relatively easy ttecand should be quite effective for
something so simple.

Another simple way that the performance can be awvgxl is by moving the control rods
together in order to block a larger area in a coated fashion. The computer will have a
distinct advantage over even a four-armed playérigharea, as the computer can consider
the positions of all the rods more or less simdtarsly. In this way, the computer can
prevent easy scoring by the opponent.

3.2.4.3 Linear Control Algorithms

Introduction

Linear control algorithms are used as an intermrgdiatween the central processor’s Al
subsystem and the actuators’ movement. In the sobibes project, the purpose of these
algorithms is to take the desired position, speéd,of the robotic player from the Al and
translate that into physical movement of the acmsatwhich simply take in a voltage
signal, usually in the form of pulse-width moduteti (PWM) or CAN, or similar
communication method. In short, most control algponis involve moving the puppet in
the desired direction, sampling its current positamd/or speed, determining how far off
the puppet is from the desired location, and the@ving again to limit this difference
(referred to as the error). Thus, the control atbors are responsible for getting the
puppets where they should be and minimizing ther et which this will occur.

Before further discussion, a concise definitiohdisall be given for the purposes of clarity:

» Controlled Variable: the controlled variable is the variable that isasured and
controlled. It is typically the output of the systeand is the variable that has a
desired value.

» Control Signal or Manipulated Variable: the control signal or manipulated
variable is the variable that is changed in ordeaftect the controlled variable and
achieve the desired result.

* Plant: any piece of equipment that performs a functibims includes a heating
furnace, chemical reactor, pneumatic pump, etc.
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* System a system is a combination of components actiggtteer to perform a
certain objective.

» Disturbances any signal that adversely affects the outpuhefgystem. Can also
be referred to as noise.

* Feedback control feedback control is an operation that reducesdifference
between the actual output of a system and theatksintput, while in the presence
of unpredictable disturbances.

* Closed-loop control systema closed loop control system is one where feddbac
is present. This means that the output of the systas an effect on the control
action.

* Open-loop control systeman open-loop control system is one where feedisack
not present. This means that the output of theesysd not measured and fed back
into the system and thus has no effect on the cbattion.

[39]
Summary of Control Algorithm Design

The first step of designing a control system isreate a mathematical model of the system
(assuming specifications have already been givems model will relate the controlled
variable to the manipulated variable. However, timedel will often exclude many
nontrivial factors such as loading effects, nordnitges, noise, etc. Thus the actual
performance of the control system will be worsenttree predicted performance. However,
a well-designed control system will handle thesaagnunted variables and still meet the
design specifications.

The second step of the design process is to andhegzenathematical system and, if
necessary, design a proper compensator and atjuptiiameters to gain the desired
control response. The compensator is responsiblaltiering the overall behavior of the
system to gain the desired result.

The final step is to implement the mathematical ehanl the real world, testing first the
open-loop system and then the closed-loop systethid final step adjustments will have
to be made to make up for lost performance dusméazeounted variables.

The ultimate goal of designing the control systenioi create a system that meets the
performance specifications and at the same timé&suwaliably and can be created within
an acceptable budget.

Methods for Creating a Mathematical Model of the Sgtem

The most important step of analysis of the consgdtem is creating a reasonable
mathematical model. [39]. When creating a mathestahtmodel, the laws of the
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corresponding field are used (i.e. Newton’s lawsnie@chanical systems, Kirchhoff's law
for electrical systems). The goal when designingahematical model is to create the
simplest model that still meets the accuracy regneénts of the project. This is important
because there is an inherent tradeoff between @ityplbf the model and the accuracy it
can obtain.

Mathematical modeling method 1: Transfer functions

Transfer functions are commonly used to model systen terms of their outputs and
inputs. A transfer function is defined as the Lapl&ransform of the output of the system
divided by the Laplace transform of the input af 8ystem. Or symbolically:

B L(output)
G(s) = L(input)
Y
6= Xg

The benefit of using the transfer function représgon is that dynamic systems, which
are usually represented as a series of differemtjaations, can be modeled in the Laplace
domain as a polynomial in terms of the complexalalg ‘s’. This makes analysis and
manipulation much more convenient. The downsidiéatransfer function model is that
they are limited to linear time-invariant differealtequation systems, meaning they cannot
be used to represent a system that is modeleddiffeeential equation with a coefficient
that is a function of time or a system that hasoalinear term. Furthermore, transfer
function analysis is used for single-input, singlgput systems. All of these limit the
complexity of the model and thus the amount of emcy of the control system, but lead
to a simpler system that is more convenient to wuitk.

Mathematical modeling method 2: Modeling in State gace

While the transfer function approach is considezedvenient, often it is not possible to

model desired systems using this approach. For ghearmany applications in the real

world have multiple inputs and outputs with nonéineomponents and time variant terms.
Thus a more complex modeling method is requirediHese types of systems, specifically
the state space method.

The state space method consists of a series efgtate equations that are made up of
input variables, output variables, and state spac@bles. State space variables are the
smallest set of variables that determine the beha#ithe system for any given time. With
these state-space equations, the state space metable to model much more complex
systems using matrix approaches for analysis andpulation of the system.
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For the scope of this project, a transfer funcigproach will be selected as a proper
mathematical modeling technique. This will be démresimplicity purposes and because
our system (foosball rod control) can be accuratebdeled with linear time-invariant
differential equations, with single inputs and $engutputs. Thus the rest of the research
explained will pertain specifically to transfer fiton methods and will omit methods of
control system design using state space methods.

Step 2: Analysis of Mathematical models and desigof compensators
Method 1: Root Locus

In control theory, the transient response of aeddgop system is related to the location
of its closed-loop poles (the zeros of the denotomaf the transfer function of the
system). Using the root locus method allows forsaal approach to plotting closed-loop
poles and determining stability of a system andasponse at different gain levels.

For example the root locus plot of the function:
G(s) =K(s+3)/(s*+ 7s3 + 2252 + 13s)
This plot is shown in Figure 3.2.4.3.1.

From this plot, seen in Figure 3.2.4.3.1, many olzs®es can be made. It can be realized
that at a certain level of gain (K) the poles a fhot cross the imaginary axis, which will
cause the system to become unstable. Also, eveny @o the lines shown correspond to
a transient response that can be achieved jusiniyg the gain. However, there are many
times when simply altering the gain will not acledlie desired response. For this situation
a compensator must be designed, which adds openHoles and zeros to the system
altering the root locus and forcing the systemhtam a specific desired response.

More specifically, adding poles to the open-logmgfer function lessens the stability of
the system (pulling the root locus to the right)l sftows down the settling of the response.
Adding holes, on the other hand, will increasesgtadbility of the system (pulling the root
locus to the left) and speeds up the transientoresp This is equivalent to adding a
derivative control element that incorporates theespand direction of response in the
control (an anticipation aspect of control).
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Figure 3.2.4.3.1: Root Locus Plot Example

The most common compensators, however, are typiclhd, lag or lead-lag
compensators, which are designed to obtain an eesated location of dominant poles in
the root locus plot.

In general, the root locus design approach is gefiective in situations where
specifications are explicitly given in terms of @domain quantities (i.e. damping ratio,
maximum overshoot, rise time, etc.).

[39]
Method 2: Frequency-Response

Frequency response analysis and design refersstgrileg control system by looking at
the steady-state response of a sinusoidal inpatdgstem and adjusting the response as
necessary. Frequency-response design is advantagpecause results can be obtained
without explicit mathematical models of a systermeCtan simply get results from a
physical system by inputting a sine wave and olasgrthe resulting output. This is a
commonly used method for determining the transfacfions of complicated components
experimentally.
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Another advantage of frequency-response desidgnaidly using Nyquist stability criterion
it is possible to determine the stability of thesteyn simply from the response
characteristics — again, no mathematical modelisgnécessary for this analysis.
Furthermore, using frequency response methods sifflomdesign around unwanted noise
and many of its design approaches can be extemtiedome nonlinear control systems.
Thus frequency response design becomes quite cemgefor designing unknown
systems. Furthermore, it is also quite useful wihesigning systems with high frequency
noise. [39]

The disadvantage of frequency response design ctrorasits focus on the steady-state
response of the system. This leaves the transtgtibp of response neglected in the design
process; however, there still exist methods to inbtlae desired transient response by
altering the frequency-response characteristics.

An important note to mention is that the frequeresponse design method and the root-
locus design method are not mutually exclusivés possible, and frequently done in the

practical world, to use both methods while desigrarsystem. The two methods of design
complement each other. When using frequency respamgroach, the focus of design is

on the steady-state requirements (steady-stateayGyphase margin, gain margin, etc.)

and the transient response is understood indirdiiiy the frequency response. After

designing to meet the steady-state requiremerddrahsient requirements must be tested
and, if they are not met, the compensator musebfesigned until these requirements are
met (or until they are found to be mutually conicsaty).

When conducting frequency response design thersvarpossible approaches: one using
polar plots and the other using Bode diagrams (gainfrequency diagrams). Bode is
typically the preferred method because when thepemsator is added a whole new
diagram must be plotted for polar plots, but withdB diagrams the new plot can be added
to the original.

The common approach to the design on the Bodeatiag the following:

1. Adjust the open-loop gain until the steady-statieacy requirement is met

2. Plot the magnitude and phase curves of the uncosapesh open loop (after open-
loop gain is adjusted)

3. If the specifications of the phase and gain margnesnot met, then a compensator
must be added to reshape the curves

4. After the compensator is added, other requiremamtsested and are attempted to
be met (unless found mutually contradictory)

[39]

When designing compensators, the most common tgpksie:
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* Lead compensators:
o0 lead compensators focus on improving stability nmardpy offsetting the
phase lag of a system.
* Lag compensators:
o lag compensators focus on improving steady-statdonqmeance by
offsetting the phase lead of a system.
* Lead-lag compensators:
o for improving both stability and stead-state regmgna lead-lag
compensator can be added
* Complex pole compensators:
o for complex systems where lead and lag compensatorst yield
satisfactory results, complex poles can be addedcasnpensator.

Overall, the frequency-response method of conrsilesn design can be quite convenient
and effective when used to design systems withispeateady-state requirements or in
environments with high frequency noise.

[39]
Method 3: PID Controllers

PID controllers are by far the most popular metbddontrol for industrial controllers
today. More than 50% of industrial controllers @B or modified PID methods of control
[39]. The reason for this is that PIDs are quiteegal and can be applied to most control
systems. In addition, PID controllers are often ¢lasiest way to handling controlling a
plant when a mathematical model is not known onoabe readily obtained. They work
solely through adapting to feedback and can bedtonesite. Many firms have developed
their own methods for tuning PIDs; a few of the moommon methods will be discussed
in this project.

PID controllers consist of three main componentspr@portional component (P), an
integral component (I) and a derivative compon@ijt These components are altered
through their corresponding weight controlled byiatales Kp for proportional control, Ti
for integral control, and Td for derivative contrél block diagram of a PID Loop is given
for further elaboration, labeled Figure 3.2.4.3.2.

This block diagram shown in Figure 3.2.4.3.2 shtvesPID controller. The challenge in
getting the appropriate response is selecting dheect values of Kp, Ti, and Td, known
as PID tuning. Methods of tuning include the Ziegliéchols Rules for tuning and the
computational optimization approach for tuning aasd,stated previously, many more.
These two mentioned methods will be the ones dsszlis this project.
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Figure 3.2.4.3.2: Block Diagram of PID Controller

[39]

Ziegler-Nichols Rules for Tuning

The Ziegler-Nichols method for tuning can be applfer both known and unknown
systems by looking at the step response of thesydiut are most commonly applied for
systems with plants with unknown mathematical medghus the Ziegler-Nichols method
can be applied experimentally by putting a stepaase into a system and measuring its
response on an oscilloscope.

The downside to the Ziegler-Nichols method is thaiften creates a system with an
inflated maximum overshoot. So after the tuninghodtis complete, fine tuning must be
done to minimize this overshoot. In general, thegir-Nichols method can be used for a
quick and readily available method to find educagedsses for parameters. Then fine
tuning methods can be applied to complete the tupiocess.

Taking a look at this tuning process, first one merperimentally determine the step
response of the plant. If the plant does not cantdegrators nor does it contain complex-
conjugate poles, the step response will appeasliasvks, shown in Figure 3.2.4.3.3.

The factors that determine the tuning parametarshi® PID loop come from the terms
delay time L and time constant T, labeled in thepytr These values are found by drawing
a line tangent at the inflection point of the Sggthcurve and tracing it down to where it
intersects with the time axis. L is the value betwéhe point time = 0 and the x-value of
the intersection point of the tangent line with timee axis. T is the value between the x-
value of the intersection point of the tangent lwith the time axis and the x-value of the
intersection point with the line c(t) = K. K is thegh value of the step function. From the
values T and L the tuning parameters Kp, Ti, andafiedfound using the following table,
Table 3.2.4.3.1.

Pending approval from Pearson Education, Inc.
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Figure 3.2.4.3.3: S-shaped Response Curve

Type of .
Controller Kp T Td
P Z 0 0
L
T L
Pl 9— — 0
0.9 L 0.3
T
PID 1.ZZ 2L 0.5L

Table 3.2.4.3.1: Tuning Parameter Values

From this table, the values of the PID parameterselected given a reasonable beginning
point in the tuning process. However, in many caaeystem will contain complex poles
and integrators which will create oscillationslie response. Thus this first method cannot
be used for tuning. In this case a second methat beuused.

The second method consists of setting % and Td = 0 (proportional control). Then Kp
is increased from O to a critical value Kcr at whibe output begins to show sustained
oscillations. The period at this point is also mead and is labeled Pcr. For example, in
an electrical system the following graph (Figur2.8.3.4) could occur:

71



Voltage

A Period (T)

Y.

d

Time

Figure 3.2.4.3.4: Sustained oscillation with peribd Pcr

This graph shows a system at critical gain Kcrnfrtbis graph we can obtain the period
(T). This is the value of Pcr. Using Kcr and Pbe following table is used to determine
the values of the PID parameters:

Type of )
Controller Kp Ti Td
P 0.5K,, os) 0
1
Pl 0.45K, 3 P., 0
PID 0.6K,, 0.5P., 0.125P.,

Table 3.2.4.3.2: Further Tuning Parameter Values

In more complex systems this table is used to deter the starting points for the tuning
method.

One important reminder is that the Ziegler-Nichimising rule is used as a starting point
for determining PID parameters. Rarely do theseasgive the optimal values of the PID
compensator. Thus another method must be applidth&tuning of the PID. For this we
look at the computational optimization approach.
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Computational Optimization Tuning Method

This approach uses a computational tool, such a3 M to explore within a search
space of the PID parameters to find all of the @alof the parameters that meet the
specifications (e.g. max overshoot less than 10éttlirgy time lass than X, etc.).
Reasonable ranges must be given so unreasonahkayai not found as solutions. Also,
this limits the number of possible computationd thast be computed. This is why it is
valuable to use a coarse tuning method such aZidgter-Nichols method to gain an
estimation as a starting point and then searchmg@e around estimated parameter value;
if a solution is not found, the range can then kiereded. It is important to note that,
depending on the specifications, some systems mngrgive a specific desired response
with a standard PID compensator, in this caseaghysoach will yield no solution. Another
important decision that must be made when usingnapatational approach is the step
size. As the algorithm tests each value of thematar, it does so with a finite granularity.
The smaller the step size, the finer the granylarid the more computations the algorithm
must make. Therefore, the length of acceptable otatipn time determines the
granularity the search algorithm will have whenkiog for the optimal set of parameters
within the given search space.

The basic structure of a standard computationalmipdtion tuning algorithm is as
follows:

1. Evaluate the closed-loop transfer function at tivergparameter value (the value
of the parameter is a variable that incrementauiindhe function)

2. Determine the step response of the closed-loogfeafunction

Calculate the values defined in the specifications

4. If the values meet the specifications save theemlof the parameters and the
values of the specifications

5. Increment the inner most parameter (assuming aedhelsiop structure) and
continue

6. After all possible parameters are found within skapace, sort saved parameters
by value

w

This algorithm will return a list of possible paratar values that satisfy the specifications.
It is then up to the user to determine which tratfenust be made to select the optimal
values. Another approach is to apply a specifiqgvigd score to each specification based
on its importance and aggregate the results imglesiscore for each set of parameters.
Then the algorithm will return the highest scorsed, which will be the optimal solution
at the given granularity.

