THE UNIVERSITY
OF ADELAIDE

AUSTRALIA

3U8 chyce LUNEy

The University of Adelaide
Depar tment of Mechanical Engineering

Final YearProject

Pool Playing Robot

Final Reyort
Novenber 2002

Justin Ghan
TomasRadzevicius
Will Robertson
Alexandra Thornton

Supervisor: Dr Ben Cazzolato



Executiv e Summary

This report covers the complete design, construction, commissioningand
preliminary testing of a robot that is capable of competing against a human
opponert in a game of pool.

A number of robots have beendesignedand built in the past for the pur-
poseof playing pool, or similar games. Upon investigation of these previous
projects, it was found that none of theserobots were able to play a real shot
(as would occur in a real game) successfully

The aim of this project wasto achieve what past projects have not | that
is, to designand build a robot which operatesindependertly of human input
and can play pool to a degreeapproximating a human player.

The processthat the robot goes through is functionally similar to that
of a human. A vision system determines the location of the balls on the
table. This information is then processedby a shot selection program that
determines the best shot to play, then outputs a seriesof commandsto a
dedicated medatronic systemthat translates these commandsinto physical
actuation in order to sink a ball.

The vision system consists of a computer controlled camera and image
processingsoftware to determine the ball locations. The scope of the vision
systemcoversthe determination of the location of red, yellow, black and white
balls. This information is then analysedby a shot determination algorithm,
to nd the shot with the highest probability of success.

The position and force requiremerts of the shot are converted by interface
software to a seriesof commands, which are sert to a dedicated hardware
cortrol card that cortrols the actuators.

The actuation systemfor the robot is a modi ed Cartesian designdriven
by stepper motors, with four degreesof freedomto ensurespatial location of
the cue tip over any position on the pool table. The cue tip is actuated by
a long stroke solenoid, modi ed from a washing madhine to operate on an
adjustable power supply.

The aim of the project hasbeenadieved to a certain degree,with a robot
capable of independerly playing a game of pool, although the speed and
accuracy of the robot are below initial expectations. The changesnecessary
to signi cantly improve the performaceof the robot are outside the scope of
what was achievable in the time frame.
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1 Intro duction

1.1 Intro duction

Pool is a gamewith a high degreeof complexity, which requireshuman players to
be adept in conceptsof kinematics as well as possessing high level of hand eye
coordination and strategy.

From a robotic perspective, the gameof pool takes on added levels of complexity,
which turn what initially appearsto be a frivolous conceptinto an experimert in
vision systems.arti cial intelligenceprogramming,automation and robustness.This
project will addresstheseand other assaiated issues,culminating in the creation
of an independen pool playing robot.

1.2 Problem de nition

The overall goal of this project is to designand build a robot that is capable of
competing againsta human opponert in a gameof pool (more speci cally, a modi ed
version of 8-Ball).

This will be achieved by utilising a number of di erent systemsand processesPri-
mary amongthesewill be a vision systemwhich will determinethe position of all of
the balls on the pool table. This information will then be interpreted by a software
program which will useintelligent algorithms to determinethe appropriate shot for
the robot to play. This output will be translated into physical actuation through
the utilisation of appropriate robotic and medatronic systems.A block diagram of
the systemis shown in Figure ??2.



1.3 Aim and signi cance
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Figure 1.1: Block diagram of the robot subsystems.

1.3 Aim and signi cance

As detailed above, the main aim for this project is to designand build a robot
which operatesindependenly of human input, and can play pool with speedand
competency comparableto that of a human player.

Unlike most researt projects that have open endedtargets, the goal of this project
is extremely well de ned, with a clear quarti able target that is easily veri able.

The signi cance of this project hasits basisnot in the application for which this
robot is being constructed, but rather in the dewelopmen of the systemsand struc-
tures behindthe application that havethe potential for future usagein a wide variety
of industries. Theseinclude elds sud as automotive, defence,space,manufactur-
ing, and many other areaswherethere is a relianceon automation.

The technology employed in this project could be transferredto any number of more
practical and relevant industrial applications.

Applying the technology to the game of pool removes the needto researb and
understand a complex industrial application for the robot, thereby allowing more
attention to be focusedon the designand implemertation of the robot, rather than
on the application for which it will be used.



2 Literature review

2.1 Intro duction

Due to the practical nature of this project, traditional literature review techniques
are not entirely appropriate. While the literature review forms the basisfor the
overall designprocess,this project doesnot seekto build on previouswork, or |l
in gapsin the researb, asis the casein most engineeringreseart projects.

This sectionwill look into the physical medanicsof playing pool and how thesecan
be realisedin the robotic arena,aswell the di erent designconceptsthat have been
usedto achiewe this in the past.

2.2 The game of pool

To look at how to translate a fairly complex human gameinto a robotic process,
it was necessaryto obtain a detailed understanding of both the kinematics and
physical descriptorsassaiated with the gameof pool. It was alsonecessaryto gain
an understandingof the rules governing the play of the game.

? has covered all of the major areasconcerningthe physicsinvolved in the game
of pool, including basic two-dimensionalkinematics, the e ects of spin, sliding and
rolling friction, the inelasticity of the collisions,and the e ects of di erent surfaces
in the game. There were a number of important facetsof pool that were discussed
in this paper and usedduring the designphaseof this project. For example,the
relationship between cue tip point of cortact, spin and the correspnding loss of
translational momenium was a major considerationwhen designingwhereto posi-
tion the cuetip.

A more detailed analysisof the gameof pool is givenin Chapter ??.

The rules governing a pool gamedi er widely, depending on the location and situ-
ation in which the gameis played. There is, howewer, a core of rules that remain

3



2.3 The eye

unchangeddespitelocalisedmodi cations. The rulesusedfor this project are based
on a set of 8-Ball rules as de ned by the Billiard Congressof America (?). Some
modi cations or simpli cations were madeto the rules for the project, in order to
reducethe level of complexity in the designrequiremerts.

For a completedescription of the rules of 8-Ball, seeSection??.

2.3 The eye

In order to designthe vision system software, a wide range of image processing
techniqueswereinvestigated. ? and ? cover many relevant techniques, particularly

thoserelating to template matching and segmetation. The possibleapplications of
thesetechniquesto the robot vision systemare closelyexaminedin Chapter ??.

Lensdistortion correctionis a topic that hasbeenwidely coveredin literature. Most
of the papers written focus on deriving an equation that models the curve of the
distortion surface.

The Open Source Computer Vision Library (?) is a comprehensie collection of
image processingfunctions. ? has implemeried some of these in an extensiwe
Matlab toolbox that can determine the intrinsic distortion properties of a lens
from a number of calibration photos which consistof a chedkerboard photographed
at di erent angles. From theseintrinsic properties, an undistorted image may be
producedfrom the original using ltering, asmertioned.

Others have derived simpler equationswhich rely on various assumptions,for ex-
ample?, ?, ?. Thesemethods rely on a single calibration image,and Harri Ojanen
haswritten Matlab software that implemerts the work he has published.

? look at removing the e ects of lensdistortion in the absenceof knowledgerelating
to the properties of the lens. In fact, their approad is unique in that is looks
at the fact that \lens distortion introducesspeci ¢ higher-ordercorrelationsin the
frequencydomain”, and thus lens distortion can be reducedby minimising these
correlations. Howeer, their results do not provide an exact method of removing
lens distortion.



2.4 The brain

2.4 The brain

Many computer programs have beenwritten which simulate the gamesof pool or
snooker. (The two gamesare su cien tly similar that most of the game strategies
arecommonto both, and thusrelevant to this project.) Many of theseprogramsnot
only allow a human player to interactively take turns in the gamesbut alsosimulate
computer players who independerly decidetheir own shot and executethem.

One sud program is The Snooker Simulation, written by Peter Grogono. His
notes(?) discussthe formulation of automated strategies. The basicstrategy imple-
merted in his programis to rst generatea number of shotswhich might be played,
and then to assesghe feasibility of the shot and estimate its usefulness.The best
shotis then selectedbasedon thesecriteria. This method is discussedn more detail
in Chapter ??.

2.5 Previous pool playing rob ots

There have beennumerouspreviousattempts at designingand constructingarobotic
pool player from as far badk asthe early 1980's. This report will analysefour of
these. Due to the limitations of the available technology at the time, all of them
have made concessiongo both the method of play and the overall goals of their
robots. All have approaded the problem from a di erent designperspective that
has had an impact on both the designand succes®f their robots.

2.5.1 The Tianjin Normal Univ ersity model

The Tianjin Normal University robot (?) utilised a two degreesof freedommobile
cart and a four degreesof freedommanipulator.

In designingthis robot, Qi and Okawa made a number of major simpli cations to
the gameand the way in which it would be played. This robot was designedto play
a much simpli ed versionof the gameof pool: it could only work when there were
two balls on the table and it played a limited number of shots. Qi and Okawa also
appear to have basedtheir conceptdesignon the mannerin which a human being

5



2.5 Previouspool playing robots

would play pool. The robot movesfreely around and over the table without being
attached or restricted in any way.

As aresult they have createda systemthat would allow, upon further dewelopmen,

greater exibilit y in the ervironmert that it could be usedin. Howewer in doing so,
they have alsoraisedthe level of complexity assa@iated with the design.In creating
a free standing, independen, human sizedrobot, as Qi and Okawa have attempted
to do, it is necessaryto make concessionsvith regard to the level of performance
gainedfrom the system.

The fundamenal objective and perspective on which their project was basedis
di erent to thoseof this project. They decidedto designa robot that would imitate
a human, rather than to view the design of the robotic pool player pool as an
industrial application to be modelled and implemerted. The nal result of this
di erence in perspective is manifestedin the overall designwhich addeda number
of avoidable levels of complexity that ultimately senedto hamper the ability of the
robot to operate e ectively.

This occursasaresult of the mannerin which human beingsplay pool. For example,
humans have an ability to judge depth and angle from an oblique location (for
example,at the end of a pool cue)that is di cult to imitate in robotic form. Rather
than taking the view that a single camerafrom above can locate the balls on the
table, they followed the path of determining wherethe balls are located by usingthe
robot itself as a referencepoint. By placing the camerasud that a ball occupies
a certain position in the image, the robot can calculate the position of the ball on
the table from the anglesof its joints. As mertioned in the report, this allows for
greateraccuracy but ultimately would require a method of appraximately knowing
where on the table the balls are in order to quickly determine whereto move the
camera. Additionally, becausethe cameramovesin three-dimensionalspace,the
algorithms involved are necessarilymuch more complex.

2.5.2 The Univ ersity of Bristol model

An examplethat is more closelyassaiated with this goalis the robot that was built
by the University of Bristol (?), which utilised a modi ed IBM industrial robot as



2.5 Previouspool playing robots

the actuation medanism. Pictures of this robot in action canbe seenin Figure ??.

FEdl L e e T L e ey

Figure 2.1: The University of Bristol robot. From ?.

This robot was deweloped by the University of Bristol's Department of Medanical
Engineeringin the mid-1980's.

It utilised an IBM 7565gartry asserbly robot, an Automatix AV4 vision system,
and an IBM 6150(RT) supporting an expert systemwritten in SLOP (a Support
LOgic Programminglanguage).A snaooker table measuring4 feetby 6 feetwasused.
The IBM 7565could readh 90% of the playing areaof the snaoker table.

This robot had a much more advancedvision systemthan did the Qi and Okawa
version, and could play on a table that was setup asfor a standard pool game.

The University of Bristol robot did not have the ability to perform in real time
againsta human opponert. This is a property that all of thesepreviouspool playing
robots share.

This robot could not compete against a human, asit did not have the ability to



2.5 Previouspool playing robots

allow human competitors to take their turns. All of the shotshad to be taken by
the robot, asit was not programmedto di erentiate betweenturns.

One other obvious restriction on the ability of human competitors to play against
it was the physical construction of the robot.

The traverseof the actuator, as seenin the imagesabove, was located above the
pool table and was bolted to the table via four posts. This would have actively
prohibited the ability of a human to play on this table asthey would not have been
able to get ascloseas necessaryto play or to seeall of the balls accurately

Giventhat the manipulator for this robot wasa pre-assernled industrial robot that
was simply modi ed to hold a cuetip, there was very little that could be doneto
improve the accessibiliy for a human player.

2.5.3 The Massachusetts Institute of Technology model

The MIT model (?) alsomakesconcession$o the overall performanceof their robot
in order to read the designgoals.

The report statesthat a pool playing robot requiresup to v e degreesof freedomto

be fully functional, but in orderto simplify their design,only two degreeof freedom
are preseft in their nal design. This limited the rangeof the robot to a single xed

position from which to take a shot.

Their robot only considereda single ball located on half of a pool table. The cue
canonly hit from a xed position| in other wordsit plays the sameshot eat time.
The cueis driven by a conbination of a stepper motor and spring that providesthe
energyto the actuator. The cuerestson a platform with the motor drawing bad
the spring, which is then releasedby a solenoid.

There was no design processoutlined in the published paper. It was therefore
di cult to understandwhy variousdecisionsweremadeand in what cortext certain
options were discarded. Without the necessaryechnical support it wasfound to be
almost impossibleto venture reasonsasto why any of the decisionswere made, for
examplewhy there was a major di erence betweenthe degreesof freedompreser
and those laid out in their report. There was no electromebanical cortrol system



2.5 Previouspool playing robots

for the robot, beyond rudimentary computer-basedcortrol that only extendedas
far asdirecting the robot whento re the solenoid.

The focus of their project, as far as image processingis concerned,was not the
determination of the ball locations, but rather the tracking of a moving ball. As
sud, the featuresof the vision systemof the MIT model haslittle in commonwith
the desiredfeaturesof the robot to be built for this project.

This project was completedin 1991,and it is interestingto comparethe di erences
betweenthe technologiesusedthen and now. Ratherthan processinghe imageusing
computer software, which even today is relatively slow, this project useddedicated
hardware to analysethe image comingfrom the camera. This allowed the robot to

track the movemern of the ball in real time, at approximately 30 framesper second.
The hardware simply used a threshold on the image and averagedthe pixels to

estimate the location of the certre of the ball (this method assumeghat only one
ball is within view). While this method is not required for accuracy this shavs how
much fasterit is to usehardware than software for data processing,even ten years
ago. Howeer, the disadwantage of using dedicatedhardware for imageprocessings
the cost. A typical hardware board for imageprocessingcostsabout AU$10,000(?).

Regardlessthe imageprocessingechniquesusedfor the MIT project are not useful
to this project, asthe type of image processingbeing performedis di erent.

2.5.4 The Univ ersity of Waterlo o model

The most promising previous incarnation of the pool playing robot was the robot
designedand constructed by undergraduate studerts at the University of Water-
loo (?).

A sdhematic of the initial robot designis shovn in Figure ??.

The actuation system for this robot is basedon a Cartesian robot traverse that
allows the actuator to move to any position on the table in order to play a shot.

The systemis driven by stepper motors which are attachedto worm gearshaftsthat
are cortrolled by a PC.

The traverseis xed to the table and the robot moves around on a seriesof rails.



2.5 Previouspool playing robots

Figure 2.2: Shematic for the University of Waterloo robot. From ?.

The motors are cortrolled directly through the PC via a CIO-DAS08/Jr-AO 1/0
card with two input signalsand v e output signals.

Howewer, again there were major simpli cations madeto the mannerin which the
robot played pool. The most obvious is the choice of cue. Instead of using a
shaft with a traditional cuetip attached, the designersof this robot useda plastic
mushroom shaped paddlein order to knock the balls around (showvn in Figure ?7?).

Figure 2.3: The mushroom shaped paddle usedin the University of Waterloo robot.
From ?.

This causesimmediate restrictions on the ability of the robot to play a realistic
gameof pool. In any gameof pool, situations arise wherethe white ball is located

10



2.5 Previouspool playing robots

extremelyclose,or indeedtouching, anotherball. In thesesituations, it isimperative
that the actuator be ableto compensatefor this, andto play the desiredshotwithout
too much interferencewith the other balls on the table. The robot designedby
Richmond and Green could not adiee this.

Any balls near to the target ball would have to be moved outside the radius of the
paddle, in order to not inhibit the ability of the robot to play the desired shot.
Clearly this is not a desirablerestriction, but it wasonewhich Richmond and Green
choseto concedeto in the designof their robot.

Due to the type of actuator chosenfor the robot, the angle of rotation for the cue
tip is not relevant. This reducesthe level of cortrol programming assaiated with
the robot.

The time taken for the robot to read its desiredshot position was another factor
that Richmond and Green decided should not be a major considerationin their
robot's performancecriteria. This is eviden in their selectionof worm gearsasthe
drive medanism for their robot.

A sdematic of a typical worm gearis shavn in Figure ??. Worm gearsoperate in
areasthat require high location accuracyaswell asminimal badklash. They achieve
this by having a property that no other type of gearcanadciewve: the worm caneasily
drive the gear, but the gearcannot force the worm to rotate, thereby removing any
potertial badcklash. This is becausehe angle of the worm gearteeth relative to the
gearis sosmall that, whenthe gearattempts to spin the worm, the friction between
the worm and gearteeth holds the worm in place. For the application of a robotic
pool player this is an important consideration,due to the relatively large impulsive
forcethat is applied to the traverseat the momert of cortact with the cue ball. If
the traversecannot adequatelyresist the badklash generated,then this may cause
inaccuraciesin future shots due to the errors generatedin the calculation of the
position of the actuator.

Worm gearsare relatively slow to drive, owing to their unusual geometry which is a
major drawbad. For this project it wasfelt that there should be a balancebetween
the necessip for speedand the requiremen of accuracyof location. There are other
alternatives for minimizing badlash in the systemthat do not reducethe overall
speedof the actuator.

11
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Figure 2.4: Typical worm gearcon guration. From (?).

Digital camerasare substartially cheaper and higher quality now than at the time
of the University of Waterloo project, sothe vision systemwas not advancedasthe
oneplannedfor this project. In orderto determinethe positionsof the balls, amean
of the location of the pixels comprisingthe image of ead ball wasused. To isolate
the edgesof the table image, a Sobel Operator was usedwith a threshold, and the
straight lines obtained were located with the Hough Transform.

2.5.5 Summary

As shown above, all of the previousincarnations of a mobile pool playing robot have
madesigni cant reductionsto the accuracyof the robot, and its ability to play pool.
None of the systemsoutlined in the literature review had managedto incorporate
real time play againsta human opponert into their designs.
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3 The game of pool

3.1 Rules of 8-Ball

A thorough knowledgeof the rules of pool is crucial in the designof a pool-playing
robot. The rulesare,in e ect, anidealisedcompletespeci cation of the requiremerts
of the robot.

During the designprocessjt becameapparer that constructing arobot which could
strictly obey all of theserules would be infeasiblewithin the time frame. For this
reason,someof the rules were modi ed in sud a way asto preserne as much as
possiblethe spirit of the game,but to allow a lesscomplexrobot design.

There exist a multitude of di erent versionsof pocket billiards (that is, billiards
played on a table with pockets), eat of which hasdi erent rules of play. The game
of 8-Ball was chosento form the basisfor this project asit is the simplestand most
easily modi able version. The others, including snooker and American 9-Ball, all
have rigid play structures that add unnecessarycomplexity to designinga robotic
player, at leastin its rst iteration.

8-Ball is a game played with a cue ball (the white ball) and fteen object balls,
which are (in a standard game set) numbered 1 through 15 (?). One player must
pocket the balls numbered 1 through 7 (the solid balls), while the other player must
pocket those numbered 9 through 15 (the striped balls). The rst player to pocket
all ballsin his group, and then legally pocket the 8-ball, wins the game. A overhead
view of the pool table can be seenin Figure ??, with the balls arrayed as for the
start of a game.

The gameis played in an alternating order | one player breaksand cortinuesto
play shots, until sud time that a target ball they have hit with the cue ball fails to
be pocketed, or they foul. Then the other player beginstheir turn. This is repeated
until a player haswon.

8-Ball is technically a call shot game, meaningthat, before executinga shot, the
player must nominate the pocket into which the target ball selectedfor the shot will
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Figure 3.1: Setup for a gameof 8-Ball. From (?).

be pocketed. This rule is not generally enforced,and most gamesare played on a
much more casualbasis. Howeer, it is possible,in the instancewherethe computer
has calculatedthe desiredshot, for the robot to adhereto this rule.

A major modi cation to the rules was madewith regardsto the break. The break
is the opening shot of the game, and there is a strict code for what constitutes a
legal break. The rulesfrom the Billiard Congressof America, state that the brealker
must either pocket a ball, or drive at least four balls to the rail. This rule may be
disregarded,asit was felt that this would complicate the overall designprocessby
enforcinga minimum upper bound for the force supplied by the actuator that may
not be feasible.

The rules concerningwhat constitutes a foul shot are fairly detailed and play a
major part in the outcomeof any game.

A foul shot resultsin that personwho played the foul losing a turn, or equivalertly,
giving the other player two shotsin a row. Gamescan be won or lost on the basis
of a foul.

As a result, it was felt that it would be appropriate to ensurethat as many of
the rules as possible concerningfouls were incorporated into the game, with the
exceptionof the foul rule regardingthe legality of a shot.

A shot is only legal if the shooter hits one of their group of balls rst, and either
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pockets a ball or causeghe cueball or any ball to cortact arail. This is againfelt
to increasethe level of complexity required of the systembeyond a reasonabldevel
for a rst time version of this robot.

This rule does not signi cantly in uence the outcome of a gamein the way that
other foul rules do, sudh asfouling by hitting an opponert's ball beforethe player's.

Other foul shotsinclude: illegally pocketing an opponert's ball; not making contact
with any of the target balls with the cue ball; pocketing the cue ball; and moving
any of the target balls with anything other than the cue ball.

All of thesefouls are crucial to the overall outcomeof the game,and shouldbe taken
into account when consideringthe designof the robot.

3.2 Physics of pool

In order to designand build a robot that can compete againsta human being, it is
necessaryto ensurethat the algorithms governing the cortrol and performanceof
the robot take into considerationthe physical behaviour that descrites a game of
pool.

Pool is a gamethat, when looked at in any detail, has a remarkable level of com-
plexity governing the behaviour of the balls on the table. Thesecomplexitieshave
the potertial to renderhopelessany attempt to designarobot to handlethesesitua-
tions. Thereforeit is necessaryto make appropriate assumptionsin order to obtain
results that are reasonable,but remove someof the more extreme complications
from the calculationsassaiated with shot selectionand actuation.

The shot selectionsoftware must clearly useprinciples of kinematicsto calculateball
trajectories. At this point, all analysishas beenperformedunder the assumption
that balls travel atop the table without horizortal spin. This is not the casein
reality. Balls often have a signi cant amourt of horizontal spin, which causegheir
pathsto curve, aswell a ecting the forcesduring collisionswith other balls and the
table cushions.Howe\er, the degreeof complexity in calculating horizortal spin and
its e ects is very high, and thus the shot selectionalgorithm of the robot neglects
thesee ects. This is explainedin more detail in Chapter ??.
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4 The eye

4.1 Intro duction

The function of the vision system,or the \eye" of the robot, is to accurately deter-
mine the positions of the balls on the table.

While there are se\eral possibleconceptsfor physical systemswhich would be able
to determinethe location of the balls on the pool table, the useof an optical camera
wasthe only onewhich had the potential to provide accurateresultsfor a reasonable
cost. Thus the hardware componert of the eye of the robot consistsof a camera
which capturesimagesof the table for software processing.

A table with blue felt measuring1800mm 950mm was usedfor the project. In
order to simplify the image analysis, it was decidedthat the robot would be pro-
grammedto play 8-Ball with a set of \casino" balls. \Casino" balls consistof four
types of monochromatic balls: a white ball (the cue ball), a black ball (the eigh
ball), sewen red balls (the \bigs") and sewen yellow balls (the \smalls”). There
were two advantagesof using theseballs. Firstly, the total number of di erent ball
coloursthat had to be recognisedwas reducedto four. Secondly astheseballs are
monaochromatic, they have the sameappearanceirrespective of their position or the
anglefrom which they are viewed. It should be noted that the useof \casino" balls
doesnot in any way a ect gameplg.

The vision system software must be able to instruct the camerahardware to take
a photo and download that photo. The crux of the software's role is to determine
the arrangemem of balls on the table, identifying ead by its colour and estimating
its position. The software must perform thesefunctions with su cient speedand
accuracy Determining the positions more accurately requires more computation
and thus more time, soa compromisebetweenspeedand accuracyis required.

16



4.2 Error analysis
4.2 Error analysis

A key stepin the designof the vision systemwasthe determination of the resolution
required to accurately play a successfushot. Therefore, an analysis of the errors
involved in a shot was performed.

It is important to note that for somesetsof pool balls, the radius of the cueball is
slightly di erent to the radii of the other balls. While this is taken into accour to
someextert here,all three dimensionale ects causedby this di erence areneglected.
For example,it is assumedhat two balls are touching whenthe horizortal distance
betweentheir certresis equalto the sumof their radii. This isnot strictly correct, for
if the two balls have di erent radii, then their certres will beat di erent heights from
the table, sothey will not be quite touching. The errors causedby this assumption
are very small, so it is always assumedthat the certres of all the balls lie on a
single horizortal plane. When coordinates are used, this plane is the x-y plane of
the coordinate system.

Let r. be the radius of the cueball, and let r be the radius of all other balls.

Denotethe initial stationary positions of the cue ball and the target ball by C and
T, respectively, and denote the position of the desiredtarget position (which will
usually be a pocket) by P. Let d, b denotethe distancesjCTj, jTPj respectively.
Let bethe angleof CIT with respectto a xed direction i.

In order that the target ball movesin a direction towards P, it must be struck by
the cueball at the position X sud that X;T;P lie on a straight line in that order,
and jXTj = re+ r, asshavn in Figure ??. (This is true solong asthe e ects of
spin and friction betweenthe balls is neglected.) Let a denotethe distance|CX]j,
andlet and denotethe anglese TCX and6CTX respectively.

If the positionsC, T and P are given, then d, band are known. Then a can be
calculated using the cosinerule:

a>= d?+ (re+r)? 2d(re+ r)cos : (4.1)

Then can be calculated using the sinerule:

sin sin
= ——: (4.2)
re+r a
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Figure 4.1: Geometry of a shot.

Thus the necessanydirection (that is, at anangle = + to i) in which the cue
ball should be struck in order to collide with the target ball and propel it towards
P hasbeendetermined.

Now supposethat the cueball is instead struck with an angleerror of , sothat
it is propelledat an angle + toi.

Assuming that the cue ball still collides with the target ball, denote by X ° the
position of the cue ball as this collision occurs. jX °Tj = r. + r, astheseare the
positions of the balls asthey collide. Let °=6TCX%= + . Let a’denotethe
distancejCX Y, and let °denotethe angles CTX°

6CX°T = 180 0 0 sothe sinerule yields

sin(180 © 9 sin©
= ; 4.3
d re+r’ (4.3)

which can be usedto solwe for © keepingin mind that 6CX °T = 180 o 0
must be an obtuseangle, from the geometry of the situation.

!
This collision will causethe target ball to travel in direction X °T, which givesan
angle error of = 0 in its trajectory. As the distance to the pocket is
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b, the distance, , by which the certre of the target ball will missthe point P is
approximately

= bsin (4.4)

Now supposethat the cue ball and the target ball are at positions C(x¢c;yc) and
T(XT;y7), and supposethat the vision system then estimatestheir positions as

C(Rc;¥c) and T(Rr;9r).

Assumingthat the errors( Xc; Yyc) and ( Xt; Yyr) aresmall, the errorsin the
estimation of d, band arealsosmall. Therefore,equations(??), (??) will produce
little error in the estimation of aand . A Matlab program waswritten to chedk
that the errorsin the estimation of the positionsof the cueand target balls produced
greater errors in the estimation of than in the estimation of . It demonstrated
that the errorsin  weregenerallyaround a factor of 10 smallerthan thosein  for
a wide rangeof con gurations. The hypothesiswasthus veri ed, soit is reasonable
to not considerthe error in

Let vc and vy bethe componens of the errors( Xc; Yec) = (Re  Xc;¥c  Ye)
|

and( Xt; yr)= (Rr X7:;¥r VYr) in adirection perpendicularto CT, asshavn

in Figure ?7.

It can be seenthat

Ve + Vv
tan(" ) = —— " (4.5)
B
sothat, sincethe error in the angleis small,
Ve + Vv
" 7Cb T (4.6)

Let g denotethe componert of the error in the trajectory angle of the cue ball
which is due to the vision system. So

Ve +  Vr,

e= "+ (+) S (4.7)

sinceit hasbeenshown that » canbe approximated aszero. Therewill alsobea
componert, A, of the error in the trajectory anglewhich is due to the actuation.
Thus the total trajectory error is = e+ A
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4.2 Error analysis

Figure 4.2: Errors in the positions of the cue and target balls.

A Matlab programwaswritten to nd , givenr.,r,d, b, and ,usingequations
(??), (??), (??) and (??). Assumingr. = r = 25mm, the allowable tolerances

in the trajectory anglewere calculated, for variousvaluesof d, band , which would
ensure < 10mm. From this, the allowable tolerances v in the location of a ball
position in any given direction were calculated (assumingthat vc = vr = V).
The results are shavn in Table ?7.

The results shov how accurate the vision system needsto be if the robot is to
be able to consistetly successfulyperform shots of ead type. As the length of
the table is approximately 1500mm, shotsover distancesgreaterthan 1000mm are
nearthe di cult end of the scale. Additionally, shotswith a high turn angle, , are
alsodi cult shots. The vision systemshould not necessarilybe designedto achieve
theseshots. Howewer, consideringthose shots which an averagehuman pool player
might hope to consistely adieve, it can be seenthat the vision systemshould be
able to locate the position of a ball in a given direction (for example,in the x or y
directions) to within approximately 0.5mm.
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Table 4.1: Toleranceof aim anglefor given situations.

d b v
100mm [ 5:682;5:682] 4.959mm
100mm | O 300mm [ 1:908;1:908] 1.665mm
1000mm | [ 0:5729;0:5729] | 0.5000mm
100mm [ 3:110;2:382] 2.078mm
100mm | 30 | 300mm | [ 0:9513;0:8704] | 0.7595mm
1000mm | [ 0:2767;0:2695] | 0.2352mm
100mm [ 0:1760;0 ] Omm
100mm | 60 | 300mm [ 0:01874;0] Omm
1000mm [ 0:001664;0 ] Omm
100mm [ 1:145;1:145] 2.997mm
300mm | O | 300mm | [ 0:3819;0:3819] | 0.9999mm
1000mm | [ 0:1146;0:1146] | 0.3000mm
100mm | [ 0:9458;0:8607] 2.253mm
300mm | 30 | 300mm | [ 0:3059;0:2965] | 0.7761Imm
1000mm | [ 0:09078;0:08993] | 0.2354mm
100mm | [ 0:4248;0:3161] | 0.8276mm
300mm | 60 | 300mm | [ 0:1293;0:1172] | 0.3069mm
1000mm | [ 0:03751;0:03642] | 0.09536mm
100mm | [ 0:3015;0:3015] 2.631mm
1000mm | O | 300mm | [ 0:1005;0:1005] | 0.8772mm
1000mm | [ 0:03016;0:03016] | 0.2632mm
100mm | [ 0:2637;0:2467] 2.153mm
1000mm | 30 | 300mm | [ 0:08603;0:08413] | 0.7342mm
1000mm | [ 0:02561;0:02544] | 0.2220mm
100mm | [ 0:1491;0:1217] 1.062mm
1000mm | 60 | 300mm | [ 0:04663;0:04360] | 0.3805mm
1000mm | [ 0:01367;0:01340] | 0.1169mm
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4.3 Hardw are

The hardware componert of the vision systemmust be able to take a photo of the
table with su cient resolution and download the imageto the computer sothat it
can be interpreted by the software. Thesetwo tasks should be fully automated.

4.3.1 Camera types

A typical digital cameraconsistsof an image sensorchip, a lens, and an interface
betweenthe chip and the user. The image sensorchip is a cluster of light sensitive
diodes,ead of which cornverts the light intensity at their location to a voltage. The
set of voltage outputs correspndsto the set of pixels of an image. If the sizeof the
chip is greater,then sois the number of pixels of the resultart image,and thus the
resolution of the camerais increased.The lensfocusedight onto the chip. Methods
of interface betweena cameraand a computer are dependert upon the application
of the camera.

4311 Still cameras

Consumerstill camerashave a compact detachable storage medium on which the
capturedimagesare stored. Thesecamerasusually alsohave a USB or FireWire port
for downloading the imagesonto a computer. The range of still camerasavailable
iIs now almost as broad asthat of corvertional Im cameras.

Some camerashave the ability to be cortrolled directly through commandssert
from a computer using a USB or FireWire connection. This function is a desirable
feature for this project, sincethe robot needsto be able to operate autonomously
Theoretically, a digital still cameracould be used, ewven if it does not have the
capability for remote operation, by building a medanical switch that physically
pushesthe button on the camerato take a photo. Howeer, this option was deemed
unnecessarilycomplex, so sud cameraswere discourted for usein this project.
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4.3.1.2 Video cameras

A wide variety of video camerasexist, but for the purposesof the project, they may
be broadly distinguished by one feature, namely, the nature of their interface with

equipmen, which may either be analogor digital. In order to transmit an image
from a video camerato a computer, a frame grabber must be used. (An analysis
of the motion of the balls is beyond the scope of this project, and thus only still

imagesare required.)

A framegrabberis aninput cardinto a computerthat readsthe videofeedcomingin,
and copiesoneframe of the videoasa digital imageupon command. A framegrabber
is relatively cheapif the input is digital (for example,in the caseof a webcam), but
expensiwe if the input is analog, due to the inclusion of a high precisionanalog-to-
digital corverter (for example,in the caseof a BNC equipped security camera).

4.3.2 Selection criteria

The criteria consideredwhen choosingthe camerawere connectivity, accuracyand
price. Additionally, the camerashould ideally have an interchangablelens so that
dierent lensesmay be tted. This provides the camerawith exibilit y, allowing
it to be usedfor a variety of other applications within the University of Adelaide,
rather than being limited to usein this project, which would not be cost e ective.

4.3.2.1 Accuracy

As canbe seenfrom Section??, the greaterthe accuracywith which the balls canbe
positioned, the wider the range of shotsthe robot will be able to play successfully
The accuracyof the camerahasa signi cant impact upon the accuracyof the vision
systemasa whole.

The accuracyof the camerais determined by two things: the number of pixels and
the distortion of the lens. Distortion from the lensis related to the width of the
imagecomparedto the distancethe camerais away from the object. A webcam, for
example,is designedto be mounted closeto a user'shead, while providing a wide
eld of vision. This introducesa very high amourt of distortion.