One downside to this algorithm is if it is searchthrough a three dimensional search
space (one dimension for each parameter valuedgusi¥ order nested loop makes
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searching at any granularity and range very limibedause the computation size will
increase very rapidly as range and granularityeiase. Therefore, if a greater range and
granularity is desired, a more intelligent searakthrod must be used, such as a genetic
algorithm for exploring the search space. In a geradgorithm, possible parameters are
randomly generated and ranked (similarly to the ho@tused at the end of the
aforementioned standard computational approacle.tdj ranking parameters are saved,
the others abandoned, and new parameters are tggh&an the best using a “copy with
error” method. This process is continued until gotimal solution is found. Genetic
algorithms have been found to be extremely effedtivefficiently exploring large search
spaces to obtain optimal parameter values.

Another downside of this method is that a matherahtnodel of this system should be
known. Without a model the computer program caroimfin a closed loop transfer
function and step response. So unless these cdaubd efficiently using automated
testing and measuring equipment, a mathematicaemedequired.

Overall, however, the computational optimizatiomprach can be quite useful for fine
tuning of PID parameters when the system can beesgpd accurately with a
mathematical model.

[39]
Manual Tuning Method

The manual tuning method consists of using heasist obtain a desired response from a
system. This is the most simple and straightforwarethod for tuning PID loops.
Advantages include its simplicity and the fact thahathematical model is not necessary
for this process; one can just simply try a sgtavhmeters, measure the response, and then
adjust until the desired response is reached. Hemwvavathematical models can be useful
(if they are accurate) to give good starting poifitis method works well when systems
are relatively simple, or for systems that canmetuned using the Ziegler-Nichols tuning
method. In this case, it acts as a good replacefoenbarse tuning.

The downsides of the manual tuning method is than become quite time-consuming if
not done correctly. One could spend an eternitfingsevery possible combination of
parameters trying to find the right set. This igkvoest kept for a computational approach.
While manually tuning, only coarse tuning shoulddoae. Additionally, manual tuning is
far from optimal even when done very well. Withauhning through an unreasonable
number of parameter combinations, finding an optiesponse is not likely.

Although this method can be classified as a broiteef, or trial and error method, it does
not consist of blindly guessing parameters. Manyrilsécs exist to achieve decent results
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very quickly and easily. The heuristics are desttikelative to the parameter of the PID
loop.

Assuming the PID controller has the following triengunction:

K4s* + Kps + K;
s

A proportional controller (Kp) will reduce the risiene and will improve the steady-state
error (though it will never eliminate it). An integg control (Ki) will eliminate the steady
state error but will make the transient responses&cAnd finally, a derivative control
(Kd) will increase the stability of a system by wethg the overshoot and improving the
transient response. A summary of the effects atieariollowing table, 3.2.4.3.3:

Control Effect on Riseg Effect on| Effect on| Effect on
Variable (value Time Overshoot Settling Time | Steady  State
Increased) Error

Kp Decrease Increase Small Change  Decrease

Ki Decrease Increase Increase Eliminate

Kd Small Change| Decrease Decreases Small Change

Table 3.2.4.3.3: Control Variables and Effects
[40]

From this table, it is possible to quickly and malhutune a PID loop through an iterative
process of testing and improving. If the initiabttdhas too much overshoot, then the
derivative control can be increased (increase Bdg¢duce the overshoot. This process can
be continued until a reasonable response is found.

After using a manual tuning method, it is oftenfubéo use a fine tuning method to
optimize the response more efficiently. A compuwiadil optimizing approach is definitely
possible if an accurate mathematical model of yiséesn can be found.

Summary of control system design methods

Below, Table 3.2.4.3.3, contains a summary of tbatrol system design methods

discussed in this section. It includes all of tiecdssed methods for controlling systems:
the root locus method, the frequency response rdetiied the PID control method. It

includes both the advantages and disadvantageslbfreethod to aid in making a decision
that best meets this project’s needs.
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Control Design Method | Advantages Disadvantages

Root Locus Good for when explicit Accurate Mathematical
specifications are given in| Model required.

terms of time domain
analysis. Uses a graphical
approach to visualize the
response. Good for
designing transient

responses.
Frequency Response Good for design with Only directly focuses on
specific steady-state transient response.

response requirements.
Does not need
mathematical models.
Good for unknown
systems. Good for
environments with high
frequency noise.

PID Most commonly used in | Having an accurate
industrial settings. mathematical model is
Extremely general, can be| useful for tuning. Tuning of
applied to almost any PID loops takes a lot of
control environment. time and effort.

Straightforward design. Na
mathematical models
necessary, but having one
is useful for tuning.

Table 3.2.4.3.4: Summary of control system desigthoals
3.2.5 Other Hardware

3.2.5.1 Foosball Table

When selecting a proper foosball table for thisjgunt several factors were considered,
including price, sturdiness, quality of rods anddiggs, table weight, modularity, quality
of the playing field, type of the playing field, &suitability for modification.

Price

Price was a decisive factor in selecting a foostadlle. Given the project’s tight budget
and quality-focused objectives, most of the monewlal need to be spent on high-quality
sensors and responsive, accurate motors. The fibdab& is a cost that should be
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minimized while still meeting all of the aforemeasried objectives. In the beginning, it
was thought that purchasing a new foosball tablalevbe in the project’'s best interest,
because it would be the highest quality, requitkelivork to prepare it for modification,
and be easy to find and purchase. This, howevakiguevealed itself to be a poor course
of action. This was because new foosball tabletheatjuality required, can cost anywhere
from $500 to $2000 [41]. Given the project’s buddbis price was prohibitive. So, the
only other option was to look for a high-qualityedsfoosball table.

Sturdiness

Sturdiness was also a crucial factor in selectipgpaer foosball table. The table had to be
robust enough to be modified, perhaps heavily, authconcern for the integrity of the
table. It is possible that the design would reqdiidling into the field to add sensors, so
the surface had to be strong. The arms will be egerpcontrolled, which need to be able
to malfunction without causing damage to the taBlestrong frame would make this
damage less likely. Finally, thick side walls résnla better angle of deflection which is
crucial for accurate passing [42]. Accurate, pretite deflection will be important to the
performance of the autonomous player.

The quality of build materials was also a concehemchoosing the foosball table. A table
made from cheap plywood would not be able to stgntb energized games in any case.
Given all of the transportation and modificatiorgjuired for the project, high quality
materials were going to be a necessity. Reseameshthat respected brand names of
Foosball tables are Tornado, Dynamo, and Tourna®ecter.

Quiality of Rods and Bearings

The table’s rods are the project’s interface whith game, so they are clearly a vital factor
in the project’s success. The most important aspettthe rods are their weight and
resistance to rotational and longitudinal movement.

It is important for the rods to be light enough floe motors to accelerate and decelerate
rapidly, but heavy enough to allow for good contiidie selected table had a (subjective)
comfortable balance between control and ease eleretion.

Resistance is another important aspect of the thllehad to be considered. Too much
resistance would make mechanically rotating and ingpthe rods difficult without
expensive motors. Furthermore, rusted rods wouleially cause inconsistent resistance
and slipping, leading to inaccurate movements gisng the performance of the
autonomous player.

Table Weight and Modularity
The physical weight and modularity of the tableevwether concerns during table selection.

77



Weight is important because the table has to biégydeensported up and down stairs, fit
into the apartment where construction takes plasenicer tables tend to be heavier,
usually around two hundred pounds, [43] it was ssa&gy to strike a balance between
sturdiness and transportability.

Modularity was also important to consider. Beingeab disassemble the table into pieces
was essential for portability. The table must ble &b be transported by a normal vehicle
and fit through regular doors and stairwells.

Quiality of Playing Field

The quality of the playing field is another impartdactor to consider. A low quality
foosball table will have inconsistencies in thédjgotentially leading to erratic movement
and dead spots, [42] both of which inhibit normialypand disrupt the gaming Al.

Type of Playing Field

The type of playing field is as important as itsalify, given the nature of the project.
Generally, there is not much variation in playinglds, with the exception of the two
major design types: those with elevated cornersaasthgle goalie, and those with flat
corners and three goalies.

It was determined that the project required flanees, so that the entire field is flat. This
makes sensing and tracking the ball much simplecabse it is not necessary to work
around the curved corners, and the ball stays éorstant plane. This type of playing
surface also allows the project to potentially emgpiheans of tracking that would have
been impossible with curved corners, such as laseking grids.

Accessibility for Modification

For this project, a table that can be easily medifis crucial. Specifically, the project
requires access to the underside of the playind. f®ome tables have supports and other
materials blocking access to the playing field franderneath. This would cause problems
because a potential plan for sensing the ball jposiises an array of magnetic sensors
drilled into the playing field from underneath.

3.3 Research Summary

In conclusion, the research conducted by the FOP®kect team members was all-
encompassing, and impacted every aspect of thgrdesifollow. To briefly recap each
section:

» Several other teams have created similar autonfetestball tables, and this
project is informed by their successes, failures rmajor design decisions
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While a number of sensor technologies were evaluateuse in this project, the
optical camera came out on top as the most feasllbégound

Some type of quadrature encoder is likely the raodgtble puppet position sensor
A full x86 computer will be the best central prosieg solution

While several motor controllers have been evalyaadh has advantages and
disadvantages

Data links will need to be of various kinds, suitator each application

The actuators, one of the most important comporarttss project, also have too
many options to have an obvious choice, but at bastactile rotational sensors
have more or less been settled upon

Some mathematical models have been consideredddable state interpreter,
but it remains to be seen which one will work best

The greedy Al will at least be the first Al in praction on the table, and can be
enhanced in several ways

The PID loop can be tuned using a variety of teghes

The foosball table itself has a lot of ideal quastto look for

All in all, the research summarized here will bé&egral while moving forward in the
design phase.
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4.0 PROJECT HARDWARE AND SOFTWARE
DESIGN DETAILS

4.1 Project Overview and Block Diagrams

This section is intended to convey, at a high lethed overall structure of the hardware
and software subsystems, their interconnections, taeir functions. Each of these
subsystems will be covered in more detail in thetigas to follow.

Hardware

As seen below in Figure 4.1.1, Hardware Block Daagr the hardware system of the
FOOSE project comprises a number of subsystems.

Table +~-——--—+ Kinect — CPU Motors

Hardware RCBs Sensors

Figure 4.1.1: Hardware Block Diagram

In general, the discussion of these systems wlthfiothe logical progression from input
to output, which is to say from current table statexecuted move. This progression can
be easily traced on the block diagram itself.

First, somewhat trivially, is the foosball tablsalf. Nearly all of the hardware components
are physically connected to the table, and theeotistate of the table is needed as an input
to the FOOSE system.

Second is the camera, the physical manifestatidhebptical tracking subsystem. This
will be a Microsoft Kinect, chosen for reasons dssed in other sections. This is mounted
above the table and observes it, taking a coldumcand depth map and outputting them
to the computer.

The computer, an off-the-shelf x86 desktop, thest@sses the sensor input, locating the
position and heading of the ball. It then calcudatee next move and outputs this to the
Rod Control Boards.
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The Rod Control Boards (there is one RCB for eadhfor a total of four) take in the next
move from the computer and current position infdrarafrom the quadrature encoders.
They act as an interface between the central psoceend the motors, outputting the
correct PWM commands to the motor controllers.

The actuators themselves take in input from theomobntrollers and, indirectly, the
RCBs, and are set up so as to physically movestble’s control rods, thereby outputting
the desired move. Attached to the linear actuatrsjuad encoders, which the RCB uses
to calculate the current linear position of thetcolrrod.

The outputted move, of course, changes the tasle, stnd the process begins again.
Software

Focusing on software, the block diagram is a lititesimpler. This can be seen in Figure
4.1.2, Software Block Diagram.

|/I(inect\ Table State Al
Qnsor/ Interpretation
,_,/

e =

RCB Logic —— Sensors

)
I

(Motob
%

\\_\7 >

Figure 4.1.2: Software Block Diagram

The first input to the software system is the visuad/or depth field data from the optical
sensor subsystem, which is the Microsoft Kinect.t@nhardware level, this information
is fed into the computer. From the perspective atware, it is fed to the table state
interpretation algorithm.

The table state interpretation algorithm will uskye detection and some other means to
determine the location of the ball within the sehsable. It will also employ a Kalman
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filter, which can be used to provide location potidh and velocity information. This
information will be fed to the artificial intelligece (Al) subsystem.

The Al subsystem (still physically located on tleairal processing unit) is responsible for
generating an appropriate response to the curabig state, which, for it, includes both

the output of the previous subsystem and feedbadke current puppet positions from

the RCBs. It will do this, at least initially, bysing a simple greedy algorithm for

determining the move (i.e., whenever possible, kKnekball towards the opponent’s goal).
This move will be in the form of a quad encoderipos that a certain rod needs to be at.
This move gets output to the RCB of the correct rod

Once the RCB receives the move command, it detesmwhich direction the rod needs
to move in, and commands the motor to move in thiction until the correct quad
encoder value is reached. It may also order adi@kcertain rotational position, according
to what commands it has received from the compuéteditionally, it must periodically
feed the current position of the rod it controlslbto the Al subsystem, so that that system
has the most accurate information in order to camthe best move. The software system
ends with the embedded programs on the RCBs, frbithws outputted direct commands
to the motor controllers.

4.2 Sensor Design

4.2.1 Overview
The primary sensor chosen for this project is aeKinused to sense the table state,
including ball position. Secondary sensors incl(uer control rod) a radial quad encoder
and 2 tactile sensors.

Kinect

The Kinect was chosen because of its cheap depsiosthat could be used to identify the
ball based on height level and shape as discussgéation 3.2.1.1.

The Kinect has a viewing angle of 30°, which ishwtthe requirement for camera base
sensors as stated in Section 2.3.1. With a vieamngie of 30°, the Kinect must be mounted
centered over the table at a height of betweenab@4115 cm, as shown below in figure
4.2.1.1.

The Kinect cable is 10 ft. long, just long enoughig¢ach around a mounting structure and
attach to a computer mounted under the table. TihedKrequires an AC power supply

which is attached to the Kinect at the end of dble. Because of the requirement for
power for the RCBs, motors and computer; an AC pawsarce should be available under
the table.
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Figure 4.2.1.1: Kinect mounting position with minim and maximum height
Rod Position Sensors

The position of the computer’s control rods musséesed to within a high enough degree
of accuracy to control the motors. The design ratie for the accuracy of sensors is
discussed in section 4.6.1. The decision is tolibe ® have fine control and thus sensor
readings over the linear motion of the rod. Foatiohal motion, 2 position sensors will
be used because an “up” state and “blocking” staitd, the ability to transition between
them, is sufficient to kick and block a foosball.

It is important to note that each of these sengtisgussed in this section, will occur 4
times in the final product, one set for each ofdbmputer’s rods.

The rotational sensors for each rod will be congatisf 2 momentary push button sensors.
One button will be depressed when the rod is ifbkecking” position (or when puppets
are down) and the other button will be depresseenvthe rod is in the “up” position (or
when puppets are 9®ehind), and shown in figure 4.2.1.2 below. The “up” staiill be
used when a friendly kick is happening behind tieeand when it's preparing to kick the
ball, more spin up time on the rod will increasekkspeed. These sensors will be “dumb”
buttons and have 2 leads, with no pull up or paivd circuitry. To compensate for the
lack of pull up and pull down resistors, circuitnust be added at the end point of theses
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buttons, which is the rod control boards, the elealt design decisions for these tactile
sensors are discussed in section 4.6.2.

7.

“Up”sensor
........................ [——
Up Position
HS
.':'t‘
58 .
o Kick plate
§

“Blocking” sensor

Figure 4.2.1.2: Rotational tactile sensor positiogi

The linear motion of each rod will be sensed bytarny encoder attached to the motor
responsible for moving the rod. This will provide@venient attach point for the encoder
as well as a high revolution per linear movemetibyallowing cheaper encoders to be
purchased. The target revolutions per second re83dutions per second, as discussed in
section 4.6.1. The encoder must also be able tgesdirection, not just movement speed,
with this number in mind a rotary encoder thatig need was selected. A rotary quad
encoder from SparkFun®, COM-10932; this encoder2@spulses per revolution and is
able to handle the required speed of 83 revolutmarssecond or 5000 revolutions per
minute. This radial quad encoder has 3 channels iniernal pull up and pull down
resistors, making circuit design easier. The clwmade for electrical integration of this
encoder are discussed in section 4.6.2.

4.2.2 Block Diagrams

The following figure, 4.2.2.1, shows the overalhnection scheme for the sensors to be
used in this project. Note the bottom diagram shewthbe replicated 4 times, once for
each rod.

This diagram includes two components, the optieaksg for the ball tracking and the
encoder/tactical sensors for determining the locaéind angle of the rod/puppets.
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Figure 4.2.2.1: Diagram of sensors involved in thisject
4.3 System Architecture

4.3.1 Overview
Main Processor

After finishing the research for the central pr@eg unit, it was decided, at least
provisionally, to use a full x86 computer, naméig small-form-factor IBM Thinkcentre.
The reasons for this were several, and are disgussaore detail in the relevant research
section, 3.2.2.1, Main Processor. First, the thpsfbrmance of the Thinkcentre is better
than that of the other options. This is critical éotime-sensitive, necessarily low-latency
device such as this. Second, it is a readily abkElaomputer that the members of this
group already have access to, so it does not reedx tpurchased or waited for, and
configuration can begin immediately. Third, the nibems of this group have three of these
computers, so in the event of a hardware failunmalfunction, replacement parts will be
available instantly without budget impact. Thisisnajor advantage for an experimental
project like this one. Last, this computer meetsoélthe necessary requirements for
connectivity; it has the necessary USB ports andlgaorts which may need to be used in
the completion of this project.

Motor Controller

After all of the research was conducted, it wasdigtto select the Talon speed controller.
The reason this motor controller was selected veasulse of its significantly lower price

which was compounded by the fact that four of thHeed to be purchased. Also, this
controller is able to handle a wide range of vatagd current loads. It meets all of our
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electrical and mechanical specifications while icmsthe lowest amount, making it the
best choice for this project.

Block Diagram of Motor Controller:

High
II;?)\\I/Vver ’ ’ Pogwer
—  Motor Controller —> pwu 1o
M — — " Motor
from oto

RCB T

Power from Power Supply

Figure 4.3.1: Motor Controller block diagram

In this diagram we see the basic block box viewhefmotor controller. It will take in a
lower power PWM from the rod control board whichllveiontain the proper signal to
actuate the motors to the correct location. ThidPindm the board however, is not high
power enough to actually move the motors, thusibeor controller will take the PWM
and step it up to the proper voltage and powerireduo gain the necessary torque and
speeds out of the motors. Because stepping up dltage and power will require
additional power the motor controller will requite own supply of power. After the PWM
is stepped up the motor controller will connecthe actuators which will make the rod
move linearly.

This project will require four motor controllers total. One motor controller for each
automated rod. The control for each rod will warllependently and will be synchronized
by the CPU.

Data Transportation Methods

Several data transportation methods were avait@blsommunicate between all of the
different components of the project. All of the gue connections include:

* Optical Sensor to CPU

« CPU to Rod Control Board

* Rod Control Board to Motor Controller
e Motor Controllers to Linear Motors

* Rod Control Board to Relay
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* Relay to Rotational Motor
* Encoders to Rod Control Board
+ Tactile Sensors to Rod Control Board

Each connection had its own communication methaided. All of the connections are
labeled in the System Architecture block diagrarthatend of this section (4.3.1 System
Architecture Block Diagrams).

Optical Sensor to CPU

The optical sensor to CPU will be communicated biversal serial bus (USB). This is
the standard connector for the Microsoft Kinect alldws for easy integration and
communication between the camera and the CPU. Niti@tal converters are required to
use this camera for the purpose of this project.

CPU to Rod Control Board

The CPU will communicate to the Rod Control BoaRICB) via USB. This serial
communication method will allow multiple communicat features required between the
CPU and RCB including:

e Power from the CPU to the RCB to run the board

e Desired location of the rod from the CPU to the RCB
e Current location of the rod from the RCB to the CPU
e Desired kick state from the CPU to the RCB

e Current kick state from the RCB to the CPU

It is important to mention that there will be food control boards, one for each rod. Thus,
the CPU will communication with each one via USBamately, providing power and
information while receiving feedback of currenttstaat the same time.

Rod Control Board to Motor Controller

The rod control board (RCB) will communicate wittetmotor controller through a low-
powered pulse width modulation signal (LPPWM). T$ignal will come from the control
algorithm which runs on the RCB. This pulse widthdulation will contain the desired
information of which direction the motor should rs@ind at what percentage of the max
speed, however this PWM will not contain the neagspower to actually power the
motor.

Additionally, there are four rod control boards dondr motor controllers (one for each
rod) so this communication method will be duplichtsnd each RCB will communicate
independently with its corresponding motor coneglin parallel.
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Motor Controllers to Linear Motors

The motor controller will communicate with the laremotors through a high powered
pulse width modulation (HPPWM). The signal comingnfi the RCB does not contain the
necessary voltage (12 V) to power the motor, sortbtor controller must step this signal
up to the proper voltage and power to obtain tleereé torque and speed for the motor.

Because there are four motor controllers and fm@&alr motors (one for each rod), this
communication method will be duplicated and eachomoontroller will communicate
with its corresponding linear motor independentig & parallel.

Rod Control Board to Relay

The RCB will communicate with the relay throughtive simplest manner, a single bit
lower power DC signal line (LPDC). The RCB will jusommunicate a 1 or O (the desired
kick state, 1 = kick state (puppet held back) andhbld state (puppet held down)). This
signal is responsible for controlling the relay ahiwill power the rotational motors for

the kicking action.

Because there are four RCBs and four relays (oneedoh rod) this communication
method will be duplicated so each RCB will comnuaté independently with its
corresponding relay.

Relay to Rotational Motor

The Relay will connect to the rotational motorsotigh a simple high power DC line
(HPDC). Because the rotational motors do not reguspeed and position
monitoring/control algorithms, they can be operatieugh a simple wire connection
which allows for the motors to spin full speed medalirection or the other.

Because there are four relays and four rotationators (one for each rod), this
communication method will be duplicated so eachy&lill communicate independently
with its corresponding rotational motor.

Encoders to Rod Control Board

The encoders will communicate with the RCB throtigd quadrature encoder interface
(ECI). Through ECI, the encoder can communicatisrturrent location and the direction
it has moved in either direction to the RCB. THiewas the RCB to count the rotations of
the encoder and determine the location of the rod.

Because there are four encoders and four RCBsf@wreach rod), this communication
method will be duplicated so each encoder will camivate independently with its
corresponding RCB.
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Tactile Sensor to Rod Control Board

The Tactile sensors must also communicate to tlite@Gumtrol Board anytime the puppet
is in its extreme state, either full down (kicktet@) or fully up (kick state 1). This will
ensure that the rotational motor will not contirtaespin while in the stop position, which
would cause permanent damage to the motor. Thesrtonunicate between the tactile
sensors and the RCB there will be a simple 2 hitgower DC signal (one for each tactile
sensor).

Because there are four RCBs and eight tactile sentis communication method will be
duplicated so each RCB will communicate with it® teorresponding tactile sensors (one
RCB and two tactile sensors per rod) independently.

4.3.2 Block Diagrams

The overall system architecture block diagramstet below as Figure 4.3.2.1.

Kinect
uss
‘ UsB CPU UsB ‘
Contact use uss Contact
— —/
RCB LP-DC Sensor Sensor Lp-DC RCB
QEl QEl
L Radial Radial L
Encoder Encoder
FLP—DCIL?VPWMI B |—LP—DC]LP—PWM-[
Motor Motor
faley Controller Relay Controller
Contact Contact
—_ —
HP‘-DC HP-PIWM e ppc | Semser HP!DC HP-JWM
l | m RCB RCB — | [
) QEl El :
Rotational Linear Radial | ] L Radial Rotational Linear
Motor Motor Encoder e Motor Motor
[LP'DC:[LP'PWM] rLP'DCJLPfPW N!-l
Motor Motor
geit Controller by Controller
[ I | I
HP-DC HP-PWM HP-DC HP-PWM
| | | l
Rotational Linear Rotational Linear
Motor Motor Motor Motor

Figure 4.3.2.1: System Architecture Block Diagram
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4.4 Actuators

The final version of the actuator design takes adoount the research from section 3.2.3
and the project requirements from section 2.3.3s $hction details all design decisions
required for the physical construction of the awated foosball table’s hardware. This will
include the linear and rotational subsystems, tlasver-slider linear motion subsystem,
the encoder and tactile sensor mounting, camer&ameéra cage mounting and the side-
table platform attachment.

A rendering of the initial rough design of the attr can be seen below in Figure 4.4.1,
SolidWorks Rendering of Actuator Design.

Figure 4.4.1:SolidWorks Rendering of Actuator Dasig

Each subsystem will be described in detail and tileok diagrams showing the location
and interactions of that piece in the greater-adesidl be shown. Any data transfers or
necessary power/signal inputs will be discussatii;isection. The ultimate goal is for at
the conclusion of this section, a reader can reprecnd build the project described here.

4.4.1 Overview
The following design details will be discussed étail in this section:

* Linear Subsystem Electronics
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* Rotational Subsystem Electronics
» Linear Subsystem Mounting

* Rotational Subsystem Mounting

* Final Platform Mounting

» Camera Cage Mounting

Linear Subsystem Electronics

The linear subsystem will control movement of tbds back and forth to position the
puppets in front of the foosball. The electroni€shis section include a motor controller
and power supply to feed and manipulate the poaviite actuator and then finally a motor
decision to purchase for the final assembly. Thsigh decided upon for the linear
subsystem was a roller based linear slide with draslides and a belt attached to the
motor.

Through many options the final decision for a poagpply was to take a standard power
unit from a desktop computer and use that DC pdaverove the motors on the table. This
is convenient due to both the low price and thelab#ity of PC power supplies around
in the market. It will allow the team to plug thebte into a wall outlet and get the power
straight from there without more effort from thenme design team. There may be safety
concerns with a large power supply like this beirsgd, however with standard safety
precautions from the team this should not be areiss

For the motor controller the design called for dust high-voltage controller which
dictated the decision to use the Cross the RoadlenTspeed controller. This motor
controller can take 6-28VDC which is perfect foe tecision of a PC power supply as the
energy supply behind the work. More informationtlb@ motor controller decision can be
found in section 4.3.1.

Finally the motor to use for the linear subsysteaswlecided to be a general 12VDC
brushed motor from the Skycraft surplus suppliétisTecision was made due to the price
and the fact that the motors from this suppliempgtfectly fine into the specifications
requested from the Chapter 2 requirements and fgjaimns. These motors come in
many sizes, shapes and electronic specifications.

Rotational Subsystem Electronics

The motors connected to the end of the control eyds attached to the platform of the
linear subsystems will be used to rotate and Kiekfobosball. This particular subsystem
has the same power supply requirement as the Iswdasystem and therefore the same
solution. A PC Desktop power supply will be takentlae supply for the motors in this
subsystem. This is primarily because it is a péffesient and readily-available component
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to supply a constant convenient 12V DC power. The&atonal subsystem has different
requirements when it comes to motor controller muador selections.

The motor controller for the rotational subsysteas ifferent needs from the linear

subsystem. The linear subsystem requires carefiifamn the rod’s position, speed and

acceleration. In the kicking case the design teas)decided that the best option is to
simply kick at full power without any careful coakroops. Since this does not need a
controller like the Talon to regulate and amplife tmotor speed, a relay switch can be
used to control the power to the kicking subsyst®mce this is the case, a Spike Relay
has been selected to control the power to the kick.

The motor for the kick is a tradeoff battle betweertecting high torque or high speed. A
high speed kick obviously would be useful becabhsehall would potentially be able to
get a more professional level speed in a poweHatwever on the other side of the coin
is the argument for high torque hits. Torque waddelerate the rod faster and potentially
be able to impart higher energy on the foosbadl kick. The tradeoff has led the team to
seek a high power motor. For this role, a CIM fridme supplier AndyMark has been
selected.

Linear Subsystem Mounting

Because the linear subsystem was chosen to bet-drivein rotation there are more
mechanical construction decisions to be made bys#dr@or design team. The linear
subsystem will be built into a piece of plywood lwé chain looped around as the source
of movement. A sliding rail used in desk drawer#l ia& mounted on the plywood as the
linear rail to constrain the motion to the arearees Figure 4.4.1.8hows an image of the
desired subsystem.

Notice in Figure 4.4.1.1 that the linear subsysiemounted straight onto a 25" x 8” piece
of plywood which is held up against the side of fib@sball table. The sliding rollers are
then simply screwed down to the plywood to keeprtlstable. The desk drawer style
roller extends 16” down the plywood to allow foetantire range of movement needed on
the longest rod. These rollers are very easy feerably, especially considering that they
are created with consumer construction in mind.
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Figure 4.4.1.1: Top View of the Actuator. For emgikaon the linear motion.

On top of the roller is a single plywood platforivhis platform is mounted to the roller in
the way that a desk drawer would be mounted, homiagtead of a desk it is only a small
piece of wood mounting. This again, like the slidesunted on the plywood, can simply
be screwed down with no need for machining or argremcomplicated mechanical
fabrication. The plywood platform is the home o# tlotational subsystem which will be
discussed in the next subsection.

The final important part of the linear subsystenmébe are the chain mountings on both
sides of the plywood. These rods are used to lbapmor belt around which then go back
around and connect to both sides of the platfornthendrawer slider. The effect of this
setup is that the platform will move back and foniith the rotation of the 12V motor
mounted at the end of the subsystem.

Rotational Subsystem Mounting

Referring back to Figure 4.4.1.1 on the top ofgifaform is the rotational subsystem. The
mounting decision was to simply place the entireanon the top of the moving platform

to rotate the rods. This decision was made bec&usenuch simpler to construct on a
prototype level. The CIM motor selected is mounséchight on the platform and held

down by a 2.5” diameter mounting bracket. A simpleunt is used to hold on to the 5/8”
control rod on the foosball table and the 1/4” nnatotput shatft.
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The tactile sensors will be simply attached toribe and extra pieces of plastic will be
tied down to activate the sensors at the neceasaigs. This will allow for the brute force
implementation of kicking desired for the rotatibeabsystem.

Final Platform Mounting

The entire platform is located on a specialized 28" piece of plywood. In order to
mount the plywood there will need to be very strbnackets holding the system up like a
shelf. Figure 4.4.1.2 depicts the mounting of tbenplete subsystem to the side of the
foosball table.

Figure 4.4.1.2- Side view of mounting. Notice the& bracket for mounting to the
foosball table.

Note that if the weight of the subsystem is too mfgr simple brackets then legs may be
attached at the extreme points of the plywood fdraesupport. If this auxiliary plan is
taken then all 4 kicking subsystems would be cadatdd into a single full length piece
of plywood instead of 4 individual pieces.

Camera Cage Mounting

The final design decision involves the cage thastrbe constructed to hold the camera for
ball tracking. The camera selected for use is addmft Kinect which is a slightly heavier
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camera than some other options. This will requistuadier cage to support the camera
with minimal bouncing that would interfere with thamera tracking.

The decision is to mount the camera using 2"x 4hdard stock wood from a home-
improvement department store. This wood is sturttitall enough to hold up the supports
needed for a camera and the camera itself. Theswiredhe camera would be wound
through these supports back to the CPU on the sideof the foosball table itself.