23



4.3 Hardware

While it is desirableto minimise distortion, the cameracannot be mounted so high
above the table that the setupbecomesmpractical. However, the distortion may be
adjusted using a correction algorithm, asis discussedn more detail in Section??.

Sincevideo camerasare designedto capture image data many times per second,
their image sensorscannot processas much data asa still camera. For this reason,
the resolution of most digital video camerasdoesnot exceedaround one megapixel.
Still cameras,on the other hand, have the capacity for much greater resolutions.

4.3.3 Camera options and selection

A variety of cameraswere investigated. A sampleof those looked at are tabulated
in Table ?7.

Camera | Number of pixels | Price (May 2002)
Webcam 640 480 $150
pixeLink 1280 1024 $3500
Canon 6million $4500
Kodak 6 million >$10k

Table 4.2: Various digital camerasconsidered.

Webcams were deemedunsuitable for the task. As well as having low resolution,
the large distortion of the lenswould prevent the robot from accurately determining
the location of the balls without the useof coarsedistortion lItering.

Video cameraswith analog outputs sud as security camerasdo not have much
better resolution than a webcam, although a lenscould be usedthat would give less
distortion. Additionally, an analogframe grabber would be necessaryo transfer the
information to a computer, which would increasethe costof the systemsubstartially .

The pixeLink cameraprovideshigh resolutionwith easeof automation. It alsohasan
interchangeablelens. However, its only interfaceis through a FireWire connection,
sothe cameracould only be usedfor applicationsin which it was cortrolled throuh
a computer program. This makesit dicult to usefor other applications which
require more exibilit .
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The Canon and Kodak rangesof professionalstill cameraswere also considered.
These camerashave very high resolution, as well as very high colour sensitivity.

Their lensesare interchangeable,and their software allows remote cortrol of the

camerathrough a digital connection. They can also be usedasregular (\p oint and
click") cameras.

The price of the camera (except for a webcam) is far beyond the budget of the
project. The Department of Medanical Engineering was prepared to cortribute
moneytowards the purchaseof a camera,but only solong asit weresuitable for use
in applications other than the pool playing robot project, including useasa regular
camera.

4.3.4 Camera choice

The camerathat was usedwas a digital SLR camera,the Canon EOS D60. It was
chosenfor two main reasons:it hasa high quality CMOS image sensorthat hasa
resolution of 6.29 megapixels,allowing very accurate analysis and location of the
ball positions;and it could be interfacedwith the computer extremely easily

Third party software for the camerawas purchasedthat allowed remote operation
from within MATLAB. This software, called D30Remote,is available at the Breeze
Systemswebsite (?). This program is functionally similar to the Remote Capture
software that was supplied by Canon with the camera. Howewer, D30Remotealso
allows other programsto link to it with a dynamic link library. An exampleconsole
program called D30Remoteest, written in Visual C++, was supplied with the
software. D30Remoteest was capableof commandingthe camerato take a photo,
downloadingthe photo, and saving the imagein the currert directory. This program
was modi ed cosmeticallyfor the project, and renamedTakePhoto.

The program TakePhoto ensuredvery easy connectivity between the cameraand
the computer, becauseit was able to be called from Matlab . This madeit very
simple to obtain a photo image of the table during a Matlab program.
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4.3.5 Image processing in hardw are

Rather than processingthe photo from the camerausing software on a computer,
it is possibleto designdedicated hardware to accomplishthe sametasks. Image
processinghardware is used in industrial applications where no interface with a
computer is required. This allows the image processingunit to be much more com-
pact and mobile. Howe\er, this is not an advantage for the purposesof this project,
sincea computer is required to run the shot selectionsoftware in any case.

Image processinghardware has another advantage over computer software. Hard-
ware is much faster than software, as can be seenby its use over ten yearsago to
track a moving pool ball at 30 framesper second(?). This processingspeedcannot
be achieved with software analysiseven on today's computers.

Image processinghardware, howeer, is less exible than its software courterpart.
A given hardware processorhas a number of built-in functions, but doesnot have
the exibilit y to perform any others.

Sincethe University of Adelaide doesnot own any image processinghardware, the
equipmen would have to be purchased. Becauseof this, the costis too prohibitive
for usein this project.

4.4 Image represen tation

A discrete two-dimensionalgreyscale(black and white) imageis represeted by a
matrix, f, wherethe ertry f; represets the intensity of the pixel in the ith row
and the j th column. Equivalertly, the imagecan alsobe represeted by a function,
f,with f(i;j) = fj.

A discrete two-dimensional colour image must be represeted by three two-
dimensional arrays, fr;fg;fg, Where fr(i;j) represets the intensity of the red
componert of the pixel in the ith row and the jth column,and f(i;j) and fg(i; j)
represen the intensities of the greenand blue componerts respectively.
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4.5 Template matc hing

It is known what the image of a coloured ball against the felt badkground will
appraximately look like. Thus, a small template of this imagecan be created. Then
the regionsof the image of the table which match this template most closely must
be found. This technique is known astemplate matching, and is discussedn many
image processingtextb ooks, for example,?.

Let f bea greyscalemage,and let g be a template. Considera region R(x;y) of f
which is the samesizeas g and displacedby (x;y). (For example,if gwasa2 3
image, then for R(4;6) = f(5;7);(5;8);(5;9);(6;7); (6;8); (6;9)g.) To comparethe
template g to this region of the imagef , the mismatc energyis de ned as(?)
20y X A ; . 2.
Coy)= (F@)) o x5 y)5 (4.8)
wherethe sum is taken over the indices(i; j) 2 R(x;y). Expanding the brackets,
2(y- X 2 X : . 2 X A ; . .
Gy)= @G+ ol xj oy 2 f@GHal xj oy (49)
Therefore, this can be minimised by maximising the cross-correlation,
X . . . .
cGox;y) = f(5j)ali xj y): (4.10)
This cross-correlationcan be computed very quickly in the frequencydomain, as
Crg(u;v) = F(u; V) G?(U;v); (4.11)

whereC; ¢(u; v), F(u;v) and G(u; v) are the two-dimensionaldiscrete Fourier trans-
forms of ¢ 4(x; y), f (x;y) and g(x; y), and ? denotescomplex conjugation.

Howewer, the cross-correlation(??) is not necessarilythe best estimate of similarity
betweenthe template g and the region R(x; y) of the imagef . In equation (??), it
can be seenthat large variations in the averageintensity over the region R(x;y) of
the imagef will greatly a ect the mismatd energy

A better measureof the similarity is given by the normalisedcross-correlation,

..P[f(i;j) frooplloli X1 Y) 4]
TIGT) froP | [0G xiy) oP

tg(X;y) = ¢ (4.12)
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wherefgxy) is the meanvalue of f over the region R(x;y) of the image,and g is
the mean value of g over the ertire template. The computation of the normalised
cross-correlation(??) is signi cantly slowver than that of the (unnormalised) cross-
correlation (?7?).

These cross-correlationfunctions only work for greyscaleimages. In order to cor-
relate two colour images,it is necessaryto split ead image into their three colour
componerts, then perform the normalised cross-correlationbetween correspnding
images. In order to then nd the locations at which there is high correlation in all
three colour componerts, it is necessaryo combine the three resultsin somemanner
to obtain a single correlation map. This may be achieved by simply averagingthe
three cross-correlations:

fgrOGY) + fga(XY)+ fgB(XY).
3 :

fg(X;y) = (4.13)

4.5.1 Interp olation

Oncethe correlation map betweenthe photo and the template hasbeenfound, it is
not dicult to nd apeak. The location (m; n) of the maximum value in the cross-
correlation is determined. (If there is more than one position with this maximum
value, then any oneis chosen.) Here,m and n are the integerindicesof an ertry in
the matrix wherethe maximum value is found.

However, this peak will only provide the location of the certre of a ball in the
photograph to the nearestpixel. For subpixel accuracy the \true" location of the
maximum of the peak (that is, wherethe maximum would occur if the photo were
perfect and cortinuous, rather than noisy and discrete) must be interpolated from
the known values.

To adhieve this, a neighbourhood region of (m; n) is examined. A region consisting
of a rows and columnson ead side of (m; n) is extracted from the cross-correlation,
resultingin a (2a+ 1) (2a+ 1) array of values(m+ i;n+ j) fori;j = a; a+

This regionis then interpolated k times, eat time increasingthe number of points

in ead direction by a factor of 2. This resultsin a (2**a+ 1) (2**'a+ 1) array

1 1

of interpolated values(m+ i;n+j) fori;j = a; a+ x; a+ x;::;a zx;a

28



4.5 Template matching

Figure 4.3: Template of the white ball.

The maximum of the new array of interpolated valuesof the cross-correlationcan
now be found. If the interpolation method approximates the \true" shape of the
cross-correlationpeak su ciently well, then the location of this new maximum
should provide a more accurate approximation of the \true" location of the maxi-
mum of the peak.

The interpolation method wastested on a real photo taken of a portion of the table.
A template of the white ball on the blue badkground is shovn in Figure ??. The
white colour usedin the creation of this template were found by taking a similar
photo, and averagingthe coloursof a set of pixels known to belongto the white ball.
Similarly, the coloursof the yellow, red and black balls, aswell asthe blue colour of
the felt, werefound in this fashion.

This template was then cross-correlatedwvith the image of the table, in ead colour
componert. The three resulting cross-correlationsvere then averaged. Resultsare
showvn in Figure ??.

The highestpeakin the averagedcross-correlationwas found, and a neighbourhood
region of this pixel was analysed| in this case,a3 3region(sincea= 1). The
valueswere then interpolated, by performing spline interpolation k = 4 times. This
is showvn in Figure ??. Thus the location of the peak could be estimated more
accurately

This wasrepeatedwith templatesof the red and yellow balls, until the locations of
all balls were found. The original image of the balls is shavn in Figure ??, with
circles plotted over the image where the program estimated the balls to be. The
results seemedvery accurate. Howewer, it is di cult to quartify the error, sincethe
true positions of balls within a photo cannot be found to su cient accuracy
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Figure 4.4: Cross-correlationsbetweenan image and the template.

Figure 4.5: Neighbourhood of a peak of the averagedcross-correlation. Initially , a
3 3 pixels region around the peakis considered(left). Then spline interpolation
is performed4 times to producethe interpolated cross-correlation(right).
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4.5 Template matching

Figure 4.6: Results of the normalisedcross-correlationinterpolation program.

A Matlab program was written to investigatethe accuracyproducedby di erent
methods of interpolation. The program created an ideal image of a coloured ball
against a blue badkground, with radius r and certred at a random position C. A
pixel with certre P was colouredi jPCj < r. A template of the coloured ball
was also createdin a similar fashion, exceptthat the image of the ball was certred
at a known position. The normalised cross-correlationbetweenthe image and the
template was then performedfor ead colour componert, and the results averaged.

The averagedcross-correlationwas then interpolated (using various methods), and
the peak of the interpolated cross-correlation€ was then found. This was com-
paredto the true certre of the ball, C. The program was repeatedfor 100 random
placemetts of the ball, and the root meansquarederror jCCjms Was found.

At the time of thesetests, a camerafor usein the project had not yet beenselected,
soa cameraof resolution1920 1440pixelswasassumed.Then, with a ball of radius

appraximately 25mm and a table of length approximately 1600mm, the maximum

radius of the ball in an imagewhich capturesthe ertire table is 220" 1920= 30
pixels. This wasthe value usedin the program.
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4.5 Template matching

Matlab o ers two (non-trivial) methods of two-dimensionalinterpolation, these
beingcubicinterpolation and splineinterpolation. Additionally, aMatlab function
for performing two-dimensionalbandlimited interpolation (achieved by zero-padding
in the frequencydomain) waswritten. Preliminary testing shoved that the error in
the location of the ball determined using cubic interpolation was, in general,twice
as large asthat obtained using spline interpolation, so cubic interpolation was not
consideredfurther.

The values of the parametersa (relating to the size of the region interpolated)
and k (the number of times interpolation is performed) were varied in order to
nd a combination which yielded the least error. Results obtained using spline
interpolation and bandlimited interpolation are shovn in Table ?? and Table ??
respectively. Note that theseresults only demonstratethe accuracyof the method

when an ideal imageis used.

Table 4.3: Error in certre location using spline interpolation.

a=1 a=2 a=3 a=>5
k= 2| 0.0901pixels | 0.1020pixels | 0.0959pixels |
k = 3| 0.0650pixels | 0.0727pixels | 0.0800pixels | 0.0726pixels
k = 4| 0.0550pixels | 0.0702pixels | 0.0699pixels | 0.0672pixels
k = 5| 0.0558pixels | 0.0683pixels | 0.0688pixels | 0.0677pixels
k = 6 | 0.0573pixels | 0.0684pixels | 0.0699pixels |
k = 7| 0.0570pixels | 0.0707pixels | |

It wasfound that using bandlimited interpolation with the parametersa= 4,k = 6
yielded the most accurateresults. Howewer, the interpolation was quite slow, since
the amourt of computation required increasesexponertially with k. Therefore,
as a compromise between accuracy and speed, it was decided that bandlimited
interpolation with the parametersa = 4, k = 5 would be used. This method
estimated the location of the certre of the ball with a root mean squarederror of
0.0433pixels, which is equivalert to an accuracyof 0.0361mm.
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Table 4.4: Error in certre location using bandlimited interpolation.

4.5 Template matching

a= 2

a=4

a=8

x X X X X T
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0.1518pixels
0.0927pixels
0.0658pixels
0.0562pixels
0.0500pixels
0.0564pixels

I
0.0521pixels

0.0454pixels
0.0433pixels
0.0414pixels

I
0.0514pixels

0.0471pixels
0.0481pixels
0.0436pixels

4.5.2 Speed considerations

It was found that the using cross-correlationand interpolation as descriked in the
previous sectionwas slov when actual high resolution imageswere processed.Lo-
cating balls of four di erent coloursrequirestwelve cross-correlationgthree colour
componerts for ead ball colour), which took over a minute, using the normalised
cross-correlationon 640 480images. Sincethe imagesto be usedin this project
wereover twernty times larger than this, the actual time would be many times longer
than this. This length of time was consideredto be unacceptablylarge.

Whether the unnormalisedcross-correlationmay be usedinstead of the normalised
cross-correlationhas not been determined. The unnormalised cross-correlationis
more di cult to interpret. For example,the red componert an image of the yellow
ball producesa higher peak when cross-correlatedwith the red componert of a
template of a red ball, than whenwith the red componert of a template of a yellow
ball. Howewer, it may be possibleto interpret theseresults correctly, using a more
complex method of conmbining the three cross-correlationresults for ead colour
componert. This could be advantageous,as the unnormalised cross-correlationis

much faster to compute.

The use of the unnormalisedcross-correlationwould also be advantageousin that
the two-dimensionabandlimited interpolation canbeimplemerted extremelysimply
and quickly in the frequencydomain. Sincethe unnormalised cross-correlationis
rst computedin the frequencydomain, the result can be immediately zero-padded
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4.5 Template matching

before corversion badk into the spacedomain, thus saving the time which would
have beenrequiredto perform two 2-D discrete Fourier transforms. The normalised
cross-correlationhowewer, cannotbe computedcompletelyin the frequencydomain,
and thereforethe Fourier transform must be calculated beforethe interpolation can
be performed.

Another possiblemethod consideredfor speedingup the program was to produce
only one template of a white ball on the black badground (instead of having four
templatesof di erent colouredballs on a blue badkground). This would meanthat
only three cross-correlationsvould needto be performed. Di erent colouredballs
would then produce peaksof di erent heigtts in the cross-correlation,and it was
hypothesisedthat, by analysingthe magnitudesof the peaksat correspnding lo-
cations in the three cross-correlationsthe colour of the ball producing the peaks
could be determined.

The problem of speed comesdown to the fact that for the large imagesproduced
by the camera, only a small percenage of the image will contain information re-
garding the ball locations. The processof locating, say, the white ball would be
signi cantly fasterif it was known that the white ball waslocated within a smaller
region. Methods of searting the image quickly to locate the balls approximately
were investigated. Using sud a fast algorithm, the ball locations could be deter-
mined approximately, sothat only small regionsfrom the photo wherethe balls were
known to be would be cross-correlatedwith the templates.

One method of quickly nding the approximate ball locationsisto rst perform the
cross-correlationsusing decimated copiesof the original image and the template.
Then smaller regionsin the neighbourhoods of the peaksfound could be searded
using the high resolution image and the template. This method is known as a
coarse- neseart, and is the method that was nally implemened in the program
dueto its simplicity. Other methods researbed have beenincluded in the following
sections.
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4.6 Segmeirmation

4.6 Segmentation

Seeral techniques for locating the certre of the balls depend upon the ability to
decompmsean image into its componens. In other words, it is necessaryto know
which pixels belongto the image of the white ball, which pixels belongto images
of red balls, which pixels belongto the image of the blue felt, and so on. This is
known asimage segmetation.

? lists seweral image segmemation techniques. The most important of these is
amplitude thresholding. For greyscaleimages,the pixels of an object are charac-
terisedby an amplitude interval. For example,the pixels of a bright imageagainsta
dark badkground may beidertied by nding all pixelswith an intensity amplitude
greaterthan a certain threshold value.