4.4.2 Block Diagrams

Below, in Figure 4.4.2.1, is the blueprint for tioel actuator subsystem.
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Figure 4.4.2.1: Rod Actuator Subsystem
4.5 Software

4.5.1 Overview

This section will only concern software running thee central processing unit. Software
running on the Rod Control Board will be detailadSection 4.6.3, RCB control loop.
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The software subsystem consists of several comp&nEimst, accepting input from the
Kinect, is the Table State Interpretation (TSI) sygbem. Second, receiving input from
TSI, is the Persistence Filter. Next is the Al sibsm. Each of these subsystems has been
discussed in detail in Section 3.

Each of these algorithms will be programmed ushmg €# programming language on
Microsoft’'s .Net framework version 4.5. This framaw is compatible with many relevant
libraries, which will allow programming of the vatis computer vision algorithms to be
much easier.

Table State Interpretation

The algorithm chosen for the TSI subsystem is Bevis, with annotations detailing the
rationale for their use. Note that this algorittsnun per frame, and is intended to operate
at 30 frames per second on the central processiihg u

1. Receive frame of color picture and depth map fromekt sensor.

2. Run Gaussian filter on depth map to smooth edgeésexuce the effect of the
rather low resolution used by the Kinect.

3. Find the foosball table:

a. Run Canny edge detection on the depth map. (Canttneifastest edge
detector available, and is part of common compwitgon libraries)

b. Run a Hough transform on the Canny output to firelddges of the
playing field.

c. Feed the table location information into a persistefilter to prevent
sudden changes.

4. Find the playing field’s depth level. This will biee lowest level within the
bounds of the table (which have just been found).

5. Find the puppets. This will be done by locating liighest level within the
bounds of the table.

6. Determine, using the difference between the pupeigtt and the playing field
height, the range in which the ball most probabigts.

7. Use this information to color the depth map. Themél be colored such that
the closer something is to the ball's height, thghter it is, and vice versa.

8. Run a Hough transform for circles bounded by tlusaof the ball, in parallel
with blob detection (using the color picture). Taéso pieces of information can
be combined to find objects which are both circallad blobs, which will at least
be a candidate for the ball. Also at this stagedmiate objects existing in parallel
with other candidate objects are most likely pupsince puppets must rotate
together, and there are no rods with only one pi)ppkis allows for the
elimination of some false positives.
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9.

The information discovered in the previous stefnésset of candidates for the
ball, and is output to the Persistence Filter.

Persistence Filter

The persistence filter picks up where the previalgerithm left off, and is intended to
reduce the impact of noise by discarding illogzahdidate balls.

1.
2.

6.

Accept input from TSI subsystem.

Run the RANSAC algorithm on the last 30 frames @ree second) of TSI output.
This should reject most candidates not fitting ithvpast data.

Pass the one most likely candidate to the Kalnigar fi

The Kalman filter forms a mathematical model todicethe future position of
the ball and eliminate erroneous conclusions.

From the Kalman filter is output one single balsion for each time step,
regardless of whether the ball was occluded forcthreent frame.

Output conclusion to the Al subsystem.

Artificial Intelligence

The Al subsystem accepts input from the persistéiliee, and generates and outputs an
appropriate response to the RCB. In its preliminacarnation, the Al subsystem is a
simple, greedy algorithm without much sophisticatio

1.
2.

3.

4.

Accept ball's current position from the PersisteRrdter.

Using current knowledge of puppet positions, locegarest puppet on nearest rod
to ball.

Issue command to appropriate RCB to move puppttetdall’s location and

block or kick.

Also, based on ball’'s position and heading, rars®lawer puppets so as to allow
the ball to pass freely to the opponent’s goal,deublocked from entering robotic
player’'s goal.

4.5.2 Block Diagrams
Below, in Figure 4.5.2.1, is the class diagramtlier FOOSE project software system.
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<<Interface>>

MovementRequest
double x,y;

double dx,dy; int rodID;
TimeSpan dTime;

|
=
BallPath

Paosition[] sam pl('
int[] Ster

void IssueMove()

<<Interface>> LinearMove

i RotationalMove
Position GetMostRecent()

BallState

Position pos

double position;

'.__________________

double prob,

|

|

N
Framelnterop

Position|[] possibilities;

doublef] prob;

int timeStep;

BallState GetMostProbable()
void Sort()

StateRequest

enum State {blocking = 0, up = 1}

Figure 4.5.2.1: Software Class Diagram
4.6 Rod Control Board

4.6.1 Overview

Each rod has an array of sensors and motors toatatst motion. To integrate all of this

it was decided that a rod control board or RCB wde designed and used for each rod.
This minimized the amount of design work that ha#é¢ done, because 1 board would be
printed 4 times and attached to the sensor for baald. It also minimizes the prototyping
costs because it reduces the chance of an ern@doging the overall complexity of the
board. Using a board for each rod also has theradgea of being more robust, because
only the control of a single rod will be lost ifomard malfunctions. This also simplifies
the software interactions on the board because @mdyset of signals from each of the
sensors must be processed.

Board 1/0

Each rod on the table has 2 motors and 2 sets1\ebse Both linear and radial motion are
treated separately and thus each have their ownrmaad sensor set. The linear motion
has a motor and rotary encoder to sense positibike whe radial motion is controlled by
a motor and 2 tactile sensors that determine whetheot the rod is in the forward or
back position.
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The linear motion of the rod is controlled by athgower electric motor with an external
variable current driver. The decision to use aremwl driver was in response to the
difficulty of handling heat dissipation in high-pewPWM circuits. To sense the linear
motion, a 200 pulses/revolution quad rotary encediibe attached to the motor axle. A
guad encoder was chosen because we need to knaliréb®on of motion, not only the
speed. Quad encoders have 2 or 3 channels; theetewted for use in this project has 3
channels. The first 2 channels are named A anddBaa@ simply offsets of each other,
meaning when A is driven from low to high the direo of motion is the level of B, low
for clockwise, and high for counterclockwise. Thstance traveled is simply the number
of pulses on channel A. The third channel is a @nclel which is driven high every
revolution to mark the starting position of the ether. The position of the rod will be used
as an input to the PID loop controlling the mo®ecause the gearing ratio between the
motor and drive chain is currently unknown, the mmaxn radial speed is estimated at
5000 RPM and thus the rod control board must be tbtount the revolutions at this rate.
With a 200 pulses/revolution rotary encoder witbthannels, the maximum rate of rising
or falling edges is 100,000 edges/sec. This is hikedlyy an overestimation of the actual
speed, but it is a good target for design.

rev

5000 — ulses edges edges
— R, 2007 « 3 channels * 2 9% — 10000022
60 —— rev pulse sec
min

The rod will be able to be held in 2 rotationaltssaand transition between these states
quickly (for a kick) and slowly (for adjustment)h& 2 states will be “up” and “blocking”
(or forward). The “up” state will allow a previousw of puppets to kick through the
friendly row without potentially stopping the bdliwill also serve as the starting position
of a kick. The “blocking” position is the state whehe rod will attempt to stop incoming
kicks from the opponent’s puppets; this state bellend of the kicking motion. The radial
motion of the rod is controlled by an electric nptoecause the decision was made that
full speed control of the kicking motion was najueed; thus the motor will have 5 states.
The 5 states will be: “off”, “full forward” (for &ick), “full reverse” (get ready to kick),
“slow forward” (adjust position to “blocking” stgtand “slow reverse” (adjust position to
“up” state). These 5 states do not require a PWbuiiand can be controlled by a series
of relays. Because of the lesser need for heapdissn, the control of the kicking motor
will be completely handled by the rod control board

Each rod will have 2 tactile sensors to determihgciv of the 2 states (if any) the rod is
in. The tactile sensors are “forward” and “up” whiwill be depressed when the rod is in
the “blocking” or “up” positions, respectively. dine of the buttons is not depressed, or the
wrong button is depressed; the rod control boatbastivate low power mode and drive
the rod to the desired position. The procedureicking a ball will be to drive the motor
full reverse until the “up” tactile sensor is aetigd. The drive will then change to “full
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forward” until the “forward” tactile sensor is agdited, at which time the motor state will
be changed to the "off” state.

Given the above information on sensors and driiles rod control board must
communicate with and control, the 1/0O diagram floe rod control is given in figure
4.6.1.1, below.

Chip Power Control Motor Power
Computer 12 V-DC/5 V-DC
V-D A
9 V-DC 900 m (PC) cA
USB
2-Wire: 9V,Gnd | —3-Wire: 12V,5V,COM

Rod Control

High Power DC Quad Encoder Interface

2-Wire: +,- BO a rd 5-Wire: A,B,Z,Vce,Gnd
Kick Motor Rotary Quad
Encoder
Tactile Sensor Low Power DC
“Up” Filires¥erand B Servo PWM Linear Motor
Tactile Sensor LW PEWRE OE 3-Wire: Vref,PWM,Gnd Driver
“Forward” 2-Wire: Vcc,Gnd

Figure 4.6.1.1Rod control board external inputs and outputs.

4.6.2 Schematics and Layout

The board can be broken down into the design foh @& its subsystems: USB interface,
Quad encoder counter, kick motor control and pcsugply. The design of each of these
systems will be addressed independently and thegrated.

USB Interface
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The rod control board must be able to communicasr &SB to the control computer.
USB was chosen because of the quantity of RCBs)(f&erial is out of the question due
to common computers today having 0, 1 or at moserial ports. A daisy chain serial
connection was possible, but dismissed becaudeeadi@sire to have independent RCBs
for robustness. This project attempts to minimiast@nd to that effect a microcontroller
with integrated USB would reduce cost. The PIC1&®4&vas the only readily available
microcontroller with an integrated USB controll&at was also available in a DIP pin
format. The choice was made to have many compomeétitgins in DIP format to allow
for easier soldering. This particular microchip dasnrun up to 48 MHz, meaning there
will be plenty of clock cycles left over for otheomputations, however CPU interrupts to
handle USB 1/O will mean these operations couldiélayed. Because of the nature of a
PID loop, an endless loop that may only providé@sand updates a second, the extra
clock cycles on the PIC can be used for the PIp.Idte PID loop for this project will be
further discussed in Section 4.6.3, RCB Control .odhis also removed the delay of
having to relay the rotary encoder informationtte tomputer and wait for a response to
adjust the motor speed. The PIC also has 24 I/€sJimore than enough for our needs.
The PIC also has 2 PWM modules, so it will be usedrive the linear motor controller.
A 10 MQ resistor was connected from the PWM line to grotandrain static during board
power down and prevent inadvertent driving of ihedr motor.

AAAN
VYWV

L
|_<
TR RIRTRTET

[usB|

N |7 T L

Figure 4.6.2.1Basic hookup of PIC18F4550 and the beginning olRB# schematic.

The PIC needs I/O pins exposed for re-programmiesgt switch, external clock input,
USB, power and connection to the RCB’s other mmoatrollers. Using the datasheet
provided by Microchip® on this microcontroller, tf@lowing schematic was produced,
shown in figure 4.6.2.1, above. A program header d8B connector was chosen from
Sparkfun to connect to the PIC.
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Quad Encoder Counter

The quad encoder leads must land in a microchifat@ the low-high edges counted, as
discussed earlier in this section a max rate ofd@Pedges/sec was chosen as the design
goal. Because of the expected interrupts to had&B 1/O on the PIC controller; it was
decided to have a dedicated microchip for countimg quad encoder pulses. The
ATTiny84 was chosen to fit this role because ofcligap cost, high available clock rate
and appropriate number of I/O pins. It is also k¢ in a DIP 14 package, making
soldering easier. The ATTiny84 has an internal kcltat can drive the processor at 1
MHz; however because of the potentially high rdtéenterrupts from the quad encoder,
the decision was made to drive the processor MI29, so it would have plenty of extra
clock cycles for interrupts.

The 1/0 method chosen for the ATTiny84 is SPI, hegvéhe SP1 modules on the PIC and
ATTiny84 only allows for transmission of 1 byte atime, so a more complex protocol
over SPI is needed. The PIC will be the masterwitidequest data from the slave (the
ATTiny84). The PIC will not need to send any datdhe ATTiny84 and thus the MOSI
line does not need to be connected. A 24-bit integiebe needed to represent the position
of the encoder, this will be divided into 4 6-bécsions. To each of these a 2-bit header
will be added to represent which of the 4 sectitesbyte contains, this forms a “packet”.
This encoding format is show in figure 4.6.2.2 dvel

M5B LSB

Count x| |x|
Bit 23 ... .0
Packet 010 |x | x]x|x|x]x Packet O 71 |x[x|x]x|x]x
Bit 23 ... .18 Bit 17 ... w12
Packet | 1[0 x| x| x| x|x|x Packet [ 11 [x |x|x| x| x]|x
Bit 11 ... .6 Bit 5.. .0

Figure 4.6.2.2: Interface format for dividing 24tleount into bytes.

The encoder ticks will be handled by integratecedl interrupt lines on the ATTiny84.
After the handling of the interrupt 3 bytes in themory of the ATTiny84 will represent
the current encoder count. A second 3 bytes imtb@ory of the ATTiny84 will represent
the value of the encoder known to the PIC. The looghe primary code on the encoder
counter will compare these 2 different values aiuk phe most significant 6 bits that
differ. To those 6-bits, the correct 2-bit headdf be added and then if the SlaveSelect
(pin 10) is low the packet will be placed in theC#Pregister, waiting for the PIC to
request it. It is necessary to check the SlaveSbrause the value of SPDR must not be
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edited while being transmitted to the PIC. An indet will be wired for SlaveSelect, and
on the falling edge the 3 bytes representing ti&Eown count will be updated to reflect
the successful transmission of the 6 data biteerSPDR.

Using a previous design for basic AVR hookup, tbkotving schematic was made to
connect the ATTiny84. The encoder chosen has iakguil-downs; however if a change
is made to the choice of rotary quad encoder;cstatay build up on the A, B and Z
channels and would render countingpossible. To account for this possibility, a 1QM
resistor is wired to each channel and connectegtdand to drain static. The RCB also
needs to include connection points for the rotargoeler. Screw terminals were chosen to
allow quick change of an RCB or encoder. Thesenstegeminals are also reflected in the
design. The final schematic for the encoder coustehown below in figure 4.6.2.3.

= Il \T
J_ 1] J,
| * “ Data Out
SPl Clock In
Slave Select
AN
ANN—F
= AWAN—

|
B |

=

Figure 4.6.2.3: Encoder counter schematic, inclgdimmogrammer and reset button.
Kick Motor Control

The kick motor, or radial rod control motor, iskie controlled on-board. To handle the
high current, relays were chosen. The JQX-15F \masen because of its 20 amp rating,
and low driving voltage of 5V, compatible with tbe-board power source.

However one problem with controlling the motorshwihe RCB is that the radial motors
will be prone to stalling when the ball gets caugidler the puppet trying to kick it. Some
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early research showed the stall current on eleotaotors being chosen for radial motion
to be in excess of 100 amps. Because electric sia@tie inductors, this current is not
instantaneous but is instead developed over a demoso, giving time to correct the stall
if detected. To detect stalls, a current sensdhemotor drive line can be used. When the
current goes over a threshold for normal operatiermotor can be driven in reverse to let
the ball roll away. The relays chosen for use ias Hoard are rated for 20 amps; meaning
we have until this threshold to detect an overcurr@nd disconnect the relay. The
ACS712-30A Hall-effect sensor was chosen to hetpalehis current. The ACS712-30A
is rated for up to 50 amps and can measure cuugetd 30 amps. The data sheet for the
sensor suggested a 1nF filtering capacitor be glaeéween the +FILT pin and ground;
this capacitor was incorporated into the design.

The driving current for the relays is 200 mA at 9. supply this current level at 5V, 30
Q resistors were placed between Vcc and the re@@m2 is far too great a current for a
microcontroller to drive so the current from a mwontroller had to be stepped up. The
path was sent through a 2N3904 transistor, a cofynawailable, bi-junctive transistor.
Bi-junctive transistors were chosen to allow forrenor less driving current in a relay if
necessary by simply changing the resistor betwaemitcrocontroller and transistor. The
gain value of this transistor is 300, meaning ideorto achieve a current of 200 mA, an
input current of around .7 mA was necessary. Taeaehthis current across a potential of
4.3V, a resistor of 5K was chosen which will yieldurrent of .86 mA, more than enough
current to drive the relays. The relay networkhwéurrent sensor is shown in figure
4.6.2.4, below.