For colour images,instead of a characteristic amplitude interval, pixels would be
characterisedby a regionin the spacewherethe three dimensionsare the red, green
and blue componerts of the colour. For example,white pixelsmight be characterised
by the region in which all three componerts are greater than 0.9. The dicult y
with this method liesin choosingcharacteristic criteria that are robust, and will not
miscategorisepixels.

One way of choosing criteria is to plot a histogram of ead colour componert of an
image. For example, if a cameraproducesvaluesranging from 0 to 255 for eah
colour componert, then a histogram of the red componert shovs how many pixels
have a red componernt of eat value from 0 to 255. Thus if an image of a red ball
and a yellow ball againsta blue badkground is used, then the red, yellow and blue
pixels can be plotted separatelyon the histogram, and suitable threshold valuesfor
separating these pixels can be chosengraphically. An exampleof this is shavn in
Figure ?7.

The problemwith this is that there is often signi cant overlap between,for example,
red ball pixels and yellow ball pixelsin the histogramfor any onecolour componert.

Therefore, for the characteristic criteria to be robust, it is not sucient to simply
nd threshold valuesfor one or more colour componerts.

Another graphical method is to create a three-dimensionalhistogram, by plotting
the pixels in a three-dimensionalspacewith orthogonal axescorrespnding to the
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Histogram of blue component
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Figure 4.7: Histogram of the blue componerts of di erent colouredpixels. This can
be usedto determinethresholdvaluesfor segmetation. For example,all pixels with
a blue componert of lessthan 0.2 could be de ned asyellow pixels. It canbe clearly
seenthat this criterion is not robust.
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4.6 Segmeirmation

red, greenand blue colour componerts. Then a three-dimensionalregion can be
chosenwhich characterisesfor example,yellow ball pixels.

It canbe easierto determinesud aregionif the axescorrespndedto coloursother
than red, greenand blue. For example, pixels could be represeted as a sum of
\ball red", \ball yellow" and \felt blue" componens, where \ball red" refersto
the speci ¢ shadeof red which is the averagedcolour of red ball pixels found in
imagesused. Then by plotting a three-dimensionalhistogram with theseaxes,the
pixels belongingto di erent elemeits of the image may be more clearly separated.
Through testing in Matlab , it was found that this idea of changing the basis of
the colour spaceto de ne regionswas no more robust than using the normal RGB
(red, greenand blue) colour components.

Ideally, the thresholdingwould be performedautomatically, basedon a sampleimage
of the table. Howe\er, this would be di cult to implemert, sincethe techniquesfor
de ning characteristic criteria are largely basedon estimating valuesfrom graphical
data.

Another method of segmetation is componert labeling. Two neighbouring pixels
are said to be connectedif they are su ciently similar. Of course,this must be
rigorously de ned. For example,it might be decidedthat if the three correspnding
colour componerts of two neighoouring pixels ead di ered by lessthan 0.1, then
the two pixels are connected. Then the image can be divided into connectedsets.

Again, the dicult y hereis de ning connectivity criteria which were su cien tly
robust. This method is even more sensitive to poorly de ned criteria than thresh-
olding, for if two pixels are found to be connectedby the criteria, when in fact
they should belongto di erent sets, then the two setsare mergedinto one set of
indistinguishable pixels.

It has beenfound through experimertal Matlab testing that these methods of
segmetation fail in large part due to the texture of the blue felt. Becausethe
colour distribution is very uneven and widely spread,it is di cult to de ne criteria
which will not fail at somepoint dueto variations in the felt colour. Filtering out the
texture of the badkground could make thesesegmemation methods more suitable.
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4.6 Segmeirmation

46.1 Centroid metho d

A correctly segmeted imageshouldconsistof seweral setsof pixels, ead correspnd-
ing to the image of a ball, and the remaining set represeting the felt badkground.
It is now necessaryto nd the position of the certre of the ball. A simple method
for doing this isto nd the certroid of all the pixelsin the set. For a setof N pixels

with coordinates(X;;V;), the certroid is found at coordinates
!

1 X
N .

i=1

(N
Xi; N . Yi
A Matlab program was written to determine the accuracy of this method. The
program created an ideal image of a colouredball againsta blue badkground, with
radiusr and certred at a random position C. A pixel with certre P wascolouredi
jPCj < r. The certroid € of all the coloured pixels was then found and compared
to the true certre of the ball, C. The program was repeated for 1000 random
placemers of the ball, and the root mean squarederroeréjrmS was found.

Testingwasundertakento determinethe accuracyof the ball certre location method
of nding the certroid. Resultsare shovn in Table ??. Note that theseresults only
demonstratethe accuracyof the method when an ideal imageis used.

Table 4.5: Error in certre location using the certroid method.

cameraresolution | radius of ball jCéjrms

640 480 pixels 10 pixels 0.0524pixels = 0.131mm
1280 960pixels 20 pixels 0.0340pixels = 0.0425mm
1920 1440pixels 30 pixels 0.0276pixels = 0.0230mm
2560 1920pixels| 40pixels | 0.0247pixels = 0.0154mm

E ects onthe ball image,sud asre ections and edgealiasing,introducesmall areas
of colour that do not closelymatch the actual colour of the ball. If thresholdingis
usedto determinewhich pixels are part of the ball and which arenot, it will produce
a setof pixelsthat doesnot represen the ertire ball. This will biasthe averageand
producean o set certre location estimate.
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4.7 Distortion ltering

For this reason, even though the results given by the certroid method are ap-
proximately twice as accurate as those given by the interpolated normalised cross-
correlation method (both methods being applied to ideal images),it was decided
that the latter method was likely to be more robust to image e ects sud as re-
ections and glare. Initial experimerts in adding noiseto ideal imagescreatedin
Matlab , in orderto simulate cameraimage noise,supported this hypothesis.

Howevwer, this method is much faster at providing an inaccurate estimate of the
position of a ball than using cross-correlation.

4.6.2 Erosion

The morphologicalerosionoperation was also consideredas a meansof nding the
certre of a ball, once the pixels of the image of the ball have been successfully
segmeted. The erode operation works by assigninga pixel a value of 1 if that pixel
and the four adjacert pixels are all equalto 1, and assigninga value of O otherwise.

An extensionto this function is the ultimate erode function, which has the result
of iterating the erode function until only one pixel from ead connectedset of 1s
remainsequalto 1.

Thus, if a set of pixels of an image were determinedto be yellow pixels, then the
ultimate erode function could be applied, leaving onepixel remaining from the image
of eat yellow ball, which would be at the approximate certre of the ball image.

However, this function, when usedwith an actual photo, proved to have very high
levels of noiseassaiated with the output. This wasdueto e ects sud asre ections
on the balls and non-uniform felt colour. Also, becausehe function usediteration,
it was not asfast asthe certroid method.

4.7 Distortion Itering

In order for a lensto produce a wide angle image, the three dimensionalworld is
projected onto a curved surface,which is in turn projected onto a plane (?). This
allows a camerato be positioned closerto its subject without losing the breadth of

39



4.7 Distortion ltering

eld, and is a property of all lenses.Therefore,for the purposeof this project, this
lens distortion hasthe undesirablee ect of warping the image sud that the image
of the pool table that is processediy the computeris not an ideal projection, but
rather onethat hasa non-linear distortion. SeeFigure ?? for an depiction of this.

BARREL
OBJECT DISTORTION

Figure 4.8: A depiction of lensdistortion. From ?.

There are many methods published for removing the e ects of lens distortion (see
Section??). All of the methods introduced use various assumptionsof the lensto
generateequationsthat descrite lensdistortion factorsand functionsto undistort an
image using these parameters. They shareone unfortunate aspect in that they are
all computationally intensive, and thus, if usedfor this project, would take too long
to perform their task at the beginningof ead turn. For example,usinga test image
that was onequarter the sizeof the imagesusedby the robot, it took somewheren
the order of 30 secondgo undistort this imageusing Bouguet'sMatlab undistort
toolbox (?). To perform this function (which would take much longer than 30
secondswith the full sizeimagesfrom the camera)at the beginning of every shot
that the robot plays was consideredinfeasible.

A new method of removing the e ects of distortion was required. Undistorting the
imageand then nding the ball locationsclearly was a technique that took too long
due to the large sizeof the images. Instead, the balls were located in the distorted
image, and the positions were subsequetty adjusting to their actual locations.

In order to achieve this, the lensdistortion was modelled by Matlab very simply.
A grid of squaresconstructedfrom string was placedacrossthe surfaceof the pool
table. A photo of the table and the grid wasthen taken. The photo can be seenin
Figure ??. The pixel locationsof ead of the verticesof the grid weredeterminedand

40



4.7 Distortion ltering

ertered into Matlab . The actual spatial locations of the vertices of the grid were
alsoenered. A piecewiselinear transform was then createdto map correspnding
sectionsof the grid to ead other.

Figure 4.9: A photo of a grid of squaresover the pool table, taken by the robot's
camera.

Oncethe locationsof the balls within the distorted imagewerefound, the transform
could then be applied to these ball location coordinates in order to produce the
actual spatial coordinates of thesepoints on the table. While this method de nitely

reducesthe errors causedby distortion, it is still an inexact method. The main
problemis that locating the balls in the distorted image using cross-correlationwill

produce anomalousresults, since in the distorted images,the balls often do not
appear to be round. Howewer, the template is of a perfectly round ball, and so
the template matching processwill not idertify the certres of the balls reliably.

Therefore,a solution which removesthe lensdistortion beforethe image processing
occurswould be preferable.
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4.8 Locating edges and pockets

The task of nding the pockets and the edgesof the table is one that needsto
be performed only when the camerais moved, and perhaps also periodically for
calibration. Becausethese operations only have to be performed occasionally it is
not imperative that they are fast.

Finding the location of the pockets and nding the edgesof the table are intercon-
nected. Once the lines correspnding to the edgesof the table have beenfound,
then the gapsin theselines will correspnd to pockets.

Only a limited amourt of work was spent investigating algorithms to locate the
edgesof the table. It was assumedthat position of the camerawould remain xed

with respect to the table for long periods, so manually inputting the positions of
the edgesof the table areato the software was an adequatesolution. Of course,
automated detectionis preferable,particularly if the results are more accuratethan
those obtained by manual input.

ThereisaMatlab function which nds edgesn animage,usinga gradiert operator
to determinewherethe intensity of the imageundergcesa su cien t changeto qualify
as an edge. Early experimerts in using gradiert operators produced imagesfull of
noise,thus failing to nd connectedlines for the edgesof the table.

Oncethe imagehasbeensuccessfullycorverted to a binary imageshawing the lines
of the edgesof the table, the Radon transform may be usedto determinewherethe
lines are located. The Radon transform is closelyrelated to the Hough transform,
which was usedby the team at the University of Waterloo (refer to Section??) to
detect the edgesof their pool table.

The biggest problem involved in the edgedetection is due to lens distortion. The
edgesof the table are locatedin the imagein the areasthat are a ected most by the
distortion. Without Itering to remove the distortion, the imagesof the table edges
will be curved lines, and will thereforenot be revealedby the Radontransform. So
there are two ways to nd the table edgeswith this in mind. The rst is to apply
a Iter to remove the lensdistortion from the image,creating an image of the table
with straight line edgeswhich canbelocatedusingthe Radontransform. The other
method involves nding speci ¢ points on the cushionsand constructing the table
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edgesaround these points. Thesesingle points can be undistorted after they are
found, using the undistorting transform usedto adjust the ball positions.

4.9 Final eye software

The vision systemsoftware beginsby calling the program TakePhoto. A photo of
the table is taken, and saved to an image le. The software readsin this image
le and cropsit, sothat the brown outside edgesof the table and all extraneous
surroundingsare removed.

The imageis decimatedby a factor of 8, sothat it is 64 times smaller. Then, for
ead colour of ball (white, black, red, yellow), the positionsof the balls of that colour
on the table are found using a coarse- neseardt.

First of all, the decimatedimageis cross-correlatedvith an appropriate computer-
generatedtemplate image of the ball to be found. Three cross-correlationsare
performed, one for eat of the red, greenand blue colour componerts, and the
results are averaged.

If the white or black ball is beinglocated, then it is known that there is exactly one
ball of this colour on the table. Therefore, the highest peakin the averagecross-
correlation is found, and this is taken as the approximate position of the white or
bladk ball.

If colouredballs, say red, are beinglocated, then it is not known how many balls of
the colour are on the table. The peaksin the averagecross-correlationcorresmpnd-
ing to the red balls should be higher than the peakscorrespnding to di erently
coloured balls. The highest peak is found by nding the maximum value of the
averagecross-correlation.If the maximum valueis higherthan 0.65(the normalised
cross-correlationrangesfrom -1 to 1), then the software determinesthat this peak
correspndsto ared ball. If the maximum valueis lessthan 0.65,then the software
determinesthat there are no red balls on the table.

The software then examinesthe next highest peak. It achievesthis by eliminating
the rst peakfrom the averagecross-correlationsetting a circular region (the same
sizeasthe imageof a ball) around the maximum valueto zero. The maximum value
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of this modi ed cross-correlationis then found, and is again comparedto 0.65to
determine whether this peak correspndsto a red ball. This processit repeated
until there are no more peaksremaining which are higher than 0.65, sothat all of
the red balls have beenfound.

The value 0.65 was chosenafter examination of a large number of average cross-
correlations. The maximum values of the peakscorrespnding to the balls being
located were generally 0.8 or higher, while the maximum valuesof the peakscorre-
sponding to di erently colouredballs weregenerallylessthan 0.5. Using the thresh-
old value of 0.65was found through testing to be a robust method of distinguishing
betweenballs of di erent colours.

Oncethe approximate positions of all the balls of a speci ¢ colour are found, these
positions can be re ned by examining the original (undecimated) image. For eadh
of the ball positions found, the original imageis cropped to a small region around
the position. Then cross-correlationand bandlimited interpolation are carried out,
asin Section??, to nd the positions accurately

The Matlab code for the programis listed in Appendix ??.

4,10 Summary

A variety of cameraswereconsideredasoptionsfor the imagesystemhardware. The
one chosenwas the Canon EOD D60 for its high resolution, easyconnectivity, and
exibilit y. This was interfacedwith the computer with third party remote capture
software that provided a DLL that could interface with the program. A console
program, which could be run directly from Matlab that utilised this DLL was
written.

The function usedto determinethe ball positionswasthe 2-D cross-correlation.In
order to compute the functions in an appropriate time frame, a coarse- ne seart
was used which cross-correlateda decimatedimageto nd the approximate ball
locations. Small regionsof the original image where balls were known to be were
then cross-correlatedwith the template imagein orderto nd the ball location to
the accuracyof one pixel. Bandlimited interpolation wasthen usedto nd the ball
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4.10 Summary
positions to sub-pixel accuracy Once the ball positions were known, they were

passedthrough a Iter which correctedtheir positionsto accourt for distortion of
the lens.
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5 The brain

5.1 Intro duction

Algorithms for determining the best shot to take range from exceedinglysimple to
tremendouslycomplex. In general,a more complex procedurehasthe potertial to
result in a more successfubtrategy. In this section,many possibledesignconcepts
will be discussednot all of which have beenimplemented. The \brain" of the robot
wasprogrammedto be asintelligent aspossible,giventhe time available to be spert
on its design.

Given the positions of the balls on the table, the program must:

construct a list of shots,
decidewhich shotsare possible,

choosethe best shot, basedupon someset of criteria.

5.2 Listing shots

At the beginningof any turn, thereis a non-empty subsetof balls on the table which
the robot should sink. For example,beforeany balls have beensunk in the game,
the robot can sink any red or yellow balls. Otherwise, the robot should sink either
the remaining red balls on the table, or the remaining yellow balls, or just the black
ball.

Let Bo denotethe cueball. Let n bethe number of other balls remainingon the table
at the start of the robot's turn. Let m be the number of balls on the table which the
robot shouldsink, soO< m n. Let theseballs be denotedby B1; B,;:::;By. This
set of balls which the robot should sink is always the sameasthe set of balls which
the cueball may rst collide with, in order to not foul. Let the remaining balls be
denoted by Bn+1;Bm+2;:::;Bn. Finally, let the cushionson the four sidesof the
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5.2 Listing shots

table be denotedby G; G; G; G, and let the six pockets of the table be denotedby
P1; P2; P3; Pa; Ps; Ps.

First considera shot where the cue ball strikes a ball B;j, causingthe ball B; to
sink in pocket P;. (It is assumedimplicit, in this description and similar following
shot descriptions,that there are no other intermediate collisionswith other balls, or
cushions.) Denotethis shot path by B;j P;. Asthere are 6 pockets P;, and m balls B;
which the robot should sink, there are 6m combinations for this type of shot path.

Next considera more complex shot path where an extra ball is involved. First,
supposethe cue ball strikesa ball B;, which then strikes another ball By, which is
then sunk in pocket P;. Denotethis shot path by B; ByP;. As there are 6 pockets
Pi, m balls By which the robot shouldsink, and m 1 other balls B; which the cue
ball may rst hit, there are 6m(m 1) combinations for this type of shot path.

Alternativ ely, the cue ball could strike a ball Bj, causingthe cue ball to change
direction and strike a secondball By, which is then sunkin pocket P;. Denotethis
shot path by [B; |BxP;. As for the previouscase,there are 6m(m 1) conbinations
for this type of shot path.

Another possibility is that the cue ball strikesa ball Bj, which then strikes a ball
Bk, causingthe ball B; to changedirection and be sunkin pocket P;. Denote this
shot path by B;[B«]P;. Here, there are 6 pockets P;, m balls B; which the robot
shouldsink, and n 1 other balls By, sothere are 6m(n 1) combinations for this
type of shot path.

A shotpath canalsobe mademorecomplexby introducing reboundso the cushion.
Supposethe cueball rst bounceso cushionG, and then strikesa ball Bj, which
is then sunk in pocket P;. Denotethis shot path by [G]B;P;. There are 6 pockets
P;, m balls B, which the robot should sink, and 4 cushionsGC,, so there are 24m
conmbinations for this type of shot path.

If insteadthe cueball rst strikesa ball B;j, which then bounceso cushionG, and
is sunk in pocket P;, then denotethis shot path by B;[G]P;i. As for the previous
case,there are 24m combinations for this type of shot path.

Clearly more intermediate stepscan be introducedin any of the three forms, By,
[Bk] or [G], ad in nitum. With ead additional step, the number of conbinations
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increasegreatly. Table ?? shaws a list of seeral shot path types,and the number
of di erent shot conbinations for ead type in terms of m and n. Speci c values
are shovn for m = 14, n = 15, correspnding to a gamesituation beforeany balls
have beensunk, so the shots consideredare those where any red or yellow ball is
sunk. It is clearthat there existsa systematicmethod of generatingshot paths. The
number of theseshotswhich shouldbe considereds dependert upon the complexity
of calculation required for ead shot, the amourt of computational power available,
and the usefulnesof the inclusion of the shots.

Table 5.1: Someshot path types.

‘ Shot path type ‘ Combinations ‘ Number H Shot path type ‘ Combinations ‘ Number ‘

B; P, 6m 84 [G.IB; P; 24m 336

B; Bk P em(m 1) 1092 B; [C.]P; 24m 336
[B; 1Bk P; em(m 1) 1092 [G.]B; Bk P 24m(m 1) | 4368
B; [Bx]P; em(n 1) 1176 B; [C]Bk P 24m(m 1) | 4368
B; B« B/ P; em(m 1)(n 2) | 14196 B; By [G.IP; 24m(m 1) | 4368
[BjIBBP; | 6m(m 1)(n 2)| 14196 || [GIBjIBkP; | 24m(m 1) | 4368
Bj[BBIPi | 6m(m 1)(n 2)| 14196 || [B;][CBkP; | 24m(m 1) | 4368
BiB«[BIPi | 6m(m 1)(n 2)| 14196 || [B;IB«[GPi | 24m(m 1) | 4368
B[BBiIPi | 6m(n 1)(n 2) | 15288 | [C.IB;[BkIP; 24m(n 1) 4704
BiBBIP; |6m(m 1)(n 2)| 14196 | B;[C.][BkIP; 24m(n 1) 4704
BilBkIBP; | 6m(m 1)(n 2)| 14196 | B;[Bc][GIP; 24m(n 1) 4704

The morecomplexa shot path is, the lower the probability that it canbe successfully
executed. The initial launch of the cueball will be subject to somerandom and bias

error due to the inevitable imperfectionsof the vision and actuation systems.Eacd

stepin the shot path magni es theseerrors, sothat the executedshot deviatesmore

and more from the desiredpath. When a shot path is su cien tly complexthat the

magni cation of error is large, the probability of successfullyexecutingthe shot is

near enoughto zerothat it should not be considereda viable option.

Somestepsin a shot path createa greatermagni cation of error than others. Specif-
ically, planning a shot involving a collision betweentwo moving balls can be dis-
courted as infeasible. Deviations of the two balls from their paths will causea
signi cant error in their point of collision (if they still manageto collide), which will
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result in much greater deviations in the two balls' paths after the collision. Addi-
tionally, calculating and executingsud shotswould require complete simulation of
the physicsof the game(seeSection??), aswell as extremely accurate calculation
and cortrol of the force imparted to the cue ball. Theseshot paths will therefore
not be consideredfurther.

The shot path determinesthe angle at which the cue ball must be struck. To
complete the description of a shot, the force with which the cue ball should be
struck must also be known. A certain minimum force will be required to ensure
that the shot path is carried out to its conclusion(that is, the sinking of a ball). It

may be desirableto considera variety of shots using the sameshot path but with

a di erent stroke force, asthesewould result in di erent con gurations of the balls
at the end of the turn, someof which may be more favourable than others. Suct

considerationsare discussedn Section??.

Note that in formulating the list of shots, only shots which result in the sinking
of a ball are considered. Howeer, often in a gameof pool, a player is faced with
a con guration sud that the probability of sinking a ball is very low. In sud a
situation it may be more desirableto play a shot which doesnot sink a ball, but
improvesthe con guration of the balls on the table, either increasingthe potertial
of future shotsto sink balls or decreasingthe potential of the opponert to to sink
balls. Again, this is discussedn Section??.

5.3 Possibilit y analysis
A shotis saidto be possibleif it is geometricallyacdievable for the balls to interact
in the prescribed manner with the desired outcome. This can be cheded by rst

calculating all the required ball paths on the table, and then chedking to seeif the
determinedtrajectory is feasible.

5.3.1 Calculating ball paths

The processof calculating the paths of the balls is best explainedvia an example.
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Say there are six balls other than the cueball remaining on the table. Let T; be the
initial position of B;, for i = 0;1;2; 3;4;5; 6. The shot path B;[B3]B4[C]BsB,Ps will
be considered.

First considerthe last ball in the path, B,. In order for it to move towards Ps, it
must be struck by the ball Bs at a speci ¢ position, call this Xs. (SeeSection ??
for details.)

Next considerthe previousball in the path, Bs. In order for it to move towards X,
it must be struck by the ball B, at a speci ¢ position, call this X 4.

The previous ball, B4, must arrive at X, via the cushion G. If conseration of
translational kinetic energyis assumedsothat, when a ball reboundso a cushion,
the angleof incidenceis equalto the angleof re ection, then it is clearthat thereis
only onedirection in which B, may be struck in order to achieve this. This canbe
found mathematically by consideringthe line parallelto C, but o set away from it by
a distanceequalto the radius of the ball | this line is the rebound line asseiated
with [G]. The point obtained by re ecting X4 through this re ection line is the
point towards which B4 should be struck. Denote by V, the intermediate position
of B, asit collideswith the cushionC,. In order for B, to move towards V,, it must
be struck by the ball B, at a speci ¢ position, call this X;.

The rst ball, By, must arrive at X; via a collision with B;. Again, if conseration
of translational kinetic energyis assumedand it is alsoassumedhat the masseof
the balls are equal, then it can be shavn (?) that, after the collision, the velocities
of B; and B; are perpendicular. Considerthe position V; of B; asit collideswith
Bs, then the velocity of B; is in the direction Vl)!(l and the velocity of Bz is in the
direction V1IT3. Thus6 T3V, X is aright angle,and jT3V;j is equalto the sum of the
radii of the balls, sothe position V; canbe found. In order for B; to move towards
V1, it must be struck by the cueball By at a speci ¢ position, call this X.

Henceall the ball trajectories necessaryfor this shot to succeedhave beendeter-
mined: By, must move to X, then B; must move to V; then to X1, then B, must
move to V, then to X4, then Bs must moveto X5, and nally B, must move to Ps.
All of theseare straight line paths. (The e ects of ball spin are consideredto be
negligible.)
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Note that, whenanalysingthe path of a ball reboundingo a cushionor anotherball,
consenation of translational kinetic energy must be assumed. In practice, kinetic
energyis not perfectly consered, dueto energylosseshrough heatand sound. More
signi cantly, translational kinetic energy may be converted to rotational kinetic
energyduring a collision, and vice versa.

For this reason,reboundsof thesetypeswere physically investigatedwith pool balls
on the pool table, in order to verify whether the actual behaviour of the balls would
appraximate the behaviour predicted by the idealisedanalysis.

For rebounds o cushions,the prediction that the angle of incidenceis equal to
the angle of re ection was found to be valid over a wide range of incident angles
and velaocities. Therefore analysisof shots with cushionrebounds could be carried
out reasonablyaccurately using this prediction. Howewer, in order to have the
robot playing sud shotsmore accurately it would be necessaryto carry out further
investigation into the real world kinematics of the rebound.

The prediction of the behaviour of a ball following areboundo anotherball, namely
that the velocities of the balls following the collision are orthogonal, wasfound to be
lessvalid. For most of the trials of thesecollisions,the deviationsfrom this predicted
behaviour were quite signi cant. Thereforeit was decidedthat the brain program
would not considershotsinvolving collisionsof this type (for example,[B; ]B¢P; and
B [Bk]Pi).

Accurate analysisof theseshotsis possible(for example,see ?), but is very com-
plicated. Consideringall the variablesrequired to accurately model the kinematics
of collisionsthen vergeson completesimulation (seeSection??).

5.3.2 Trajectory check

Once all of the ball paths in a shot have been geometrically determined, se\eral
conditions must be cheded in order to establish whether or not the shot will be
physically achievable on the table.

For eath of the straight line paths of ballsin the shot, whetherthere areany obstacles
blocking the trajectory of the ball must be chedked.

51



5.3 Possibility analysis

Say ball 1 of radiusry at A(Xa;Yya) isto move (in a straight line path) to B (Xg;Yyg).
The program must chedk whether there is a clear path for the ball betweenthese
two points. Considerany other ball, call it ball 2, on the table. Say it hasradiusr,
andis at P(xp;yp). Then ball 2 will not interfere with the motion of ball 1 if and
only if it is newer within a distancer, + r, of the path AB. This correspndsto P
lying outside the region shawvn in Figure ?7.

Figure 5.1: Regionof interferencewith the path of a ball.

First the program chedks whether P lies within the rectangleA;A,B,B;. Let D be
the foot of the perpendicular from P dropped down to AB. Then D lies on the
samesideof A asB i

AP AB > 0: (5.1)
Similarly, D lies on the samesideof B asA i

BP BA> O (5.2)
Thesetwo conditions together are equivalert to D lying betweenA and B.

To lie within the rectangle,it is alsonecessarythat jPDj < r;+ r,. The perpendic-
ular distancefrom a point (X;Y) to aline ax + by+ c= 0 is given by

q= jaX + bY + g

= (5.3)

The equation of line AB is
(Ya Yye)X (Xa Xg)y+ (Xays YaXg)=0: (5.4)
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Thus requiring that PD < ry + r; is equivalert to the condition

J(yA Ye)Xp  (Xa Xg)yp + (XaYs YaXs)]

< ri{+ro; 55
(Yo V¥YB)?+ (Xa Xg)2 e 55

which can be rewritten as

j(xp XE&)(VA ye) (Xa Xe)(Yrp VYB)I
(Xa  Xg)2+ (Ya YB)?

< rq+ Iy (5.6)

Thus P lieswithin the rectangleA;A;B,B; if and only if inequalities (??), (??) and
(??) all hold.

It is known that P doesnot lie within the semicirclewith certre A (seeFigure ?7?)
as otherwiseballs 1 and 2 would initially be intersecting. Thus it remainsto chedk
whether P lies within the semicirclewith certre B. It is su cient to chek whether
P lies anywhere within the ertire circle, for if it lies within the other half of the
circle, then it lieswithin the rectangleA;A,B,B; and thus ball 2 interfereswith the
motion of ball 1 in any case.

P lieswithin the circle with certre B and radiusrq + r i
q

(Xp Xg)2+ (Yp YB)2<Ti+ry (5.7)

Thusthe completecriteria canbe stated asfollows: ball 2 interfereswith the motion
of ball 1 if either inequalities (??), (??) and (??) all hold, or inequality (??) holds.

In caseswhere balls are extremely closeto, but not within, the region of interfer-
ence,a tiny error in the trajectory of the shot may causean undesirablecollision.
Therefore,in the program, the region of interferencewas enlargedby a small safety
margin to compensatefor sud errors. Thus in equations(??) and (??), the term
r, + ro wasreplacedby r, + r, + , wherethe safey margin, , wassetto = O:1r.

Continuing the exampleanalysisfrom the previous section, ead of the calculated
trajectories must be chedked to determine whether the positions of the other still
stationary balls on the table will interfere with them. That is, it must be chedked

the path of Bs to X5, only B, and Bg are chedked for interference, becausethe
positions of By; B;; B3 and B, are not known asthey have moved.
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In addition to cheding whether there are balls blocking the trajectories,it must be
ensuredthat the paths are not blocked by the cushions. For example,if a ball, By,
is very closeto a cushion,and it is to be struck by a ball, B;, to move in a direction
away from the cushion,then the position, X, at which B; should strike B, can be
calculated. Howeer, it may be the casethat B; is not be able to read the position
X; becaussdt will hit acushion rst. To chedk whetherthis will occur, it is su cien t
to nd the distanceof X; from the cushion. If the distanceis smallerthan the r,
the radius of B, or elseif X; is on the wrong side of the cushion, then B; cannot
reac X; and the shotis impossible.

Another situation wherea cushionmay block the trajectory of a ball is whenthe ball
is headingtowards a pocket. The four corner pockets of the table may be readed
by a ball at any point on the table, so cushionsnewer block thesepaths. However,
there is a maximum angle at which balls may enter the two middle pockets. If the
ertry angleis wider than this, then the cushionon the side of the pocket will block
the path of the ball. Brief experimertation yielded an estimate for this maximum
ertry angleas 60 . Therefore, when a shot results in a ball being sunk in one of
thesetwo middle pockets, then if the entry angleis greater than 60, the shot is
impossibleand must be taken o the list.

Now considera ball, Bj, bouncingo a cushion, G, in orderto read a position, X;.
The intermediate position, V;, asB; reboundso the cushionis calculated geomet-
rically usingre ection through the rebound line assaiated with [G,]. Howewer, the
cushionsare curved in regionsnear the pockets of the table, sothat if the rebound
occurswithin theseregions,the path of the ball will not re ect through the same
line. This chiey occursaround the pockets in the middle of the top and bottom
cushions. Therefore, the distance, ¢, from the pocket that the cushionis curved
must be found. Then for every sud rebound o the top and bottom cushions,the
distanceof V; from the pocket alongthe rebound line must be found. If this distance
is lessthan c, then B; will not reboundo G, to reat X; ascalculated,sothe shot
must be eliminated from the list.

A similar e ect may occur around the four corner pockets of the table, but these
regionsare far smaller,and reboundsvery closeto thesecornerpockets are rare and
generally not useful. Therefore,it was unnecessaryto perform the sameched for
thse pockets.
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If the curvature of the cushion near the pockets were modelled in the program,
then it would still be possibleto allow rebounds in these regions. Howeer, the
modelling would have to be extremely detailed in order to predict sud rebounds
accurately and the calculations required to determine the intermediate rebound
position would be much more complex. Therefore, this was consideredto be an
unnecessarycomplication.

When the cue ball has beensunk by the opponert and is replacedon the table,
there is an additional rule constrainingthe allowable shots,namelythat the cueball
must be struck in a \forw ards" direction. That is, the componert of the cue ball's
velocity parallel to the longersidesof the table must be positive towards the far end
of the table. Therefore, when sud a situation arises,the program must rule out
those shotswherethe cueball is not struck forwards.

5.4 Choosing the best shot

In order to decidewhich of the list of possibleshotsis the \b est" shot to attempt,
a numeric value needsto be assaiated with the shot, estimating how \good" the
shot is. Therefore,a merit function of a shot is de ned, basedon its di cult y and
its usefulness.

5.4.1 Dicult y of ashot

The di cult y of a shot is the probability that the desiredgoalsof the shot will not
be achieved. Usually this can be consideredto depend only upon the probability
that a ball will be sunk. Howeer, in a situation whereit is impossibleto sink a
ball, the di cult y may be related to the probability that the cue ball will manage
to hit one of the object balls (and thus not foul).

The probability of sinking a ball can be found by calculating the allowable errorsin
the paths of eat ball in the shot path, working badkwards asin Section??. Using
the examplefrom that section,the allowable deviationsin the path of B, which will
still result in the ball sinking in pocket Ps can be calculated (from the geometry
of the table). From this, the allowable range of positions X 5 at which B, may be
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struck by Bs canbe determined,and thus the allowable deviationsin the path of Bs
can be calculated, and soon, until the allowable deviationsin the path of the cue
ball By is determined.

If the random and bias errors inherert in the vision and actuation systemswere
known, the exactprobability of propelling the cueball at an anglewithin the required
toleranceto sink the target ball could be found. This would provide an exceller
indication of the di cult y of the shot.

Howewer, much computation is required to perform thesebadkward error analyses.
Additionally, it is dicult to quartify the errors presen in the system. Besides,
all that is required is a indication of the relative probabilities of succesdor the
shots considered. Therefore, a simple function will be derived which provides an
indication of the probability of succes®f a shot.

The analysisis initially very similar to that performedin Section??. Let B; and
B, be two balls of radii r, and r,, respectively, at positions T; and T,, respectively.
Considera shot in which B, is to be struck by B; in a direction at angle , with
respectto a xed direction i. Then B; must strike B, at a position, X ;.

Let a= TX;andd = T,T,. Let = 6T,T1X; and = 6T;T,X;. Let ; bethe
angle of Tl)!(l with respect to i. All anglesare signed, so that they can take on
positive or negative values. A diagram of the setup is shovn in Figure ??. Using
the sinerule, it is clear that

S s 59)

Now supposethat B; is instead struck with an angle error of 1, sothat it is
propelledat anangle 2= ;+ ;toi.