To sense the position of the rods, 2 tactile sensare used. When using “dumb”
components, one must be careful about attemptiisgnse an off state because static can
build up on the sensor line and prevent a cleadingaTo combat this, a 10 Mresistor
was attached to the sensor line and driven to gidéardrain any excess static. The lines
were connected to the microcontroller via a & Kesistor to prevent damage to the
microcontroller.
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Figure 4.6.2.4: Depiction of relay network to swiitcetween kick motor driving 5-states,
also show is integration of a Hall-effect sensodé&tect over current before damage
occurs.

Again, when analyzing the requirements for the ldggksystem, the decision was made to
have an independent microcontroller. Again, an Aily84 was chosen to fit the role. This
ATTiny84 is responsible for the switching of thdase network and detecting the rod
rotational state, as well as cutting off the curiéit rises past a given threshold. To allow
for faster current checking, this ATTiny84 will al®e driven at 20 MHz by an external
crystal. The wiring of the ATTiny84 is very simileo the ATTiny84 encoder counter. The
final wiring is shown in figure 4.6.2.6, below.

Power System

The power provided by USB is more than adequap@teer the microcontrollers and their
sensors. However, the 4 relays required to switetkick motor drive the required current
beyond 800 mA. This is almost double what stand#®® is able to provide. Enter an
external power supply to make up the differencesténdard TI pA7805CKC voltage
regulator was used to supplement the power suppliest USB. Again a standard
reference circuit was used for power regulationthwine change: the large capacitor
before and after the voltage regulator was inciédisen 10 uF to 100 uF to allow for
more robust operation. The large capacitor was dderacessary because of the very high
but short demand of current from the 3 microcorgrslduring each of their clock cycles.
If these cycles were to align, it might cause adsemddrop in voltage resetting the circuit.
The disadvantage of this design is a longer powetiroe, but there is no requirement on
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power-up time for this board. To indicate powestandard 5mm red LED was added in
series with a 5 R resistor to limit current to under 1 mA. The fimwer system design
for this circuit is shown in figure 4.6.2.5, beloWhe external supply used is a regulated
AC to DC wall adapter providing 900 mA at 9 V-D®@ifin Sparkfun.

i o o
e | e oo | T Jonr*

Figure 4.6.2.5Power regulation system for relay control board
Integration

To integrate all the subsystems described abos@memon ground and a common voltage
supply of 5 V was used. A supply voltage of gredien 4.0 V was required for each
microcontroller because of the fast clock speedifipd in the RCB design, thus 5 V was
chosen as a common supply. Each of the 4 leads tihenkick control subsystem was

wired to an appropriate input pin on the kick cohtmicrocontroller. Two leads were

wired between the kick control microcontroller ahd PIC interface chip, one for telling

the board to perform a kick and the other to spetié desired resting position: “up” or

“blocking”. A common reset line was connect to alleeset of all microcontrollers via a

single reset button. The VUSB line was tied to Wrallow the system to be powered off
USB only for testing, when the relays weren’'t neegg. This also allows the capacitors
on the voltage regulator to do double duty as aleggr for a USB based power supply.
The final integrated circuit is shown in figure 2& below.

Layout

The decision was made early on to use DIP compenehénever possible to allow for
easy soldering, however SMD resistors and capacitan be easily soldered with an iron
and flux. So SMD resistors and capacitors were tggeduce PCB size. The relays fit
quite nicely in a tessellated fashion and allowadtlie current-limiting resistors for each
relay to be placed in a small gap between the sel@lye screw terminals were all put on
one side to allow ease of wiring, the Hall-effeensor was placed near the relays to
prevent the need for large traces to go long disteinStandard interconnect size of 10 mil
worked to connect most components however the retwork was interconnected with
100 mil traces to allow up to 3 amp continuousenir{these paths will not need to say on
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for more than a fraction of a second, and thushaardle higher, short duration current).
The traces supplying power to the transistors ticcbvihe relays were increased to 20 mil
along with most of the power subsystem. The fimaleshsions of the PCB are 4.00x3.15in,
compact enough to be placed wherever it is requoee placed. The draft layout is shown
in figure 4.6.2.7 below.

Revisions to this board layout are likely. The lalymay be revised to utilize space under
the voltage regulator, which can currently be bdmwn to reduce its high profile. The
utilization of this space would allow for easieisasbly because the ATTiny84 chips
could be spaced out more. Due to space considesatnini AVR programming headers
will need to be used, possible improvements woeldaballow a single header to be used
to re-program all 3 microcontrollers, this howevernot well documented and would
require testing to validate the design. A soft gegiequirement that was not met is the
need for mounting screw holes on the corners obtied, the compactness of the design
will make it difficult to find space for such holeBhe existing crystals on the board may
be replaced by SMD crystals to reduce the requspte, however this would utilize
previously acquired 20 Mhz crystals.
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Figure 4.6.2.6: RCB Layout
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4.6.3 RCB Control Loop
Control Design Method

Upon researching many different methods to desigondrol system for the actuators the

PID method was selected as the best option. Tis®mnefar this is because it is so general
it can be used for nearly any system with easen,Alecause they are so commonly used
in the industrial environment, additional reseaanl assistance is readily available in case
any problems are found during the implementatiatess. Furthermore, PID controls are

extremely effective in getting the desired respars®can be tuned using well-known and

effective methods.

Method for Tuning the PID

For tuning the PID compensator two methods willbed. One for coarse tuning and then
another for fine. The Ziegler-Nichols rules for i cannot be applied to this control
problem. Unfortunately, this system does not fibithe standard responses used for the
Ziegler-Nichols method. It is not possible to ohtain S-shaped curve or a sustained
oscillation just with proportional control becausere is no damping in the system
(friction is ignored in the model). Thus, the manuaing method will be used for coarse
tuning. This will give a good starting point forrpaneter values. After coarse tuning, the
loop will be implemented. If the desired resulte aot achieved, the computational
optimization approach will be used for fine tunihg system. These results will be found
through mathematical modeling and simulation in MAB.

Mathematical Model of the System

Beginning with assumptions, this mathematical mogidll assume frictionless sliding.
This is justified because the rods are well ludadaand any additional friction will be
accounted for in post implementation tuning. Fumtiare, friction is a nonlinear
phenomenon which cannot be easily modeled usingtéeiously discussed methods,
which only apply to linear systems. Thus, frictiomill be accounted for after
implementation. Also while modeling, zero init@nditions will be assumed. It will be
assumed that the rod is stationary before any abattion is implemented. In the real
world, the rod will most likely be in constant maowent, however the initial conditions
cannot be predetermined so they will be assumébd tero and will be accounted for after

implementation.
a

D —

I —
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F(s)

The model can be modeled by a simple kinetics prolbf a rod accelerated by a single
force, F.

Using kinetics to model the movement of the rod:
F = Ma

Where ‘F’ is the force acting on the rod, ‘M’ isethmass of the rod, and ‘a’ is the
acceleration of the rod.

Now finding the open-loop transfer function of thecompensated system:
F =Ma
F = Mx
Taking the Laplace transform and assuming zer@irmbnditions:
F(s) = Ms?X(s)

X(s)_ 1
F(s)  Ms?

A PID compensator is then added to the system whidlhyield the following block
diagram:

Z(s)

Now finding the closed-loop transfer function oé thystem with unity feedback:

Open Loop

Closed loop = 1+ Open Loop
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Ky (14 < + Tas)

TiS
X(S)_ Ms2
F(s) Ky (1+ s + Tas)
14~ TS
Ms?
K, (1 P )
X(s) p Ts '+ 1d5
F(S)_ 2 i
Ms? + Ky (14 75+ Tas)
K,T;s* + K +ﬁ
X(s) plas” T fpST T
F(s)

K,
Ms3 + KpTys? + Kps + Ti’

Now we let KpTd = Kd and Kp/Ti = Ki so the equatibacomes:

X(s)  Kgs*+Kps+K
F(s) Ms3+Kys2+Kys +K;

Now the equation matches the form used in the mldnneng method, so we can use the
Table 3.2.4.3.3 to assist in the manual tuning gssc

Calculation of Mass of the Rod

The mass of the rod is an important componentirttodel. It is the primary constant
that comes into effect during the control. The massvever, is not widely distributed by
the manufacturers so it must be calculated fromditeensions and material. The
dimensions are as follows:

* 41%Y%" Long
« 1/8" Thick Steel
 5/8"Wide Rod

A picture is given for clarity, Figure 4.6.3.1

The mass of the rod can be accurately measuredsbyifiding the volume of the rod and
then using the density of steel to find the mass.
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Figure courtesy XtremeGameRoom.com

5/8" Wide

Figure 4.6.3.1: Control Rod End
The volume of the rod consists of a hollow cylinttimd with the following equation:
V=Ln(2-1f)

Where ‘L’ is the length of the rod,o'ris the radius of the outer cylinder (total radiusnd
‘ri’ is the radius of the hollow cylinder (inner radju

Substituting the values from the dimensions indhuation yields:

2

V = (415 > )2 ( 3 )
V =8.14851 in3
The density of steel is typically around 7.859 g¥8rh

Converting to metric units and multiplying dendity volume yields the mass of:

g

* 133.53 cm?
cm3

M = 7.859

M = 1049.4 grams

113



Tuning the PID Loop

Using MATLAB to simulate step responses, the matwaing rules are applied to find a
good starting point for PID parameters.

Starting with the open loop response of the uncorsgted system:

Step Response
I

2 I I

Amplitude

08+

061

04+

0.2

Time (sec)

Figure 4.6.3.1: Open loop response of uncompensatstm.

From Figure 4.6.3.1, we can see that the systeimherently unstable. This is because
friction is ignored and a constant force is beipgleed to an object moving in free space,
which will lead to a constant acceleration. ThuesPHD loop will require derivative control
to compensate for this.

After plotting the uncompensated system, the PlDmensator is added to the system and
the closed loop step response is found. Startitig uvity parameters yields:
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Step Response
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Figure 4.6.3.2: Step response of closed loop systgimunity PID parameters

From Figure 4.6.3.2 we can see that the contrfarirom ideal. Thus the manual tuning
method is applied to find appropriate PID paransgterich yields the following step
response:

Step Response
14 T \ T

1.2 —

0.8 -

Amplitude

0 | | | | | | | | |
0 0.2 04 06 08 1 1.2 14 16 1.8 2

Time (sec)

Figure 4.6.3.3: step response of close loop systgmtuned PID parameters
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From this figure we can see that good startingesliave been met. There is good rise
time to get the players in the correct positiort fasough, virtually no overshoot so the

players won't pass too far past their desired iocatand very little steady-state error so

the automated player will be able to block the balfisistently.

The selected PID parameters were:

K, =
K, =30
Ki=3
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5.0 DESIGN SUMMARY OF HARDWARE AND
SOFTWARE

5.1 Hardware Summary
The summary of hardware includes the following gedopics:

e Sensors

» System Architecture
e Actuators

* Rod Control Board

Sensors

This project consists of two main components thastnbe known in order to operate: the
location of the ball and the position of the auttedaopponent’s rods in both the linear
and rotational dimensions. For detecting the tiadl,camera will be the Microsoft Kinect.

For the linear position of the automated opponeats a quadrature encoder will be used
(Sparkfun COM-10790). For the rotational positidritee automated opponent’s rod, two
simple tactile sensors will be used to determinthé puppet is up or down (Skycraft
Button SK4843).

System Architecture

The system architecture consists of main procesasiiigthe motor controller, and the data
transportation methods. The main processing unit vé the small-form-factor IBM
Thinkcentre, an off the shelf CPU. The motor coligravill be the Talon speed controller.
The data transportation methods will be PWM for ommicating with motors and USB
to communicate to peripheral devices with the CPU.

Actuators

The actuators consist of a motor for rotation (kigk and a motor to drive the linear
motion of the rod via a rack and pinion. The mdtorrotation will be the FIRST CIM
motor (am-0255). The motor for the linear motiorl Wwe a general off the shelf motor
from local hobby shop Skycratft.

Rod Control Board

The rod control board will be custom-designed tst lfie the project’s needs. It will act as
an interface between the CPU and peripheral devitesh as sensors, motor controllers,
and external relays. The schematic of the rod ocbbtyard is as follows:
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118



AVR_NINI_PROGSMD o
o
vee SA
(3ND|
RST
. MOS|
—Kickl.ine 5CK
Upline bl
" u$2
_Resetline w 'y
IC28 n WIW__.WI..,I KickTact_1-Vce,2-IsBck
- uz R2E -
~ B Q s w &% AMAA 2
(PCINT - FlBE x5 o AWA—
(PCINTAXTA - = QN 5K
(PCINTEXTAL 2 |_ __ JP2C
Q ) v 4
oA (PCINTI/ICPIOCOB/ADCT)PAT KickTact_2 <on,m e
V\~ . (PGINTE/OCH AVSDAMOSI/ADCE)IPAB R2F >
—L1 VCC  (PCINTS/OCIBMISCYDO/ADCS)PAS A
(PCINT4T 1/SCLAJSCR/ADCA)PA4 5K
(PCINT3TO/ADCH)PAS JP2D
(PGINT Z/AIN' /ADC2)PA2 D.m =
P (T /AINO/ADC YPAT (&) o) w=
—14_1 GND (PCINTCAREF/ADCONPAD Q mu-m m“-.w.
. TINY24/44/84-F1) T1A
GND 2N3904 853
L o
GND
1C4A
1 0] <
vee T 2
T £ 200J |5
i IF- FILT M —
IF-  GND 3
> w
S ACS712 @
e
Rg o~
TIC
2N3904 T8
2N3904 . %
|_\ . _ KickSupply_1-Low,2-Com,3-High
||||| & b 4 © . | 1
b z laeo) B S g :
=1 [ C u
A 1 I
| JP1A
x RELAYPTH3
KickMotor_1-Pos,2-N
1
2

JP2A

RCB Schematic Page Two

Figure 5.1.1b

119



5.2 Software Summary
The software is divided into the following sections

* Microcontroller code (RCB)
o Encoder counter
0 Interface controller
o Kick controller

* Main processing
o0 Table state interpreter
o Persistence filter
o Al

Microcontroller Code

The microcontroller code will be entirely run oretRCB. The code will be divided into 3
different sections, corresponding to each micracdietr on the RCB.

Quad Encoder Counter

The encoder counter will only be responsible farmtng the pulses from the quad radial
encoder and then relaying this information via aiag SPI to the interface controller. The
pulses will be counted by interrupts on each chawidben an interrupt fires, the function
will update the position value to reflect the changhe position of the encoder will be a
24-bit integer that will start a2to allow for motion in either direction.

The interface format will be 1 way SPI to the iféee circuit. This controller will be the
slave and will allow the interface circuit to reguenformation whenever it needs it.
Because of the limited transmission register siZ&lmts; the 24-bit count value will need
to be divided. The count will be divided into 4 #-bections and have a 2-bit header
attached to each, forming a transmission packed.rmibst significant changed packet will
be on the transmission register at all times. Whildbe controlled by a while loop running
whenever an interrupt is not being processed.

Interface controller

The interface controller will be responsible forigklO via USB to the maicomputer as
well as 10 with the other microcontrollers on th€Rand with direct PWM control of the
linear motors. The PID loop will run on this prosesas in infinite loop. At the start of
each loop it will retrieve an update via SPI frome tguad encoder counter. It will then
process the PID loop and update the PWM value. U8eB IO will be handled via
interrupts and rotational commands will be signatethe kick controller in the interrupt
function.
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The PID loop running on the interface controlles baen tuned and the initial values that
will be used are P = 3, | = 3, D = 30; these offgyood starting point for the software.

Kick controller

The kick controller will check the 2 lines connette the interface controller. The primary

loop will control state and use low power forwardlaeverse mode to keep the rod in the
“up” or “blocking” state. The command to kick witle handled by interrupts and the

interrupts function will take control until the kitvas been completed.

Main Processing

The majority of the processing for this projectlwake place on a general purpose PC, all
of this code will be written in the .NET 4.5 framefk. The code will be divided into three
main modules, table state interpreter, persistélieeand Al.

Table State Interpreter

The TSI or table state interpreter will have sel&sks that must be completed to have
normalized ball position values.

The first stage will be to run a Gaussian blur ¢coaint for the Kinect's randomized
sampling pattern. Then Canny will be run to idgntfdges in the images. A Hough
transform for lines will be run to identify the ptisn of the table and locations of the rods.
This will be used in a later stage to normalizelib® position values.

The second stage will use depth to eliminate anppdivhere the ball cannot be; making
the assumption that the ball will be touching thdeace of the table.

The next stage will be blob identification via accilar Hough transform or a secondary
Gaussian blur. From these blobs, the regular sgeaamal vertical orientation of the rods
will be used to eliminate the false hits causedheypuppet’s feet. The remaining blob(s)
will be the ball; any blobs here will be reportedhe next phase.

The next phase uses the orientation of the tabfetmalize the position of the detected
balls. The class used to pass this information bella Framelnterop, depicted in figure
5.2.1.

Persistence Filter

This filter is divided into 2 algorithms, RANSAC &iminate false positives and a Kalman
filter to add persistence and utilize the physicaltion of the ball to limit its possible
location. The RANSAC filter will store an array 8@allPath, depicted in figure 5.2.1,
representing a frame buffer worth of samples. Timetion of RANSAC is to decide which
of the positions from the Framelnterop. RANSAC wlilén pass a single BallPath to the
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Kalman filter which will update its record and makeprediction about position and
velocity at this time step. The output from thespgence filter will be a single BallState.

Al

The Al will attempt to make appropriate actionseagivthe BallState input. At first a basic
greedy algorithm will be used to block and shoet liall in the forward direction. This
will then evolve into a more complex algorithm asd allows. The output from the Al
will be several MovementRequest classes, depiatéigure 5.2.1. The MovementRequest
has functions that allow execution of the requesi¢h will push the request off to another
thread and send the command at the appropriate (8pexified by dTime). The serial
communication modules will be contained within MmentRequest and offer a
transparent means to issue commands to the RCBs.

MovementRequest
double x,y;

double dx,dy;

int rodID;
TimeSpan dTime;

|
L=
|
BallPath

Position(] samples;

int[] timeSteps;

double[] prab;

Position GetMostRecent()

void IssueMove()

<<Interface>> LinearMove

RotationalMove
double position;

BallState

Position pos;

double prob;
ouble prob; : StateRequest

\
|
Framelnterop

Pasition[] possibilities;

double[] prob;

int timeStep;

BallState GetMostProbable()
void Sort()

enum State {blocking =0, up = 1}

Figure5.2.1: Class Diagram
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6.0 PROJECT PROTOTYPE CONSTRUCTION AND
CODING

6.1 Parts Acquisition
6.1.1 Foosball Table

The foosball table itself is certainly one of theshimportant physical components of the
project. It is the platform on which everythingeels built. The requirements for the table
have been discussed point-by-point in Section 2T&able, and the research has been
reported in Section 3.2.5.1.

Craigslist was selected as both a market surveytlamceasiest way to find a locally-
obtainable used table. Looking into the used maaketved for, compared to buying a
new table, dramatically lower prices, options fegatiation, and the ability to thoroughly
inspect the table before purchasing it (in contragturchasing from an online retailer).

After shifting focus to the online market, a vengtn quality Tornado-brand table was
located and selected for investigation. Thougkdisinline at $60, the price was negotiated
down to only $40. The downside to this purchasetasthis table had spent a significant
amount of time outside (in a screened-in porcha Ippol, which led to a great deal of rust
forming on the rods. With the thick layers of rusttensive cleaning and lubrication was
required before the table would be suitable for ifiration and use in this project. Overall,
the price goal of $60 was met, while still meetatigof the other table specifications.

The purchased table is a nationally-recognized dawnbrand, and a very well built
tournament-grade model at that. That indicated (@sting confirmed) that the table
would be sturdy and well-built enough to meet thgqrt’'s needs.

The selected table does not use bearings to natigation, but rather has plastic guide
holes for the rods to slide through. This provedb#o sufficient for this project. On
purchase, there was significant rust on the talslds from having been left exposed to
the elements. However, after a thorough cleanirggss which included removing the
rust from the rods and applying a silicone lubricéime rods proved to meet the necessary
specifications of low rotational and longitudinaid.

The selected table is light enough to carry upghfflof stairs, but heavy enough to provide
a steady playing field to an energetic game oftfatisit is important that the table remain
relatively steady under normal operation, as shgatiauld result in the ball rolling faster
or slower than expected and thus making the kinemalgorithms less accurate.

The purchased table has easily removable legs whlidmatically improve its
transportability.
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Upon purchasing the table it was examined and @éagtl for inconsistencies to ensure
that it was suitable for normal use. Being a tonreat quality table, it easily met all of the
project’s playing field needs.

The selected table has flat corners, which enathlesconsideration of alternate ball
tracking mechanisms, such as LED grids or lasekénas.

The purchased table has a field easily accesgite both sides, which will greatly aid
modification, regardless of the final design.

6.1.2 Other Parts

Starting in the spring 2013 semester the seniagdegoup will begin acquisition of the
parts needed for assembly of the project. Thisi@ealiscusses the current plan for
obtaining these parts, organized at a subsystegh lev

Each subsection will discuss the parts specifietheBill of Materials and discuss the
timetable of when this part will be needed by.

Mechanical System Parts Acquisition

The mechanical system is made up of both the el@cthardware that will physically
move the control rods and the mounting hardwarechviill hold everything together.
The mounting hardware is entirely made up of thithgd can be purchased off-the-shelf
from a local hardware store. The plan will be toghase these from a local hardware
distributor as the need for prototyping with themnses.

The electronics are more difficult and will likelgquire specialized ordering. While local
distributors like Skycraft will be great for proyping and finding good deals, it will be
hard to depend on them for any specific parts. Adtere of a surplus store will make it
possible that they will not always have what wedhi@estock. Online distributors to check
for deals include Amazon and Ebay which both haseekent deals on high-quality used
linear actuators and servos. However, these sohiamesthe same problem as going to a
surplus store: there is a real possibility thatstee will not have the desired product in
stock. The final fall back would be to get the prodnew from the original distributor.
These sources are either AndyMark for the CIM n®torSparkfun for the servos. A list
of the parts and sources is below in Table 6.1.1.
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Summary

Part Source for Part Approximat
(bold shows  guaranteed e Date
source)

Plywood Hardware Store 1/7/13-

1/14/13

Linear Motion Slide Hardware Store or Skycraft 1/7/13-

1/14/13

Misc. Mounting Brackets | Hardware Store andSkycraft | 1/7/13-

Misc. Screws 1/14/13

Linear Motion Motor Skycraft or Ebay oBparkfun 1/14/13-

1/21/13

Rotational Motion Motor | Skycraft orEbay orAndyMark | 1/14/13-

1/21/13

Table 6.1.1: Necessary hardware components anddbeces to acquire them from. An
approximate date of acquisition is given basednendurrent Milestone timeline.

Electronics System Parts Acquisition

The electronics system is made up of the processuiswiring that goes between the
RCB, camera and central processor. Also includetigsection are the sensors that will
be needed to create the table state estimationcdimenon distributors for this area that
the research group has looked into includes Sparkfactronics, ServoCity, McMaster,

AndyMark, US Digital and some local distributor&di Skycraft and used parts from
Amazon or Ebay. The primary deciding factor inaéleguisition decision is the price, since
it has been decided that used parts will be acbkptar this prototype setup.

Part Source for Part Approximate Date
(bold shows guaranteed source)

Encoder for Linear Sparkfun 1/28/13-2/4/13

Motion

Tactile  Sensor  for Sparkfun or Skycraft 1/28/12-

Rotational Motion 2/4/13

TALON Motor | AndyMark  or Sparkfun or| 1/14/13-

Controller Skycraft 1/21/13

SPIKE Relay AndyMark or Skycraft 1/14/13- 1/21/13

PWM Wire Skycraft 1/13/13- 1/21/13

USB Cable Sparkfun 1/13/13- 1/21/13

18 Gauge Wire Skycraft 1/13/13- 1/21/13

Table 6.2.2: Necessary electronic components am@dirces to acquire them from.
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Luckily a number of the electronic parts have bdenated or are already owned by the
group. These electronics will not be included ie #tquisition plan. A summary is in
Table 6.2.2.

RCB Parts Acquisition

The custom made PCB for this project, called thd Rontrol Board (RCB), will require
a number of subcomponents that will be soldered pointed silicon board that will be
ordered from 4PCB with a student discount to makeithin the budget of the project.
The board will be designed using the Eagle softviimfere sent to 4PCB. The board is
made up of 26 separate types of components whilktlalbe soldered to the board. The
26 parts can be seen in the bill of material adtalibe acquired through Sparkfun during
the first week of the Spring Semester so that lread based prototyping may begin
quickly.

6.2 BOM

Below is the Bill of Materials for the project. Thiest table is the BOM for everything
except the RCB parts, and the table after thatidersonly the RCB.
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Design

Subsystem Decision Cost Quantity Total Cost Acquired Our Cost
Sensor- Microsoft
Camera Kinect $150.00 $150.00 X $S0.00
Sensor-Linear  Sparkfun
Motion COM-10790 $29.95 $119.80 $119.80
Sensor- Skycraft
Rotational Button
Motion SK4843 $2.00 $16.00 $16.00
Architecture- IBM
CPU Thinkcentre $100.00 $100.00 X $0.00
Architecture-
0s Windows XP $0.00 $0.00 X $0.00
Connection- Standard
Kinect to CPU  Cable $0.00 $0.00 X $0.00
Connection-
RCB to CPU USB Cable $3.95 $15.80 $15.80
Rod Control See Design
Board Below $72.53 $354.26 $302.60
Motor
Controller TALON $59.99 $239.96 $239.96
Relay SPIKE Relay $34.95 $139.80 $139.80
Actuator-
Linear General
Motion Motor $12.00 $48.00 $48.00
Actuator-
Rotational CiMm (am-
Motion 0255) $28.00 $112.00 $112.00
Desktop PC
Power Supply  PowerSupply $34.99 $34.99 X $0.00
Construction  Plywood $11.65 $11.65 $11.65
Drawer Slides $12.00 $48.00 $48.00
Belt $15.00 $15.00 $15.00
Misc
Mounting
Brackets $30.00 $30.00 $30.00
Misc Screws
and Glue $10.00 $10.00 X $0.00
TotalPrice: $1,445.26
UnaquiredPrice: $1,098.61
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Rod Control Board Project
Parts Unit Cost Quantity Total Cost Acquired Cost
Fabrication $33.00 4 $132.00 $132.00
AVR-ATTiny84-Dip14 $2.95 8 $23.60 X $0.00
PIC1F4550-Dip40 $11.39 4 $45.56 $45.56
Sparkfun PRT-00139 $1.25 4 $5.00 $5.00
Sparkfun COM-

00107 $1.25 4 $5.00 X $0.00
Sparkfun COM-

00534 $0.95 12 $11.40 X $0.00
Sparkfun PRT-00119 $1.25 4 $5.00 $5.00
Sparkfun COM-

09190 $0.50 4 $2.00 $2.00
Sparkfun COM-

10924 $2.95 16 $47.20 $47.20
Digikey 620-1191-1-

ND $3.72 4 $14.88 $14.88
Cap-0603-22pF $0.01 24 $0.24 X $0.00
Cap-0603-100nF $0.01 8 $0.08 X $0.00
Cap-0603-100uF $0.01 8 $0.08 X $0.00
Cap-0603-1nF $0.01 4 $0.04 X $0.00
Resistor-0603-330

Ohm $0.01 4 $0.04 X $0.00
Resistor-0603-5K

Ohm $0.01 24 $0.24 X $0.00
Resistor-0603-10M

Ohm $0.01 24 $0.24 X $0.00
Resistor-0603-2.5K

Ohm $0.01 4 $0.04 X $0.00
Resistor-0603-30

Ohm $0.01 16 S0.16 X $0.00
Sparkfun PRT-08432 $0.95 4 $3.80 $3.80
Sparkfun PRT-08433 $0.95 4 $3.80 $3.80
Sparkfun PRT-08084 $0.95 4 $3.80 $3.80
Sparkfun PRT-08235 $0.95 8 $7.60 $7.60
Sparkfun COM-

09590 $0.35 4 $1.40 X $0.00
Sparkfun PRT-10112 $0.95 8 $7.60 X $0.00
Sparkfun PRT-00116 $1.50 1 $1.50 $0.00
Sparkfun COM-

00521 S0.68 12 $8.16 $8.16
Sparkfun TOL-00298 $5.95 4 $23.80 $23.80
Total: $72.53 Total: $354.26 Total: $302.60
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6.3 Assembly Plan

Due to the large number of complex subsystems iggloject here will need to be a
logical structure to the final assembly. Smalldossistems will have priority early in the
semester and the construction will slowly buileltaip into the larger final components.

Hardware Prototype Plan

Due to concerns about the challenge of constru¢tiegnechanical structure attached to
the foosball table, one of the first priorities@sconstruct a prototype for the rod control.
First the 25"x8” plywood will be cut to size anddhed against the side of the foosball to
determine the necessary bracketing method. If twoare brackets from Home Depot are
insufficient to hold the plywood up, then additibley supports may be connected at the
ends. On top of the plywood, the linear motionedidvill be attached to test the connection
to the rods and the platform. A small 3"x8” piedeptywood will be mounted to the end
of the linear slide to act as the platform for taeger CIM motor which controls the
rotational subsystem. The CIM motor will be boumavd using a 2.5” diameter U bracket.
Additional attachments may need to be connectdhleftest results indicate the single
bracket is insufficient for this component. In artle connect the drive shaft of the CIM to
the end of the control rod a stabilizing mount arghaft mate for 5/8” for the control rod
to 1/16” to the drive shaft. The final componenttioé prototype will be a belt driven
system to move the platform along the linear slidee belt will be connected to both ends
of the small platform and around two pulleys thaugderneath the plywood. The general
motor connected to the end of one pulley will pdevthe power.

Figure 6.3.1 shows a rendered depiction of thé liasdware test setup.

Figure 6.3.1: A top rendering view of the hardwaretotype plan

Camera Cage Assembly
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The camera must be mounted directly above the #&dbsable in order to have an
appropriate view of the playing field and to sinfplthe conversion from the image
coordinates to real-world coordinates. Prototypagehshown that the camera must be
mounted a minimum of 4 ft. above the field to semmplete view of the playing area.
The camera cage will be constructed to hold theecanm this position. The cage will be
constructed of PVC pipes or 2"x4” planks. Eithertenial will be mounted to the four legs
of the foosball table and have two cross-beamssache top of the table. The camera then
will hang down from this mount. The wires leadirgthe camera will be led down the
side of the cage mount.

RCB Assembly

The PCB for the RCB will be printed using 4PCB'gd&nt printing discounts. The design
includes 26 separate components and 225 indivisolalered additions. The design is
delineated in detail in section 4.6.1.

Electronic Architecture Assembly

The first component, already acquired, for the tebemic system is the small-form-factor

IBM Thinkcentre, which acts as the central proasgainit for the computer-vision ball

detection algorithm and the data acquisition frdra RCB. The Thinkcentre will be

attached to the bottom of the foosball table plgyarea to hide it from view in a

convenient electronics hub. Once the RCBs have lassambled and the mechanical
actuators subsystems have all been constructed hin&centre will be connected to the
RCBs using standard USB connections. The test fptan section 7.2.1 will be used to

ensure proper connection between the RCB’s PICessmr and the CPU. The final
component of the electronics hardware is the Kisaatera which will be mounted to the
structure discussed in the earlier hardware assem$truction. The Kinect will also be

connected to the Thinkcentre via USB cable packag#dthe sensor.