Assuming that B, still collideswith B, denote by X? the position of B; as this
coIIIision occurs. Let  , bethe resulting error in the trajectory angleof B,, sothat
XT,isatanangle 9= ,+ ,toi.

iX%T,j = ry + r,, astheseare the positions of the balls as they collide. Let a°=
jTiX9, 9= 6T,TiX%= + jand = 6T ToX%= + .

Using the sinerule again,
sin © sin ©

ri+r, ao ! (5.9)
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Figure 5.2: Diagram for error magni cation analysis.

or, written in termsof | and g,
a’sin( + 1) = (ro+ry)sin( + ): (5.10)

If d r{ + ro, which is the casein most situations, it is reasonableto use the
approximation a® a, sothat, using the sine addition formula,

asin cos i+ acos sin

(rey+ry)sin cos o+ (ry+ry)cos sin 5. (5.11)

Since ;and , aresmall,

sin 1, cos 1 1
: (5.12)
sin 2 cos >, 1.
Therefore,
asin +(acos ) 1 (ry+ry)sin + ((rp+rpcos ) (5.13)
Using equation ??, the rst terms on ead side are equal, so
(acos) 1 ((ry+trpy)cos ) o (5.14)
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Finally,

1 (rp+rpcos
5 acos '

(5.15)

Thus an expressionrelating to the magni cation of the angle error due a collision
betweenballs has beenobtained.

It is interesting to note that the value of — is not always lessthan 1. If ais
very small, then —2> can be greater than 1, so that 1> ». In other words,
the collision is not causinga magni cation of angle error at all, but rather it is
diminishing it. This is somewhatcournter-intuitiv e, as one would expect that extra
collisions necessarilycausean increasein error. This formula shaws that, if a ball
travelsa very small distancein a shot, then the shot can be played more accurately
than the sameshot without this ball in the shot path.

Now let a; be the distancetravelled by B; beforeit collideswith B,, soa; = a. Let
a, be the distancetravelled by B, beforeit reatesa pocket at P. Let .« bethe
maximum distanceby which the certre of B, may missthe point P and still sink in
the pocket.

Then  ,,ax, the maximum allowable error in the trajectory of B,, is given by

2max g—zx: (516)

Then, using (??),  2max, the maximum allowable error in the trajectory of B, is
given by

rp+ rp)COSs

1
max Pmax a,a, CoS

Now to state this result in a more applicable form, considera shot B; P;. Naming
all variables using the previous convertions, the maximum allowable error in the
trajectory of the cueball, By, is given by

(re+r)cos g
0 5.18
Omax aj cos o max ( )

where nax is the maximum distance by which the certre of B; may missthe point
represeting P; and still sink. It will beassumedrom this point onwardsthat s IS
a constart distance,independen of the pocket and of the initial position of the ball
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to be sunk. This is not true, sincegreater or smaller deviations may be permissible
depending on which pocket is targeted, and on the ertry angleof the ball. However,
the e ect of the variation of ,5x on the dicult y function to be de ned has not
beeninvestigated.

For shotsof the type B; P;, de ne the dimensionlesdunction } (B; P;) to be

_(2r)? cos o,
}(BPi) = 208 €05 o (5.19)

sothat (making the valid assumptionthat r. )

omax (B Pi)¥: (5.20)

It can be seenthat if } (B;P;) is greater, then the maximum allowable error in the
trajectory of the cue ball is greater, so the probability of successfullycarrying out
the shot is greater. In other words, the function } provides an indication of the
shot's probability of success.

Now considera shot B; ByP;. The maximum allowable error in the trajectory of the
cueball, By, is given by

: omax  max ) (rc+ r)(2r) cos gcos | _ (5.21)
Omax — max max - .
imax  kmax agaj ay COS o COS |

Thereforewe de ne } (Bj B«P;) to be

(2r)* cos o cos .

B; BkPi) = 5.22
} (B BkPi) 33 @ COS o COS ;' (5.22)

sothat
omax  } (BjBkPi) g;"x: (5.23)

It can be seenthat the function } is de ned in sud a way so as to provide a
comparisonof the di cult y of shots,ewen if they are of di erent types.

Similarly to the previousexample,for a shot B; BB, P;, the value of the function is

(2r)* cos o COS | COS .
Qdjaa COS o COS j COS i

}(BjBkPi) = (5.24)

In order to nd the value of the function } for shots involving cushion shots, it
is rst of all assumedthat the angle of incidenceis exactly equal to the angle
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of re ection. Therefore, the shot may be consideredequivalert to an imaginary
shot where all of the positions of the balls involved in the shot beforethe cushion
rebound are re ected through the rebound line. For example, the shot B;[G]P2
may be consideredequivalert to a shot B;P, wherethe cueball and B; have been
re ected through the rebound line assaiated with [G]. The function } can now
be calculatedfor the imaginary equivalent shot, and this value can be taken asthe
value of the function } for the original cushionrebound shot.

Howewer, becausdhe angleof incidenceis not exactly equalto the angleof re ection
in practice, there is likely to be magni cation of trajectory error dueto the cushion
rebound. Therefore, an empirical method of scaling the function } appropriately
is to multiply the value of the function by ", wheren is the number of cushion
reboundsin the shot,and < 1is an appropriate penalty factor.

Apart from the geometry of a shot, another factor a ecting the probability of the
successs the force with which the cue ball is struck. Ball spin will causea ball
to deviate from the path calculated assumingconsenation of translational kinetic
energy (which is usually invalid when ball spin is non-zero). Howewer, the greater
the velocity of the ball, the smallerthe error introducedby the ball spin. Thus, in
general,striking the cueball with a greaterforce increaseghe probability that the
shot will deviate from the calculated shot path by a lesserextert.

Of course,the cueball must be hit with enoughforce sothat enoughmomertum is
transferred to the nal ball in the shot to read the pocket. For a shot B;P;, the
minimum initial velocity, unmi,, of the cue ball which will result in the target ball
readiing the pocket is given by (?)

2 _ g :

us. = + 2 ; 5.25

min CO§( J 0) g rao ( )
where = ﬁ 2—:‘ + & , g is gravitational acceleration, ; and s are the rolling

and sliding friction constarts of the pool balls on the felt. This can be rearranged
to yield

— 1 &
Uzm- =2 r ot . 5.26
n g 29 r CO§( j 0) ( )

Usingthe values , = 0:01and = 0:2(?), it canbeshownn that uZ,  is proportional

min
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to

1:87

w0g(i o | 3 (5.27)

ot

This expressionwas usedto determine how hard the cueball should be struck.

5.4.2 Usefulness of a shot

The following attributes of a shot increaseits usefulnessfo varying degrees:

a target ball (or more than onetarget ball) is sunk,
the shot is not a foul,

the robot's target balls are positionedin regionsfrom which they are easierto
sink,

the opponert's target balls are positionedin regionsfrom which they are more
dicult to sink,

the next turn belongsto the robot, and the cueball is left in a good position
for the robot,

the next turn belongsto the opponer, andthe cueball is left in a bad position
for the opponert.

Sofar, the only shotsconsideredare thosewhich result in a target ball being sunk,
sothey are all equally usefulin this respect. In order to assesshe other attributes
of a shot, it is necessaryto be able to predict, to somedegree,the con guration of
the table following the shot.

This canbe achieved with a completesimulation of the shot (seeSection??). Failing
this, empirical methods may be usedto estimate the appraximate positions of balls
following a shot, similarly to how humanswould predict the outcomeof a shot. For
example,if the shot B;P; is being consideredthen it may be guessedhat, following
the shot, the ball B; will most likely be sunk and therefore no longer on the table.
From the level of force usedto strike the cue ball, and the distancesinvolved, the
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5.4 Choosingthe best shot

velocity of the cueball immediately beforethe collision can be estimated, and there-
fore the velocity after the collision can also be estimated. Finally, the assumption
that the cueball doesnot hit any more balls could be made,sothat the nal resting
position of the cue ball could be estimated.

If the con guration of the table resulting from a shot can be predicted in this way,
then the resulting con guration canbe assessedccordingto the criteria listed above
in order to evaluate how usefulit is. For example,if oneof the robot's target balls is
moved very closeto the middle of one of the shorter cushions,then this ball isin a
very di cult position to be sunk, and thus this makesthe con guration lessuseful.

Algorithms to carry out an empirical prediction and then evaluation of the table
con guration, asdescribed above, have not beendesignedin detail.

5.4.3 Overall merit function

The overall merit of a shot is related to both the di cult y and the usefulnesf the
shot. If a function were de ned to assigna numerical value to the usefulnessof a
shot, ashasbeendonefor di cult y, then the two functions relating to di cult and
usefulnesscould be conmbined to produce a overall merit function, for example, by
multiplying the two functions. In order for this to work, both functions must be
de ned in sud a way that they take on non-negatiwe valuesonly, a greater value
indicating a \b etter" (that is, lessdi cult, or more useful) shot.

Oncethe overall merit function hasbeende ned, the value of the function for all of
the possibleshotsfound by the brain program should be calculated. Then the shot
with the highestvalue (that is, the greatestmerit) shouldbe chosenasthe bestshot
to play.

De ning the merit asa function of two numbers assaiated with the shot, the di -

culty andthe usefulnessmay not bethe bestapproad to achieve the mostintelligent
play. A shot may have multiple goals,in which caseit is appropriate to considerthe
probabilities of eaty combination of goalsbeing achieved. For example,say shot A
has a very small probability of sinking a ball, but in the evert of failure, will leave
the table in a con guration which makesit very dicult for the opponert to sink
his nal ball, whereasshot B hasa slightly higher probability of sinking a ball, but
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in the event of failure, will leave the opponernt with an easyshot to win the game.
Then the value of the merit function for shot A should be higher than that for shot
B, despitethe fact that shot B has a lower di cult y than shot A for the singular
goal of sinking a ball. Thus ewaluating di cult y and usefulnesseparatelyproduces
a skewed viewpoint of a shot, under somecircumstances.

Clearly the dewelopmert of a intelligent, robust merit function is a complicatedtask,
chiey due to the needto be able to quartify what is usually a vague, subjective
estimation of a shot's usefulness.

5.5 Complete simulation

In many casessimply analysingthe collisionsinvolved in a shot doesnot provide
enoughinformation to judge the possibility, di cult y and usefulnessof the shot.
To gain all the information about a shot, it would be necessaryto simulate it in
its ertirety. This involves calculating, at discrete time intervals, the positions of
all balls on the table, as well astheir translational and rotational velocities. Eac
successig time step is computed by analysingthe forcesacting on ead of the balls
(including frictional forcesand collision forces, from other balls or cushions)and
updating all of the information.

This is computationally feasible,as can be seenfrom the many programsavailable
which simulate pool and snooker. However, the complexity of sud a program would
requirealot of programmingtime. Evenif code from an existing simulation could be
adapted, a great deal of work would needto be donein order to update the program
from an ideal simulation to oneincorporating all real world e ects. It canbe seenin
? and ? that the physicsof pool becomesextremely complexif all physical e ects
are to be accoured for, which would be necessaryin order for the simulation to
provide any usefulinformation to the robot beyond what is already known without
the simulation.

Additionally, it would be necessaryto ensurethat the kinematics of the simulation
matched the kinematics of the actual table used by the robot extremely closely
which would require a large amourt of time spert in testing. One of the most
di cult aspectswould be modelling the variations in smoothnessof the felt, and the
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unevennessof the surface,both of which have signi cant e ect upon the kinematics
of the balls.

Finally, the extra information which could be provided by sud a simulation would
only be very usefulin analysingquite complicatedshots,and dueto the di cult y of
sud shots,they shouldnot be often attempted by the robot in any case.Thus, while
the possessiorf sud a simulation would enablethe robot to play pool extremely
well, it hasbeendecidedthat it is far beyond the scope of this project.

5.6 Final brain software

Oncethe positions of all the balls on the table are found, the shot selectionsoftware
beginsby compiling a list of shots. Sincethe robot hasno way of detecting when
balls have been sunk, the software must be told if the table is still open, or else
whether its target balls are the red set or the yellow set. Once one of the two
colouredsetsis chosen,the software remenbersthe choicefor the remainderof that
game.

The shot path types which the software is programmed to consider are B;P;,
[Ca]BJ Pi, Bj [Ca]P“ Bj Bk Pi, [Ca]BJ BkPi; Bj [Ca]Bk Pi, Bj BK[Q]P| and Bj Bk B|Pi. The
trajectoriesof the shotson the table are calculated asthe list is created.

The software was not programmedto considerthe e ects of varying the force im-
parted to the cueball. Therefore,only a single shot was createdfor ead shot path,
rather than a number of shotswith di erent shot strengths.

The overall merit function of the shots was basedonly upon the di cult y of the
shots. No software was written to judge the usefulnessof the shots, so all shots
were regardedas equally useful in that they resulted in a target ball being sunk.
Sothe merit function implemerted was equalto the di cult y function descriked in
Section??, with a cushionrebound penalty of = 0:5.

Sincethe calculation of the merit function of a shotis much fasterthan the possibility
analysis,instead of performing the possibility analysison all of the shotslisted, the
merit function of all the shotsis rst calculated. The program then sorts the shots
in order of merit, and, starting with the highest scoring shot, performs possibility
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analyseson the shotsin this order, until a suitable number of possibleshotsis found.
This meansthat the possibility analysisis only carried out on potentially good shots,
saving much time.

Once a shot has beenchosenfor play, the software must decidethe level of power
with which to strike the cue ball. The expression(??) was utilised to determine
which of the three power levelsto use.

In the rare casethat no possibleshots are found, the robot is programmedto hit
the cue ball towards the certre of the table with high power.

The Matlab code for the programis listed in Appendix ??.

5.7 Summary

In order to determine the best shot to play, the shot selection software rst sys-
tematically createsa list of shotsup to a high level of complexity. A merit score
is assignedto ead of these shots, basedon the probability that the shot can be
executedsuccessfullyresulting in a target ball being sunk. Finally, possibility anal-
ysisis performedon the shotswith the highestmerit scoresuntil a possibleshot is
found.

65



6 The arm

6.1 Intro duction

The conceptdesignprocessfor this project was basedon the processoutlined in ?.
By basingthe methods employed in ful lling the designrequiremerns of the project
on a legitimate foundation, the likelihood of redesigningat a later stagewasreduced.
This method also encourageghe integration of lateral thinking and logic into the
designprocessin order to ensurethat the nal designachievesthe goalsin the most
e cient manner. Another benet of following the appropriate designprocesswas
to ensurethat the solution that was nally derived had beensubjected to rigorous
scrutiny that expedited the construction and testing phases.

As outlined in the literature review, there werea number of important facetsto take
into considerationin the designof the actuation subsystem,or \arm", of the robot.
In order to ensurethat theseconsiderationsare takeninto accoun (sothat the nal

designre ects the prerequisitesof the system) a detailed conceptdesignprocessis
necessary

This chapter outlines the processe$ollowed, and detailsthe nal designfor the arm.

6.2 Specication

The purpose of the robotic actuation systemis to corvert the theoretical output
from the brain into medanical action. It is required to play the desiredshot as
accurately as possible. In order to achieve these goals, appropriate functions and
subfunctionswere de ned.

6.3 Overall function and subfunctions

The overall function of the actuation systemis de ned as follows:
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To propel the cueball in a given direction, at a given speed, from a given point on
the pool table.

The subfunctionsutilised to adciewe this overall function are:

1. Energy transfer to cueball | what type of actuator will be utilised to drive
the cuetip into cortact with the cueball whilst imparting a known and desired

force?

2. Postitioning of cue: traversemedanismand drive medanism| how will the
cue and actuation systemarrive at the correct position in order to transfer
energyto the cueball?

3. Control of actuation system| how will the actuation systemoverall be con-
trolled, and how will it interface with the other systemsof the project?

6.4 Solution principles to subfunctions

The solution principles for the subfunctionswere derived from:

a generalinvestigation of the various options available as solutions for the
required subfunctions,

previous examplesof this technology as outlined in the literature review,

a generalfocuson lateral thinking and brainstorming.

At this level of the designprocess,no potertial solution principle is ruled out on
any grounds. A brief description of ead solution principle is also provided.

1. Energy transfer to cue ball:

(&) Long stroke/fast responsesolenoid:

Similar to those found in starter motors in cars, or in any number of
industrial or applianceapplications, sud aswashingmadines. Solenoids
actuate a rotor in the certer of their coil, that is acceleratedwhen a
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6.4 Solution principles to subfunctions

currert is applied to the coils of the solenoidand a magnetic eld is
generated.

(b) Pneumatics:
Sud asthoseutilised in the University of Bristol model, with a compres-
sor mounted under the table providing the necessaryactuation force to
the cuetip.

(c) Spinning cortacts:
Could be constructed as a rotating cylinder that would be lowered onto
the cueball and impart a rotational momernum to the cue ball, causing
it to \skid" acrossthe table.

(d) Paddle:
Essemially, the actuator would rotate a piece of material like a paddle
until it madecortact with the cueball. The paddle could be oriented to
rotate in either the vertical or horizontal plane.

(e) Mushroom paddle:
A modi cation of the paddle concept,similar to that utilised in the Uni-
versity of Waterloo model (refer to Section??).

(f) Combustion medanism:
A modi cation of the solenoid actuation system, with the acceleration
provided by a conmbustion/pressure vesselsysteminstead of an electro-
magnetic method.

(g) Spring/motor trigger model with feedba& and force transducers:

An actuator attachedto a spring that would impart the kinetic energyto
the actuator, after being tensedthrough the use of a motor pulling the
spring taut.