In order to route power to all components the P@eaycsupply will be mounted to the
bottom of the foosball table near the CPU. Comuagnf the power supply will be 12V,
5V and 3.3V leads which will be distributed to thecessary locations. The 12V leads will
power the motor controllers for the linear motiondathe relays connecting to the
Rotational motion. The 5V will lead to the AVR afdC processors as well as some
sensors which will need additional power. The 318%ds will finally supply power to
some of the smaller sensors around the board.

6.4 Final Coding Plan

The modules for this project are divided into 2 enaggomponents, the microcontroller
code and the main computer code. Because of thly déiferent environments required
to program each, they will each be addressed separa
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Microcontroller Code

The microcontroller code for the AVRs will be weitt in Eclipse IDE and then be
compiled with GCC-AVR and burned to the board usamgoff the shelf, previously
acquired AVR programmer. The preferred developropetating system for this is Linux;
however, a desire to keep things consistent wilase a requirement to use Windows to
program the AVR chips.

The microcontroller code for the PIC chips will wetten in MPLAB by Microchip and
burned to the PIC microcontroller. APICSTART Plus Flash” by Microchip® will be
used to burn the PIC controller. The MPLAB IDE i®ss-platform and will run in
Windows®.

The burning process for the microcontroller wilatve attaching programming leads to
each RCB and re-flashing each microcontroller omhedoard. A total of 12
microcontroller will need to be flashed.

General Purpose Computing Code

Microsoft® VisualStudio® 2012 Ultimate will be uséal program the primary computer,
including the table state interpreter and Al altjor. Microsoft® .NET® 4.5 will be used
to take advantage of the latest code optimizateons features in the new SDK for the
Kinect®. Microsoft® .NET® will also simplify the jpcess of serial I/O because prebuilt,
buffered serial I/O classes already exist in .NEB®cause of the inconvenient position
of the computer, being mounted under the tableVibealStudio® remote debugger will
be used. The remote debugger has the ability ttodegmd remotely control and debug
applications running anywhere on a local or renmativork. In order to provide a robust
debugging system to allow improvements to the cderpusion subsystem, a simple web
Ul will likely be developed to allow monitoring dhe images captured by the Kinect®
remotely. This remote Ul will also allow analysibthe results for testing purposes by
marking the determined positions of the ball onithages returned.

To address the requirement of a remote debuggidgantrol infrastructure that will be
carrying high-resolution images very quickly, thequirement of gigabit Ethernet is
imposed on the control computer. The computer seddor use in this project already has
gigabit Ethernet and thus this requirement willyoméed to be considered if replacing the
main computer.
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7.0 PROJECT PROTOTYPE TESTING

7.1 Hardware Testing Environment

In order to conduct the hardware tests, the selgeign team requires a large space with
a number of specialized tools. The foosball tatsielfiis fairly large and must be contained
in a space that can hold it as well as have enoogmm to move around the mechanical
parts and mount them to the table. If needed,ahks tcan be moved to a team member’s
garage for mechanical prototyping; however, thst folan is to construct and assemble
most of the prototypes in a large room in a tearmbe’s apartment.

The tools required for mechanical testing includeuenber of measuring implements for
mechanical spec checking. Multimeters and oscitipses will be on hand during the
mechanical testing to debug electronic bugs. Ineortb conduct the mechanical
component test plan the room must have adequaterpawthe form of power outlets,
within distance of the table to plug the power dy@md all testing equipment or power
tools.

When tests are run on individual mechanical comptntney will be initially attached to
the defender (second from goalie) control rod enftlosball testing for initial testing. This
pole will the first prototype test pole due to avng the greatest stroke length and the
greatest distance between puppets. This will dieefitst tests the benefit of being on the
most challenging rod, so once moved to poles vafis Istroke and higher tolerance for
error, they will still be able to perform at theeded level. Tests will involve small
simulated games to test the functionality and perémce of the mechanical subsystem.
Before the electronic system is fully operatioraugh the tests will likely be run using
mechanical switches directly between a power sugpti/the electronics to simply test the
effect of the power on the system with no control.

The following sections outline specific tests thdt be run during the testing phase:
7.2 Hardware Specific Testing

7.2.1 Electronic Component Test Plan

The only electronic component in this project tvatare designing and therefore must test
is the rod control board, discussed in detail ictiea 4.6. The interaction between our
components and off the shelf components will betekter, once isolated tests on the rod
control board are completed.

The communication of the rod control board is desdjto be one directional and may be

tested as such. The 3 signals that can be sentRL8 are “go to a linear position”, “go
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to a resting radial position” (“up” or “blocking”and “perform kick.” Because of the
modularity of these commands they may be testeasithdlly.

Radial Motion

To test kick control, a series of LEDs can be s@typace of the kick motor control line,
this will be used to avoid potentially breaking quments with malfunctioning software.
Once setup, the commands for “up”, “blocking” amefform kick” can be sent, this will
require human interaction with the tactile sengorgive the microcontroller the correct
time to stop. The following tests must be perforraad passed to consider the rod control
board’s radial motion control complete.

1. Basic stay in “up” mode test
This test will be used to test what will happemyifwvity rotates a rod out of the
“up” position. When this happens, the rod shoutdnreto the “up” position.
a. Starting Setup
i. Tactile “up” sensor depressed
ii. Move to “up” state command sent
b. Actions
i. Tactile “up” sensor released
c. Expected Results
i. Rod should rotate back to the “up” position in slmevement
mode
d. Actions
i. Tactile “up” sensor depressed
e. Expected Results
i. Rod should stop rotating
2. Basic stay in “blocking” mode test
This test will be used to test what will happergifvity or an opponent’s kick
rotates a rod out of the “blocking” position. Whtms happens, the rod should
return to the “blocking” position.
a. Starting Setup
i. Tactile “blocking” sensor depressed
ii. Move to “blocking” state command sent
b. Actions
i. Tactile “blocking” sensor released
c. Expected Results
i. Rod should rotate back to the “blocking” positionsiow
movement mode
d. Actions
i. Tactile “blocking” sensor depressed
e. Expected Results
i. Rod should stop rotating
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3. Move to “up” state from “blocking” state
This test will simulate a need to raise a row ggeets in preparation for a kick by
another rod.
a. Starting Setup
i. Tactile “blocking” sensor depressed
ii. Move to “blocking” state command sent
b. Actions
i. Send “up” command
c. Expected Results
i. Rod should rotate back to the “up” position in slmevement
mode
4. Move to “blocking” state from “up” state
This test will simulate a need to lower a row oppets in preparation for to block
an opponent’s kick.
a. Starting Setup
i. Tactile “up” sensor depressed
ii. Move to “up” state command sent
b. Actions
i. Send “blocking” command
c. Expected Results
i. Rod should rotate back to the “blocking” positiorsiow
movement mode
5. Move to “up” state from null state
This is an important state to make sure the miartvodier will not lose a command
if sent while performing another action. It willstewvhat will happen if a command
to go to “blocking” mode comes in when moving backhe “up” position when
gravity moves the rod out of position.
a. Starting Setup
i. Tactile “up” sensor depressed
ii. Move to “up” state command sent
iii. Tactile “up” sensor released
b. Actions
i. Send “blocking” command (before move to “up” is quate)
c. Expected Results
i. Rod should be rotating to the “up” position
ii. Rod should then begin rotating to the “blockingsgimn in slow
movement mode (before move to “up” position is ctete)
6. Kick from “up” state
Basic test of kicking.
a. Starting Setup
i. Tactile “up” sensor depressed
ii. Move to “up” state command sent
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b. Actions
i. Send “kick” command
c. Expected Results
i. Rod should move forward in high speed mode
d. Actions
i. Depress “blocking” sensor
e. Expected Results
i. Rod should move backwards to the “up” positionlatvsspeed
f. Actions
i. Tactile “up” sensor depressed
g. Expected Results
i. Rod should stop moving
7. Kick from “blocking” state
Basic test of kicking, but now in blocking mode
b. Starting Setup
i. Tactile “blocking” sensor depressed
ii. Move to “blocking” state command sent
b. Actions
i. Send “kick” command
c. Expected Results
i. Rod should move backwards in high speed mode
d. Actions
i. Depress “up” sensor
e. Expected Results
i. Rod should move forward in high speed mode
f. Actions
i. Depress “blocking” sensor
g. Expected Results
i. Rod should stop

Linear motion

The only electronic component in this project tvatare designing and therefore must test
is the rod control board, discussed in detail ictiea 4.6. The interaction between our
components and off the shelf components will betekter, once isolated tests on the rod
control board are completed.

The communication of the rod control board is desdjto be one directional and may be
tested as such. The 3 signals that can be sentRL8 are “go to a linear position”, “go
to a resting radial position” (“up” or “blocking”and “perform kick.” Because of the

modularity of these commands they may be testeasithdlly.
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Radial Motion

To test kick control, a series of LEDs can be s@typace of the kick motor control line,
this will be used to avoid potentially breaking quments with malfunctioning software.
Once setup, the commands for “up”, “blocking” amefform kick” can be sent, this will
require human interaction with the tactile sengorgive the microcontroller the correct
time to stop. The following tests must be perforraad passed to consider the rod control
board’s radial motion control complete.

8. Basic stay in “up” mode test
This test will be used to test what will happemyifwvity rotates a rod out of the
“up” position. When this happens, the rod shoutdnreto the “up” position.
a. Starting Setup
i. Tactile “up” sensor depressed
ii. Move to “up” state command sent
b. Actions
i. Tactile “up” sensor released
c. Expected Results
i. Rod should rotate back to the “up” position in slmevement
mode
d. Actions
i. Tactile “up” sensor depressed
e. Expected Results
i. Rod should stop rotating
9. Basic stay in “blocking” mode test
This test will be used to test what will happergifvity or an opponent’s kick
rotates a rod out of the “blocking” position. Whtms happens, the rod should
return to the “blocking” position.
a. Starting Setup
i. Tactile “blocking” sensor depressed
ii. Move to “blocking” state command sent
b. Actions
i. Tactile “blocking” sensor released
c. Expected Results
i. Rod should rotate back to the “blocking” positionsiow
movement mode
d. Actions
i. Tactile “blocking” sensor depressed
e. Expected Results
i. Rod should stop rotating
10.Move to “up” state from “blocking” state
This test will simulate a need to raise a row ggeets in preparation for a kick by
another rod.
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a. Starting Setup
i. Tactile “blocking” sensor depressed
ii. Move to “blocking” state command sent
b. Actions
i. Send “up” command
c. Expected Results
i. Rod should rotate back to the “up” position in slmevement
mode
11.Move to “blocking” state from “up” state
This test will simulate a need to lower a row oppets in preparation for to block
an opponent’s kick.
a. Starting Setup
i. Tactile “up” sensor depressed
ii. Move to “up” state command sent
b. Actions
i. Send “blocking” command
c. Expected Results
i. Rod should rotate back to the “blocking” positiorsiow
movement mode
12.Move to “up” state from null state
This is an important state to make sure the miartotier will not lose a command
if sent while performing another action. It wilktewvhat will happen if a command
to go to “blocking” mode comes in when moving backhe “up” position when
gravity moves the rod out of position.
a. Starting Setup
i. Tactile “up” sensor depressed
ii. Move to “up” state command sent
lii. Tactile “up” sensor released
b. Actions
i. Send “blocking” command (before move to “up” is quate)
c. Expected Results
i. Rod should be rotating to the “up” position
ii. Rod should then begin rotating to the “blockingsgimn in slow
movement mode (before move to “up” position is ctatg)
13.Kick from “up” state
Basic test of kicking.
c. Starting Setup
I. Tactile “up” sensor depressed
ii. Move to “up” state command sent
b. Actions
i. Send “kick” command
c. Expected Results
i. Rod should move forward in high speed mode
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d. Actions
i. Depress “blocking” sensor
e. Expected Results
i. Rod should move backwards to the “up” positionlavsspeed
f. Actions
i. Tactile “up” sensor depressed
g. Expected Results
i. Rod should stop moving
14.Kick from “blocking” state
Basic test of kicking, but now in blocking mode
d. Starting Setup
i. Tactile “blocking” sensor depressed
ii. Move to “blocking” state command sent
b. Actions
i. Send “kick” command
c. Expected Results
i. Rod should move backwards in high speed mode
d. Actions
i. Depress “up” sensor
e. Expected Results
i. Rod should move forward in high speed mode
f. Actions
i. Depress “blocking” sensor
g. Expected Results
i. Rod should stop

Linear motion

The linear motion must also be tested, howeveruscaost of the control is happening
on external controllers, less testing is needed.t&kting setup will be a voltage probe will
be attached to the PWM output of the rod contr@lrdand ground.

The initial setup action of the board should bsléavly move the rod in one direction until
the rotary movement in the encoder stops, thusheeld rotate the encoder slowly and
stop. There should be a low positive voltage onrélaelout. Then once the rotation on the
encoder stops, the voltage should go to negatitieeimpposite direction. Again, once the
motion stops the voltage should change to zero. SHueience described above will be
sufficient to test initialization sequence of theebr motion actuators. These steps will
also be used to before testing of the motion cantro

To test the motion control algorithms, the initaliion sequence will be done; however
the starting and ending positions on the rotarypdacmust be remembered because these
will serve as the reference points to the controlle
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The first test will be moving to a position that e already at, the rotary encoder should
be set to center position and the command to mowenter should be sent, the voltage
should remain at Ov.

The second test will be basic movement test, tleoder will be set to the rightmost
position and then the command to move to the cevitebe sent. The voltage should rise
until the encoder is approx. half way to the cerémwhich time is should go to negative
and rise to 0 when the target | hit. This test barrepeated with target over shoot and
under shoot.

The third and final test is a drift test, afterwsessful completion of the first test, the
encoder should be rotate to another position th&ag®e should be driven (negative or
positive) until the encoder returns to the propesifoon when it should return to 0.

Trouble shooting

If the microcontrollers are not behaving as expe:ttey will be debugged with a Saleae®
logic8® a high speed, low cost digital oscilloscopkis has the advantage be being able
to read serial debug data off a single pin on @aichocontroller and observing inter chip
communication busses.

Conclusion

Once these tests are completed, the RCBs may heeci®d to their final intended
components and tested again in place.

7.2.2 Mechanical Component Test Plan

The mechanical subsystem is composed of the limedrrotational subsystems that will
both need to be tested independently. This setistsa number of tests that will be run
to verify correct functionality of each subsystem.

Mounting Support

Tested System The mounting of the rod control subsystem to sltke of the foosball
table.

Test Descriptiont Depending on the weight of the control board arators used on the
rod control subsystem the mounting system may ké&éstent amounts of support. It is
possible that the initial setup will be ineffectifa long duration holding of the table. In
order to test this small weights between 5-10 psumidl be added to the very end of the
control board. This test will simulate extra weidtm a person bumping into the system
and all the extra wear and tear from prolonged imang
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Test Actions: If the test fails, then the mounting subsystem mequire additional
supports in the form of support bars from the buottd the table to the end of the platform
or even as far as table legs for the end of thiégpia.

Rotational Motion/Kick Strength

Tested System:The rotational subsystem is comprised of the mattachment to the
platform on the linear slide and the adapter betwtbe 5/8” pole shaft and the smaller
drive shaft on the output of the motor.

Test Description: The primary attribute to be tested is resilience durability, to ensure
that the kicking subsystem will not damage itselfaol during operation. The motor will
be wired to a power supply directly with a singleahanical switch as the control. The
kick will be done full force forward and backwardepeatedly. The subsystem will be
checked for wear or damage. A sub-goal of thewdkbe to investigate the force of the
kick. A ball will be placed in front of the puppand the kick will be recorded on camera.
The velocity of the kick can be measured and coetpdo the requirements of this
document.

Test Actions: If the kick is damaging itself or showing signsweéar the mechanical
subsystem may require better mechanical stopsfotbts from happening. These stops
are discussed in section 4.4.1. If the kick poveetoo low then the motor will be re-
evaluated and possibly geared for greater spegteater torque depending on the need.

Linear Motion/Slide Speed

Tested System:The linear slide comprises the sliding rails theg platform containing
the rotational subsystem rides on. This slide rhasible to move between the full stroke
specified and with great enough speed to play getitive game.

Test Description A mechanical switch will be wired between a powapply and the
motor to test the motion. Full motion strokes wat the physical stops on the end. The
movement will be recorded on a video camera sosgieed of the movement can be
calculated and compared to the requirements laithaection 2.3.3.

Test Actions: If the slide is moving below specification then thwtor used in the
subsystem will be re-evaluated and potentially gedn If the slide motion is not moving
along the entire stroke or the platform is movirithuwnore friction than anticipated either
more lubricant or a change of slide design wilcbasidered.

7.3 Software Testing Environment

There are 2 different kinds of software in thisjpob, the software on the microcontrollers
in the rod control boards and the software runnomgthe PC. The testing of the
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microcontroller software is covered in section X,Zlectronic component testing. The
testing of primary software modules will be addegskere.

Every software module on the computer will be rugnin the .NET framework®, and
thus can all be tested from one environment. BexMisualStudio® is being used for
component coding, its test manager will also belse testing. The unit test manager
provides an easy to code interface that can ballestmponents within a solution or test
individual functions. The added bonus of using & manager is that tests can be run
locally where we are coding the modules and themib®n the remote machine to validate
speed testing.

The software can be divided into 3 modules withaclgO: table state interpreter,
persistence filter (Kalman filter) and the Al. Tkesre the modules that will be unit tested
in addition to any other sub-component that maypasicularly complex or prone to
failure.

Once unit testing of the individual componentsasplete, the functional testing of the
entire project may begin.

7.4 Software Test Plan

The plan is to individually test the table stateteipreter, persistence filter
(RANSAC/Kalman filter) and the Al separately, sirtbey have well defined I/O.

Table State Interpreter

The table state interpreter acquires its input ftbenKinect. In order to modularly test this
module the input must remain constant for the duipbe monitored for correctness. The
video stream from the Kinect can be divided in@nfes, which then can be dumped in
their binary format using a standard .NET serialtrethe hard drive. When it's time to

test the module, these images can be loaded frerhdahd drive and run through as if it
were running live.

This module will output one or more high probalilinatches for the ball, this will
dynamically adapt the threshold for ball detectibrcan be dynamically adapted because
we know there will likely be one ball on the playitield. Because of this dynamic
threshold multiple test images will have to be us&dme images that will need to be
included in the test library are (with respecthe ball) plainly visible, partially visible
(partly occluded by puppet or rod) and completalgladed. A third test image where no
ball is present may be added if desired.

The output of this module will be one of severasgible matches for the ball relative to
the table. In order to normalize the foosball posito the table, the table must first be
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identified. To test these algorithms, images wiibectable is off center and skewed will
also be included in the test library.

Persistence Filter

The output from the table state interpreter willdme or multiple matches to the ball. A
series of these outputs will form an input testecis the persistence filter. To test the
RANSAC part of the algorithm, images where multipkdls register on each frame will

be used. To test the Kalman filter part of the athm data sets with few balls per frame
but where the ball changes path frequently willbed. In addition a test set will need to
include a case where no ball is registered in ef@rnyframes, the output of the Kalman
filter should be able to extrapolate where the isall

The output from the persistence filter will be agde ball position even when the input is
no ball. This ball position will be data feed faetAl.

Al

The Al will need to have many sets of data fromphesistence filter. The output from the
Al will be the desired “moves” of the rotationaldalinear motors. Because the timing and
exact values of position will change as the alpomiimproves, the result of the unit tests
will have to be validated by hand.

Integration Testing

Once all components have been tested individualiytasts that start with video and end

in the output from the Al will be used to test m®mponent communication. Functional

testing with an actual human opponent will be usede the integration tests have been
finished.
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8.0 ADMINISTRATIVE CONTENT

8.1 Milestone Discussion

The following timeline, shown in figure 8.1.1 belptas been laid out in order to reach
our goal of a working table by the end of March 20mh time to complete senior design.

Milestone Date
Setup 1 2012-10-10

Setup 2 2013-01-18

Setup 3 2013-02-01

Setup 4 2013-02-22

Setup 5 2013-03-05

Software 1 2013-03-15

Software 2 2013-03-22

Component
Foosball Table

Visual Tower

Rod Control Board

Radial Actuation

Table State Interpretation

Visual Tower

Rod Control Board

Linear Actuation

Radial Actuation

Table State Interpretation
Persistence Filter

Al Algorithm

Visual Tower

Rod Control Board

Linear Actuation

Radial Actuation

Table State Interpretation

Foosball Table

Rod Control Board

Linear Actuation
Persistence Filter

Al Algorithm

Table State Interpretation

Table State Interpretation
Persistence Filter
Al Algorithm

Persistence Filter
Al Algorithm

Status

Acquired |Required
Expected

Prototype Assembled

Ordered

Prototype Assembled

Beta Started

Final Version Complete

Assembly Complete/Beta Software
Prototype Assembled

Final Version Complete

Stable Module Developed

Beta Started

Beta Started

Final Version Complete
Software Complete

Final Version Complete
Final Version Complete
Stable Module Developed

Modularity Validated

All Tests passed

Final Version Complete
Stable Module Developed
Stable Module Developed
Tests Developed

All Tests passed
Stable Module Developed
Stable Module Developed

All Tests passed
All Tests passed

Figure 8.1.1:Project completion timeline

The timeline was laid out paying particular attentito having hardware ready before
software because the limiting factor for qualitypobject will be the hardware controlling

the table.
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8.2 Budgeting and Finance

Referencing the Bill of Materials, the cost of eacbduct can be found in section 6.2. As
shown by this table, it can be seen that the tmiat of the project (excluding the cost of
parts already acquired) is $978.57. Our initiajgrobudget was proposed at $1,000. Thus
our projected budget puts us within our ideal rafuyecost. Likely many problems will
occur during the construction and testing phaslsi®project. Many common issues that
occur to cause extra expenses include:

* Realization of incorrect design decisions, leadmgdditional parts being
purchased

* Inaccurate quotes on materials.

* Increased necessary supply. This will be mostyikielring the construction of
mounting equipment (e.g. not realizing that an tolaal bracket set will be
needed)

» Destruction of working materials (e.g. burning mgtors and PCB boards)

* Change in design requirements

Because these mistakes are extremely common ial-aveeld environment, and because
this is a learning project where incorrect desigais be discovered after purchases have
been made, a 30% buffer is designed into the budgsdver any of these expenses. This
puts the maximum allotted budget at $1,500.

Funding for this project will come primarily throlmgsoarTech Inc. SoarTech has donated
$500 to the FOOSE project team to cover many obtsic expenses of the construction.
More information about SoarTech can be found inMleatorship and Sponsors section of
this documentation (8.3.1 SoarTech).

The rest of the funding will come from the membafrthe group. With a total project cost,
after accounting for previously acquired parts,ghgect comes out to $978.57. SoarTech
has generously covered $500 of it, leaving $478%57aining for the four group members
to split equally. This comes out to $119.65 perugronember of additional expenses.
However, this is using the ideal scenario in whibk project expenses is exactly as
predicted. In the case of the budget reaching @simum limit of $1,500, the remaining
balance for the group members becomes $1,000 & @25group member of additional
expenses. These additional expenses will be paiolufioof pocket.

One final possibility for funding comes from a p@sbject sale. After the project is
completed and constructed it will be possible tbtke final product (foosball table and
automated hardware) to a prospective buyer. THIissubsidize the out of pocket cost per
member through a rebate. A few prospective buyave lalready been found and the final
performance achieved by the project will determiadinal selling value. Moreover, the
value of the FOOSE project will not include anyheical support. Most mechanic/arcade
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games will come with guarantees and technical summiions; however, in this project
all of the creators will be graduated and no lorgigrporting the upkeep of the project.
Therefore, the publically available documentatiah e the sole source for any technical
problems that arise after sale.

8.3 Mentors and Sponsors

8.3.1 Soartech

SoarTech is the sole sponsor for this project. Baar is a small company that specializes
in commercial applications of the Soar Architeciunenich was created at Carnegie

Mellon. The Soar Architecture is a programming laenge that is designed to create rule-
based artificial intelligence algorithms. Thus, Sah is a company that finds financial

opportunities to implement Al in real-world applias, typically military in nature. With

a specialty in applications of Al, SoarTech crearautreach program to fund some local
engineering senior design teams. After sendingproposal which included an executive

summary, expected block diagrams, budget analgsis,a milestone table, among other
documents, this project was granted a $500 spdmipdis help fund expenses.

In addition to funding, SoarTech has been kind ghao offer mentorship as well, in the
form of specific one-on-one feedback and grouplieeHl in the form of presentations and
question and answer forums. For example, on Novertde 2012 the members of this
project presented a current working design of thejept along with plans for
implementing the design. During the presentatitve project design was rigorously
guestioned and analyzed by more than six engingersspecialize in software design and
implementation. This was a very productive feedlsedsion; new ideas for ball detection,
Al design, table physics modeling, and more wereharged. All-in-all, SoarTech’s
mentorship has been extremely helpful and the mesrddehis project greatly appreciate
the feedback its employees have offered.

The following is a short written statement givenSnarTech after the presentation:

This past Wednesday the two University of Centrédrifa Electrical and
Computer Engineering Senior Design teams that Swdwr’s sponsoring as part of
the Orlando community outreach came to the officd presented their current
working designs and plans for how they would beng@bout implementing them.
The “No Touch” Chess team is developing a voiceratled self-actuating chess
board with 2-player and 1-player versus Al modd&he “FOOSE” automated
foosball table team is developing an Al controlgmbonent that will actuate one
of the foosball teams.

Both teams are very ambitious and we look forwawdseeing how their
implementations progress this spring!
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Picture courtesy SoarTech, Inc.

' Ll

]

Figure 8.3.1.1, Presentation at SoarTech Oviediceffl1/14/12.

From left to right: Nathaniel Enos, Nick PhillipSkyler Goodell, Patrick Fenelon

The above picture was taken directly after the gwetion and feedback session at
SoarTech. This group is extremely thankful for Seah’s generosity and proud to be
associated with its employees.

Special thanks must be given to Joshua Haley, aff®&zh. Josh has been the lead contact
and liaison between SoarTech and FOOSE and amesdbr for this project. As a recent
UCF graduate (Class of Spring 2012) with a majaxamputer engineering, he has been a
great contact and has given much guidance.

The greatest thanks must be given to SoarTech.dfittineir funding and guidance this
project would not have been possible. The membfettsioproject greatly appreciate the
generous donation of time and resources given lbgfdhe employees involved in this
outreach program.
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8.3.2 Mentors

Joshua Haley

Joshua Haley has been a great help for this teahthas project. He has been the lead
contact between FOOSE and SoarTech, leading tdehii’s sponsorship. In addition to
heading communication, he has also given feedlaabur project. As a recent University
of Central Florida graduate (class of spring 20h® experience with computer
engineering and previous senior design projedts/auable. His specialty is software, as
an employee for SoarTech he is well versed in mactapplications of artificial
intelligence. He has also given advice on imagegssing techniques and problems that
might be encountered along the way. Overall, Jashlbbeen extremely helpful for this
team.

Brandon Parmeter

Brandon is a fourth year electrical engineeringlstu at the University of Central Florida.
He is also the captain of the underwater vehiokesdin of the UCF robotics club, on the
team he specializes in peripheral design and elactrfabrication. His experience in
robotic design and control is invaluable for tlgarmh. He has given insight into real-world
problems and performance from different kind ofatsd components, specifically about
actuators, motor controllers, and sensors. Ingtogect, many of the design decisions have
been reviewed by Brandon to ensure no major as@ecbeen missed, no part purchased
for too much, and no optimal solution left uncomeset. In a team full of software and
electrical specialists, a mentor like Brandon, acgist in robotics has been extremely
helpful.

Ryan Moorin

Ryan Moorin is a mechanical engineering studenvaéncia College with 8 years of
experience designing components for competitiveotiob. He has provided valuable
support to the project in the form of advice fospible mechanical subsystems that he has
experience with. He has offered support in fabmgatsmall parts or designing and
debugging components in the mechanical subsystaxt d¢mester Ryan will likely be
one of the mentors keeping an eye on the mechasioatture to give the essential
mechanical engineer’s opinion on our design.

Dan Richardson

Dan Richardson is a mechanical engineer workingistiey. He has provided advice on
the mechanical subsystem via email to the senisigdegroup. Dan will be a contact for
advice and review on the mechanical design andsed in the spring 2013 semester as
the team works on building the table.
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9.0 APPENDIX- COPYRIGHT REQUESTS

Copyright requested from Altera

Nick Phillips <catnerdnick@knights.ucf edu> B
newsroom@altera.com
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Dear Altera

academic documentation paper, which will describe the research and development process
that went into building the table

Thank you
-Nick Phillips
University of Central Florida

Copyright requested from Freescale Semiconductor
Hello Jack,

| am a student an the University of Central Flondarking on a senior design
project that is considering use of the MAG3110 Bamagnetometer.

| would like to ask for your companies permissiomuse schematics, drawings and
diagrams from the document cited below in the dasutation pertaining to my
project.

"3-Axis, Digital Magnetometer"
Document Number: MAG3110
Rev 5, 05/2011

Thank you for your time.
--Patrick Fenelon

Copyright requested from Pearson Education
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To Whom It May Concern,

| would like to obtain permission to use a fewlud figures in your book, “Modern

Control Engineering”, fifth edition by Ogata. Spezally the figure | am interested

in is figure 8-3 and many of the other figures bapter 8 showing the different

tuning methods of the PID compensator. | am culyenstudent at the University

of Central Florida working on senior design docutagan. | would be using these
figures in the research portion of this paper tecdss the different methods of
control design. All of the figures used will beedt properly giving credit to the

authors and publishers. Once complete, these dewidinnot be sold or used for

financial gain. They will only be used for the aeadc paper. Also, once the design
is complete it will be publically available.

Please let me know if | may use a few of your fegrl would greatly appreciate
using them for clarifying my documentation.

Thank you for the time,

Nathaniel Enos

Copyright requested from Polhemus, Inc.
Hello Polhemus,

| am a student working on a senior design projadtlaam considering use of the
G4 tracker in my project. The project is currentlynitial research stage.

| would like permissions to use the images in theutinent titled "Just Turn It On
and TRAK: A White Paper on G4™ Motion Tracking Teology" in my
documentation on the project, subject to any sifporhs you may imply.

Thank you for your time and | look forward to heayiback from you.

--Patrick Fenelon
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Copyright granted by SparkFun, Inc. under CreatB@nmons license

Products Support Tutorials

Categories Home | Product Categories

New Products
Top Sellers
Staff Picks

Gift Certificates

Classes & Events

Books

Breakout Boards

X

Cables @ images are CC BY-NC-SA 3.0
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Cellular
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Components
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Development Tools

Copyright requested from Star Kick, Inc.

|University of Central Floric}

[Nicholas ‘
Lastname:  |ppjjlips |

Firm:

Firstname:

Email: {catnerdnick@knightsAucf,-}

Phone: (757 512 1362 \
Subject:

ilmage usage ]

Body: [ze11o,

I am a computer engineering student at the
University of Central Florida.

I am in a senior design group whose
objective is to research and construct an
automated foosball table.

I would like to request permission to use
the picture in the PDF located at
http://www.merkur-
starkick.de/download/Star$20Kick$20Folder.

paf .

Thank you,
-Nicholas Phillips
University of Central Florida 4

D
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Copyright granted by Xtreme Gameroom, LLC

Subject: Request for Use
Hello Nathamiel

You may use the picture, any other info you maydrjast ask. any link back to
out site would be appreciated.

Thank You

Fred Thornbury

Xtreme Gameroom

Sincerely,
Xtreme Gameroom LLC
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