2. Traversemedanism for positioning of cue:

(&) Two link serialrobot (SCARA):

SCARAs (Selectively Compliant Assenbly Robot Arms) are two-link se-
rial robots consisting of three parallel revolute joints and one prismatic
joint (?). This rst joint allows the end-e ector to move and oriert in
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a plane, and the fourth joint provides movemert normal to the plane.
SCARAs can move very fast, provided the actuators are large, and are
best suited to planar tasks. A con guration of sud a robot is shavn in
Figure ?7?.

Side view Top view

Figure 6.1: SCARA manipulator. From ?.

Cartesianrobot with the option of oneor a conbination of the following
pulley systems:

I. ball screw,

ii. wire pulley,

iii. rack and pinion,

iv. belt drive,

v. tooth belt.
A Cartesianrobot consistssimply of three mutually perpendicular pris-
matic joints correspnding to the X, y, and z directions (?). Cartesian
robots have very sti  structures, and hencelarge robots can be made
using this con guration. A con guration of sud a robot is shavn in
Figure ??2.
Articulated manipulator:

An articulated manipulator consistsof two \shoulder" joints and one
\elbow" (?). The \wrist" consistsof two or three joints to cortrol the
pitch, yaw and roll of the end-e ector. Theserobots have lesssti ness
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di 77777 A
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Side view Top view

Figure 6.2: Cartesian manipulator. From ?.

than Cartesianrobots but provide the leastintrusion of the manipulator
structure into the workspace. A con guration of sud a robot is shavn
in Figure ??.

—_——— —

Side view Top view

Figure 6.3: Articulated manipulator. From ?.

Drive medanism for positioning of cue:

(a) Stepper motor:

Stepper motors are essetially electric motors without comnutators. All
of the windings of a stepper motor are part of the stator and the rotor
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is usually a permanenn magnet. A typical stepper motor is shown in

Figure ??2.

Fariabls Relesidinge Wanar

Figure 6.4: Typical stepper motor, and schematic. From ?.

Stepper motors are cortrolled through external circuitry that allows for
simple interface with higher level programming sud as that found in a
PC. Stepper motors have the ability, due to the physical location of the
stator and rotors, to move in discrete steps. Thesesteps correspnd to
an incremenal changein the angle of rotation of the rotor. From these
incremental stepsit is possibleto determinea correspnding translational
change. Stepper motors allow for simple open loop feedba& cortrol.

Assuming that the initial rotor oriertation (which can be easily deter-
mined by resetting the motor before ead actuation) is known and pro-
vided that the stator is not overloaded,causingerrorsin the stepsize,all
that is requiredto determinethe nal output of the systemisto court the
stepstaken. If they correspnd with the desiredinput, then the motor
hastranslated the systemthe required distanceor angle.

To add feedbag, all that is necessaryis to add a sensoron the stator
that could measurethe rotation of the rotor with respect to its initial
orientation.

Stepper motors are extremely useful in robotic applications that are
static, or are being utilised in low load dynamic conditions.
Seno motor:

A seno motor is a DC/A C or brushlessDC motor conbined with a
position sensor(?). It hasa three wire input that cortrols the operation.
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The amourt of rotation of a stepper motor is cortrolled by the duration of
the pulseof voltage suppliedto the cortrol wire. This method of cortrol is
known aspulsewidth modulation, with the length of the pulsedetermined
by the cortrol circuitry. In this case,the length of the pulse determines
the direction in which the seno motor should turn. For example, the
Futaba S-148motor, operatesona 1.5mspulsewidth. The motor expects
a pulseewvery 20ms. A 1.5ms pulse makesthe motor return to its neutral

orientation, but if the pulseis lessthan 1.5ms the motor will turn the
shaftin onedirection, and if the pulseis longerthan 1.5msthe shaft will

turn in the operate direction.

The cortrol circuit feedba& is given from a potentiometer attached to
the rotor.

Seno motors are extremely good in robotic applications as they are ca-
pable of supplying high power, torque and speedthat is necessaryin a
large number of applications.

(c) Pneumatics:

Pneumaticsrun on a compressedir systemwith forcedchangesin pres-
surein the cylinders of the actuation systemresulting in a medanical

output. Pneumaticsare commonly usedin robotic applications as they

are clean, relatively compact and fairly powerful. The only restriction

with pneumatics, particularly in applications involving a high degreeof

motion, is the large amourt of piping required. This may be prohibitive

in application for this project, asa relatively large amourt of this piping

would needto be addedto adequately model the desiredoutput. The

assaiated cost of purchasing, installing and running an air-compressor
to provide the necessarypressureis alsoa consideration.

As highlighted earlier, the robot built by studerts from the University
of Bristol utilised this technology Howewer it should be noted that in
that instance the industrial robot that was purchasedfor the project
already had the pneumatic systemincorporated into it, hencereducing
the amourt of designand testing required.

3. Control of actuation system:
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Direct PC cortrol:

This would be adcieved through an electromebanical interface between
the computer output devicesand the cortrol circuits of the motor. This
allowsfor higherlevel programmingin PC basedlanguages.lt alsoallows
for easiercorversion of data from the output of the cortrol algorithms
responsible for shot generationinto the required angle of rotation, by
removing the necessi of changingthe input requiremens on the cortrol
circuits more than once.

Direct PC cortrol is limited only by the e ectivenessand reliability of
the computer.

Programmablelogic cortroller:

PLCs operate by downloading an instruction set for a given operation
into a microcortroller and executing the necessarycommandsfrom a
madine level. The main problemswith PLCs arethat they arein exible
and time consumingto program for complex functions. They have the
addedcomplicationof having to rst take anoutput from the shot cortrol
algorithms, then convert it into a format that the PLC can understand,
downloading it to the PLC and corverting it again into cortrol signals
for the motors and sensors. This is an ine cient manner in which to
program and removesthe exibilit y of higher level programming.

Cortrol/driv er system:

This systemusesa speci ¢ hardware drive systemfor the stepper motors
that allows direct high level cortrol from a PC. It is essetially a \black
box" approad, where a vector signal is input and a seriesof stepsis
output. This improvesthe exibilit y of the cortrol options, which will in
turn allow for greateraccuracy More speci cally, thesetypesof cortrol
medanismsallow input of a vector from the high level cortrol software
that is converted into a sum of a seriesof steps.

73



6.5 Conceptsolution

6.5 Concept solution

Three conceptsolutionsfor the medanical systemwere selectedby taking di erent
combinations of the solutions to the subfunctions descriked above. These three
were chosenon the basisthat they werethe solutions most likely to meetthe design
requiremens adequately

Concept A consistedof

a long stroke/fast responsesolenoidasthe actuator for the cuetip,

a two stepper motor drive systemoperating on a modi ed Cartesiantraverse,
a C-sectionextrusion for the rails of the traverse,

a tooth belt drive with appropriate geartrain,

a stepper motor that cortrols the angular location of the cuetip,

driver/PC cortrol of the motors and solenoid.
ConceptB consistedof

a long stroke/fast responsesolenoidas the actuator for the cuetip,
a seno motor drive systemwith feedba& cortrol for the traverse,
a C-section/cylindrical shaft for the rails of the traverse,

a Cartesianrobot with a ball screwdrive,

cortrol/driv e systemfor interface with the brain.
Concept C consistedof

a pneumatic systemfor the cuetip actuator,
a Cartesianrobot with a wire pulley drive systemactuated by stepper motors,

PLC cortrol of motors with input vectorsobtained from the computer.
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Thesewerethen assessedgainsta setof weighted criteria in orderto determinethe
nal conceptdesignfor the actuation system.

Thesecriteria were:

Repeatability: How reliable is the actuation goingto be? How likely is it that
there will be considerablefailings in the construction, testing and operational
phase?

Accuracyof location: Towhat degreds the actuation systemableto accurately
respond to the desiredlocation? Is the location consistem with the allowable
error margins de ned for the project?

Cost: Is the costof the actuation systemprohibitive?

Easeof manufacture: Will the manufacturing costin both time and resources
act to delay the overall progressof the project, and what level of technical
complexity is presen in the design?

Weight: Doesthe weight of the actuation a ect the overall performanceof the
project by elongatingthe responsetime or a ecting the accuracyof location?

Size: Do the sizeand physical dimensionsimpact on the ability of the human
opponert to play the gamewithout interferencefrom the actuation system?

Speed: Can the actuation systemadequatelyrespond in a real time manner
at a human speedin order to take a shot?

Adaptability: How easywould it be to relocate the robot onto a pool table of
di erent dimensions?

The weighting for eat of these criteria, ranging from 1 (least important) to 10
(most important), were chosenon the basisof ensuringthat the overall goalsof the
project were achieved as e cien tly and accurately as possible.

The weightings can be seenin Table ??

The three conceptswere then tabulated, and a rating awarded, depending on how
well eath conceptmet the criteria. Theseratings were then multiplied by the in-
dividual criteria weightings, and the resultart products were summedto give an
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Table 6.1: Selectioncritera weighings.

Criteria Weighting

Repeatability 10
Accuracy of location 10
Cost 7

Safety 5
Easeof manufacture 5
Weigh 4

Size 6

Speed 8
Adaptability 3

overall scorefor ead concept. The conceptwith the highest scorewould then be
chosenasthe conceptto be designedmore comprehensiely.

The results are shavn in Table ??.

Basedon the results shovn in Table ??, Concept A was selectedas the concept
designthat would be analysedand form the basisfor the actuation system.

6.6 Analysis of design

Oncethe initial conceptdesignwas selected,the next phasein the processwas to
more comprehensiely designthe various componerts and test the medanismsto
ensurethat the most e cien t and accuratesystemhad beenselected.

Using the broad conceptsolutionsoutlined above, a more detailed description of the
actuation systemwas devised. A description of the processesindertaken to design
eadt subfunction is discussedn this section.
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Table 6.2: Conceptdesigncriteria evaluation.

Concept A Concept B ConceptC

Criteria Concept | Weighted | Concept | Weighted | Concept | Weighted

rating subtotal rating subtotal rating subtotal
Repeatability (10) 9 90 9 90 7 70
Accuracy of location (10) 9 90 9 90 7 70
Cost (7) 8 56 6 42 4 28
Safety (5) 8 40 8 40 7 35
Easeof manufacture (5) 8 40 6 30 3 15
Weight (4) 7 28 5 20 5 20
Size (6) 7 42 7 42 7 42
Speed (8) 6 48 3 24 6 48
Adaptabilit y (3) 6 18 4 12 4 12
Total: 452 390 340

6.6.1 Energy transfer to cue ball

The selectedcomponert for this was a long-stroke solenoid. Solenoidsare available
in any number of di erent forms. Two di erent typeswereinvestigatedfor potenrtial
usein the project: a solenoidremoved from the starter motor of a car, and onefrom

a washing madine.

Thesewere chosenfor their relatively small dimensionsand becausethe rotors both
allowed modi cations to the endsto attach a cuetip. The solenoidsare shaovn in

Figures ?? and ??.

Figure 6.5: Solenoidtaken from the starter motor of a car.

77



6.6 Analysis of design

Figure 6.6: Solenoidtaken from a washingmadine.

One of the major considerationsin selectingwhich solenoidto usewas the ability
to accurately mimic the typesof forcesthat a human being useswhen playing pool.

It was therefore necessaryto obtain an indication of the range of values of force
found in a typical 8-Ball Game. For a detailed description of the range of values
neededand the method by which they were obtained, refer to Appendix ??. The
range of forcesderived was between80N and 1300N.

A circuit wasdesignedo supply variable power levelsto the solenoid,correspnding
to soft, medium and hard shots. This is discussedurther in Section??.

The car starter motor that was usedin the designprocesswas from a Holden VN
Commadore. It was designedto be run from a 12V, 20A car battery. It was not
possibleto conduct any tests for the starter motor solenoiddueto the nature of the
construction and the task for which it was originally designed.

The purpose of a car starter motor is to provide a medanical action through a
pivot pushinga y wheelonto the gears. When the solenoidis not actuated, a
spring inside the rotor pushesthe rotor out of the stator. When a current is applied
to the solenoidfrom the battery, the rotor is pulled into the solenoid,with active
resistancefrom the spring extendingthe length of the stroke. This action causeghe
lever arm of the y wheelto pivot about a fulcrum, initiating the movemen of the
ywheel.
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Starter motor solenoidsare low voltage, high current devicesthat operate for ex-
tended periods of time. A starter motor solenoidmay be activated for a number
of seconds,comparedto that of a washing madine that may only be active for
up to half a second. As a result there is no requiremen for rapid response,which
manifestsas a lower accelerationapplied to the solenoid.

In a starter motor, the rapidity of its responseis lessimportant than whether the
solenoidcanremain xed in placeduring the ignition process.For this reason,the
useof a solenoidfrom a carwasdeemedo be inappropriate for usein this project, as
it would not be ableto supply the requiredforceand, moreimportantly, acceleration
to the cuetip.

Brief experimerts were conducted with the starter motor solenoid, investigating
its generalperformance. These experimerts involved attaching a variable voltage
and currert supply to the solenoid,and qualitatively noting the responseto high
currert. The starter motor solenoidshoved measurablyslover responserates and
accelerationthan the washing madine solenoid. It was deemedunnecessaryto
carry out a quartitativ e experimert, owing to the obvious de cienciespresei in the
performanceof the starter motor solenoid.

6.6.2 Driv e mechanism and traverse mechanism

This sectionwill look at the designstructure of the drive and traversemedanism.

As a game of pool is essetally planar, the choice of a SCARA design seemed
initially obvious. Howewer, a SCARA hasnot in fact beenused,due to the size of
the robot required to read the ertire pool table. Using a robot of this type would
inconveniencea human player making a shot in the samecornerthat the robot is
mounted. The nal designis actually amodi ed Cartesianrobot with two prismatic
joints correspnding to the x and y axesand a third revolute joint to cortrol the z
angle of the cue stick. Cartesianrobots have a high level of rigidity, purely due to
their con guration. The nal designwill useonly three stepper motors, whilst still
giving a good rangeof shotsit is ableto play. The robot will be able to hit the cue
ball at any (x; y) locationin any direction requestedby the logic algorithm. Although
this robot is moreintrusive over the wholetable than a SCARA, it hasbeendesigned
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to minimise the impact on a human player's game. The useof high-poweredstepper
motors providesthe potertial for swift movemen sothat no considerabledelays will
occur during a game. The robot was designedfor easeof asserbly, whilst being
moderately cheapto manufacture.

As outlined in Section ??, there are numerous solutions available for the type of
drive and traverse medanisms. Amongst these possible solutions, two appeared
likely to meetthe designcriteria more e ectively than the others. Thesewere the
C-sectionrail and the bearing/shaft conbination.

C-sectionrails are commonly found in drafting boardsand other low load applica-
tions.

C- or I- sectionrails have beenselectedabove a shaft/b earing designprimarily be-
causethey can be supported mid-spanwithout impairing the motion of the carriage
supporting the crosstraverse. This will increasethe sti ness of the whole structure
markedly. The samecarriagewill be mounted inside or around the rail for better
support and rigidity, asthen the carriagewill not be able to twist around the rail
as could occur with the shaft/b earing con guration.

Small wheelsinside or around the rail allow for smooth movemen, decreasingthe
e ects of friction on the motion of the carriage supporting the crosstraverse. C- or
I- sectionrails alsoallow for the installation of brakes,if required, at a later stage.
As theserails are easily supported from underneath, the carriage (and whole cross
traverse)can easilybe removed from the end of the rail if required for modi cations

and adjustmerts.

This con guration has a high level of easeof manufacture and lower cost than the
shaft/b earing con guration considered.A diagram of the con guration is shown in
Figure ?7.

The rail/b earing con guration doesnot allow for mid-span support, asthe bearing
surroundsthe rail. This could causethe shaft to bow in the middle, sincethe cross
traversewould potentially be quite heary. The shaft would have to be supported
at eat end, making it di cult to remove the carriage,if required, for modi cations

and adjustmerts of the design.

The e ects of friction needto be consideredwhen choosing a bearing/shaft com-
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Figure 6.7: Wheelslocating in modi ed channel section.

bination, asthe bearing would slide along the shaft. It would be di cult to avoid
damagingthe bearing when attaching the platform. This designhas a low easeof
manufacture and a considerablefabrication manufacturing cost.

It was not feasibleto purchasea bearing/rail assermly, asthesesystemscostup to
thousandsof dollars per metre. Commissioninga custom aluminium extrusion was
also considered,but discourted due to the cost involved and lead-time. For these
reasons,a ready made aluminium channelwas modi ed by gluing 8mm mild steel
rods into the four cornersto allow wheelsto locate in the middle of the channel.
This avoided large friction forcesbeing generatedwhen the wheelsmoved axially
and rubbed on the inner walls of the channel. Super strength Araldite was used
to adherethe steelto the aluminium. Figure ?? shows the wheelslocating in the
modi ed channel.

Oncethe traversemedanismwas selectedit wasthen necessaryto selectan appro-
priate belt/gear systemto translate the carriage of the actuator around the table.
Common belts usedin robotic applications include V-belts, at belts with guide
pulleys, and tooth belts.

The major designconsiderationfor our project was the ability of the traverseto
accuratelylocate on the rails. The reliability of the whole systemdependsupon the
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belts' ability to accuratelylocate.

The tooth belt is most accurate due to the tight tolerancesof the tooth and gear
systemso that slippage of the belt under load conditions is unlikely, or at worst
minimal.

V-belts are prone to distortions and slippageunder impact loads that could cause
errorsin the responseof the system. For example,whenthe shot is played, there is
a suddenhigh impulse load applied to the frame and drive system. It is necessary
that this force be absorbed by the system,rather than translated into a motion or
badlash. The carriageand rail systemshould be able to resistthe majority of this
force. Howewer, if the belt systemo ers minimal resistance the likelihood of errors
becomingpresen in the systemwill increase. Tooth belts, by their nature, add a
level of resistanceto motion that cannot be achieved through other belt systems.

A photo of the tooth belt and gearsystemusedin the robot is shovn in Figure ??.

Figure 6.8: Tooth belt and pulley.

Pulleys were chosenin sud a way that the belt could be clamped to the middle
of the carriageinside the channel and return outside (either above or below). The
basic dimensionsof the channelare 254 76:2mm,; thus the pulley ough to be at
least 45mmin diameter to satisfy the condition descrited above. The size of the
six pulleys selectedfor the nal designwas a diameter of 50mm. This provided
linear stepsin the x and y directions that were su ciently small to provide the
required position accuracy and also to ensurethe torque provided by the motors
would impart a linear force great enoughto overcomethe largeinertia of the robot.
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The belts selectedfor the nal designhave a T5 pro le and are 10mm wide; they
have an allowable tensile load of 350N and a maximum linear speedof 80m/s (?).

6.6.3 Control of actuation system

Open loop cortrol was usedin the nal designwith hard stops usedto calibrate
eadt of the stepper motors. Limit switcheswere not useddueto the necessi of an
additional cortrol interface (for example,a PLC).

The cortrol systemfor the motors and actuators was dependert rstly on the type
of actuator, and then on the programsusedto calculate the required shot.

As stepper motors were chosen,the most appropriate method of cortrol for these
motors wasto usea pre-existingcorrol driver and to interfacethis with the PC. A
bladk box approad to the actual medanicsof the cortrol systemwastaken. All that
was neededto ensurethat the motors were cortrolled accurately was a knowledge
of the appropriate form of input to the cortrol box for a desiredoutcome. In this
case,the input is a seriesof pulsesthat tell the driver when and how many steps
to incremert in the stepper motors. This type of cortrol is readily integrated into
higher level programming languagessud as Matlab and allows simple cortrol
programs.

6.7 Summary

The medanical designphaseof the project included a comprehensie designprocess
to createa medatronic systemthat would meetthe physical requiremerts of a game
of pool. The emphasisof the designprocesswas placed on the accessibiliy and
exibilit y of the system. This design philosoplty was certred on using industrial

processeso adieve the overall goal.

The chosenrobust medanical designallowed the inevitable modi cations that were
required during the commissioningphaseto be achieved with a relatively low level
of impact to the overall progressof the project.
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7 Interface

7.1 Intro duction

The goal of the hardware interface is to take the position and force requiremens
from the shot selectionalgorithms and convert theseto a seriesof commandsto the
actuators.

The actuation of the motors and solenoidwas achieved through direct parallel port
addressingthat was decaled by a seriesof driver boards cortrolling the stepper
motors and solenoid.

Di erent options for cortrolling the output to the actuators in both software and
hardware were investigated. This sectiondiscussedhe di erent solutionsthat were
consideredas well asthe nal method of cortrol used.

7.2 Software development

The nal designwaschosento provide an acceptabledegreeof accuracywhilst still
being feasiblein the limited time frame available.

The hardware interface software developmen processinvolved four stages:

iderti cation of the cortrol requiremerts of the actuators,
dewelopmen of a commandstructure,
pulsetrain generation,

interface code algorithms
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7.2.1 Actuator control requiremen ts

Beforeit was possibleto designsoftware to cortrol the motors and solenoidit was
necessaryto determinethe cortrol requiremens of ead of the actuators.

The stepper motors usedin the project, as discussedn Section??, were attached
to a dedicateddriver board. This board could then be connectedfurther to another
control card, or else could be directly driven. Irrespective of the connectionsto
the driver boards, the motors have two requiremernts in order to achieve adequate
cortrol: a signal indicating which direction to turn, and a step pulse of certain
duration.

The solenoidmerely requiresthat a DC signal of a variable voltage be applied for a
given amourt of time.

7.2.2 Command structure development

Oncethe requiremerts of the actuators were determined, it was possibleto dewelop
a software command structure that would allow the motors and actuators to be
accurately cortrolled.

The command structure was also dependert on the output port usedto connect
with the dedicatedhardware. There were two ports available for output: the serial
(COM) or parallel port. As mertioned earlier, cortrol code was deweloped using
both ports as potertial nal choicesin order to determine the simplest and most
e ective method of cortrol.

A third factor in uencing the designof the commandstructure wasthe programming
languageusedfor the coding of the hardware interface software. Certain languages
are better suited to parallel port accessas opposedto serial port, and vice versa.
Visual Basic was the original languageusedfor deweloping the interface software,
asit hasa very simple method of input and output via either a serial or parallel
port. It wasrealisedthat, sincethe remainder of the software had beenwritten in
Matlab , the useof a secondprogramming languageposedfurther di culties to
the overall integration of the code. Howeer, at the time that the coding wasbegun,
there were no better solutions. Matlab 6.1 only allows I/O through a parallel and
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serial port to speci ¢ typesof dedicatedhardware. This madeit impossibleto use
for the purposesof this project, owing to the nature of the hardware deweloped.

Howewer, when the Visual Basic code was trialed on the dedicated computer for

the robot, it causedfatal exception errors in the operating system. This was a

result of the properties of the dynamic link library (DLL) that was usedto access
the parallel port. The DLL was not compatible with the operating system. An

alternate operating systemwas unable to be used, due to the requiremerts of the

camerasoftware. Additionally, no other DLL could be found that provided the same
access.

The releaseof Matlab 6.5, which allows genericparallel and serialport addressing,
meart that there was an alternative available, and it was this version that was
ewvertually chosento cortrol the signalssen to the actuators.

Serialport cortrol wasdiscardedon the basisthat, rstly , Visual Basicwasunableto
directly bit addressthe serial port, thereby creating complicationsfor the hardware,
but more importantly, the serial port did not have enoughpins to allow all of the
actuator cortrol requiremerts to be met.

The major distinction betweenthe parallel and serialports is the number of pins that
canbeusedto transferdata. At least8 pins neededo be availablein orderto cortrol
the motion of the motors and solenoid,due to the commandinput requiremens of
theseactuators. Serial ports do not have enoughavailable pins. A parallel port has
8 free pins to be usedfor data transfer and hencewas chosento provide the output
desired.

The commandstructure deweloped is shavn in Table ??. Bits 0, 2 and 4 control the
direction of the stepsin the three stepper motors; setting the bit high correspndsto
clockwise stepping, and setting the bit low correspndsto anti-clo ckwise stepping.
Bits 1, 3 and 5 cortrol the timing of the steps;a step occurswhenthe bit is setfrom
low to high. By cortrolling the lower six bits appropriately, simultaneous motor
cortrol is possible.

Bits 6 and 7 cortrol the actuation of the solenoid. This is discussedn more detail
in Section??.

Oncethe commandstructure was determined,the algorithms for generatingappro-
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Table 7.1: Actuators commandstructure.

bit 0 X-position motor direction

bit 1 X-position motor step

bit 2 y-position motor direction

bit 3 y-position motor step

bit 4 angular position motor direction
bit 5 angular position motor step

bits 6 & 7 | solenoidpower level

priate commandsequencegor the motors and solenoidcould then be determined.
This was conductedin conjunction with the dewelopmern of the cortrol circuit dis-
cussedin Section??.

7.2.3 Pulse train generation

The overall function of the hardware interface software was to send sequence®f
appropriate commands(as deweloped in the previous section)to the driver box for
the stepper motors and solenoid, so that the motors would be driven as fast as
possible,without any stepsbeing skipped or any other errorsin actuation.

A stepper motor cannot go from being stationary to its maximum speedinstantly.

If the code doesnot specify ramp-up time whenthe motors start, then the conbined

inertia of the load being driven and the internal inertia of the motors would cause
the motor to \slip”. In other words, the currents would be changing through the

phasesof the motor, and from the perspective of the software the motors would be
operating correctly. Physically, the stator would be missingstepsand be providing

zerotorque to the motors during this time. The ow on e ect would be to cause
errorsin the nal location of the carriageand solenoid. Therefore,if a stepper motor

is to be driven at high speeds,ramp-up and ramp-dowvn of speedare required.

Commandsignal generationwas achieved using seeral methods.
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7.2.3.1 Visual Basic

Two versions of Visual Basic code were deweloped. The code provided in Ap-

pendix ?? usesthe interrupt timer method. The alternate code using systempauses
is very similar to that usedin the nal Matlab code, and hencehas not been
included in this report. While these programsworked on Windows 98 madines,
the DLL usedby Visual Basic to write to the parallel port was incompatible with

Windows 2000, which is the reasonthesewere not used. If necessarthis could be
reworked if adi erent DLL could befound. It is possibleto make the stepcommand
duration much shorter using this method, simply by changing the initial timer val-

uesin the code. This code usessequetal, rather than simultaneous, motor cortrol

to allow for simpli ed testing in the initial phases.The samealgorithms asusedin

the Matlab code for simultaneousdriving could be used.

7.2.3.2 Matlab timer interrupts

Timer interrupts were basedon the inbuilt timer in Matlab , which allows variable
interrupt times (allowing for ramp-up and -down). The benet of using timer in-
terrupts is that it allows other programsto be run while the motors are driving the
actuators. Therefore, the robot was able to move the solenoidover the white ball
assoon asit had locatedit, and could still silmultaneouslyrun the remainingimage
processingand shot selectionsoftware while cortrolling the motors. This reduced
the total time taken to executea shot signi cantly. Theoretically, this method of
generatingpulsesshould have beenthe most e cien t.

There weretwo methods of achieving timer interrupts. The rst method wassimply
to start a timer, and instruct it to call a specied function periodically, with a
speci ed period. This function would then senda command signal via the digital
I/O object de ned in Matlab . The secondmethod wasto setthe periodic function
and the timer period as a property of the digital I/O object. Both methods were
essetially equivalert, and gave identical results.

There were a number of problemsencounered in implemerting this method. The
main problem was that the timers usedby Matlab had a maximum resolution of
0.016s. Therefore,the timer periods were generallyroundedto the nearestmultiple
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of 0.016s. Any speci ed timer period lessthan 0.016s would simply be rounded up
to this minimum value. Generatinga pulsetrain with a period of 0.032s(0.016s high
and 0.016s low) results in 1875 stepsper minute, which correspndsto a stepper
motor speedof 4.69rpm (sincethere were 400 stepsper revolution). The maximum
operating speedfor the motors usedwas speci ed asappraximately 50rpm. Clearly,
the maximum speedat which Matlab wasableto drive the stepper motors was far
lessthan the maximum speedof the stepper motors.

Another problem with the timer interrupts method was that the period between
interrupts was not regular. The period would jump between 0.016s and 0.032s,
resulting in very irregular bumpy cortrol of the stepper motors. If the systempro-
cessorwere occupied by further tasks (for example, running the main program of
the robot) then this problem was further exacerbated,with the period betweenin-
terrupts becomingmuch moreerratic. This behaviour sometimescausedhe stepper
motors to skip stepsor stall completely

Therefore, this method could not be usedto generatethe commandsignals.

7.2.3.3 Matlab pauses

The other method for generating pulsesinvolved the use of pauses. After eat
command signal is sert, the ertire system pausesfor a speci ed duration, then
the next commandsignal is sert, and soon. This method su ered from the same
problem as the timer interrupts method, namely that a time period of lessthan
0.016s could not be achieved.

The obvious drawbad of this method wasthat the systemcould not perform other
tasks whilst the motors were moving. Howeer, the bene t over the timer interrupt
method wasthat the pulsetrain was much more regular and cortained none of the
random distortions resulting from the previousmethod. Becausehe pulsetrain was
completely smaoth and regular, the averagespeed of this method was faster than
the timer interrupts method.

Ramp-up and -down of speed was adcieved by varying the length of the system
pausesduring operation. For a certain number of stepsat the beginningand end of
ewvery pulsetrain, the pausedelay wasdoubledto ensurethat the motors would not
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slipping. It wasnot considerechecessaryo generatea smooth ramp systembasedon
a lookup table becauseof the low speedwith which the motors were being driven.
As before, the motors were driven at only 4.69rpm comparedto their maximum
speed of approximately 50rpm. For this reasonthe ramping did not needto be
aslong or as nely calibrated asit would have neededto be, had the motors been
run at higher speeds. In fact, becausethe speedwas so low, it was found that no
ramping at all was necessarysoit wasnot usedin the nal versionof the interface
software.

It was clear that the sole benet of being able to run simultaneously with other
software wasnot su cien t to warrant the usageof the timer interrupts method. The
pausesmethod was much more smaoth and reliable, and ultimately the di erence
in the total time neededto take a shot was not very large.

The nal codeasincorporatedinto the robot programcanbe found in Appendix ??.

7.2.3.4 dSPACE

An alternative to cortrolling the timing of the commandsignalsfrom a computer
wasto usean external system,sud asa microcortroller or a cortroller board. The
use of the dSPACE board DS1102to sendthe command signalsto the hardware
driver box was investigated. This board was the only suitable cortroller available
for use.

The program downloadedto the DS1102runs cortinuously If a sequencef, say, 700
commandsignalsneedsto be sert to the driver box, then Matlab sendsan array
of 700 eight bit commandsto the board. Matlab canthen trigger an interrupt to
the program running on the board, which responds by sendingthe 700 commands
sequetially with a speci ed period.

The C program code written to run on the DS1102can be found in Appendix ??.
The code currertly only writes to two digital 1/0O pins, but it would be very simple
to modify the code to write to eight.

A moreelegar solution than the onepreseited herewould be to have the command
signal generation algorithms in the C code, sothat Matlab would only needto
sendfour integers(rather than an array of commands)to the board, correspnding
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to numbers of stepsfor the x-direction, y-direction and angular stepper motors, as
well asthe solenoidpower level.

The systemwas successfuin outputting signalsat the speci ed rate. Unfortunately
the dSPACE board was unable to interface with the computer dedicated to the
project. The dSPACE board was only able to interface with an ISA bus, which
hasnow beensupercededby the PCI bus, which wasthe only type available on the
project computer. Howewer, modifying the code for a compatible cortroller would be
a simple task, and this would allow fast and smooth cortrol of the stepper motors.

7.2.3.5 Conclusion

While using an external cortroller to sendthe commandsignalsto the driver box

would be the best solution to drive the stepper motors at a reasonablespeed, this

was not achieved within the time frame of the project. Instead, the Matlab pauses
method was used, sincethis produced smooth and reliable motion of the robot.

7.2.4 Code algorithms

All three stepper motors have 400 half-steps per rewvolution, so that one half-step
correspndsto an angular rotation of 0.9 .

The diameter of the pulleys usedin the designis d = 5393mm. One half-step

correpondsto a linear distance of ﬁ) d = 0:400mm.

The Matlab shot selectionalgorithm outputs position and angle coordinates rel-
ative to a datum position. Thesethree valuesare corverted to a number of steps
using the ratios above. Then a seriesof commandsis written to the motor driver
boardsto invoke the correct number of stepsin eat motor.

The interface usesthe Matlab Data Aquisition Toolbox (DAQ) to corvert the
number of stepsinto a seriesof commandsand hencepulsesto the stepper motor
driver boardsand solenoidcortrol card.

This is achieved by passingthe desired8-bit output command, represeted in the
format shavn in Table ??, asa variableto a MEX le which is then written directly
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to the output memory location of LPT1. The MEX le actssimilarly to a dynamic
link library in that it writes directly to the chosenoutput port. The dedicated
hardware in the driver box then decales the instructions written to the parallel
port and cortrols the stepper motors appropriately.

7.3 Hardw are

The overall cortrol card circuit can be seenin Appendix ??. The purposeof the
control card is to decale the instructions written to the parallel port memory ad-
dress.

7.3.1 Motors

As mertioned above, the stepper motors have pre-existingdriver boardsthat require
two input commands:

1. the direction of rotation,

2. a step pulse commandof someduration.

The parallel port/driv er board interfacemust be ableto link directly with the pinsin
the parallel port. This wasadievedthrough the creationof a linking card that takes
in the valuesfrom the parallel port and translatesthem into signalsthat the driver
board can interpret. This was necessarybecausethe driver board was designedto
interfacewith a PCI cardthat would have beeninsertedinto the computer. However,
thesetype of cardsare no longercompatible with morerecen computer systemsand
hencea hybrid interface card was needed.

As the pins' commandstructure wasdesignedo correspnd to theserequiremerts, it
wasfairly simpleto then hardwire thesepins to the driver boards. Optical isolators
were added to ensurethat the computer would be protected if electrical problems
were encourtered in the motors.
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7.3.2 Solenoid

As mertioned in Section ?? above, two of the parallel port pins cortrolled by the
Matlab interface software commandedthe solenoid.

Two di erent conceptsolutionswereconsideredor the digital cortrol of the solenoid.

The initial suggestionwasto convert the power supply from AC (mains) to 150V
DC. The two pins could be usedto determine the level of power supplied to the
solenoid. The rst pin is set high when a timer in software is initialised. When
this pin goeshigh, a variable capacitor is chargedfor the duration that the timer is
running. When the timer expires,the secondpin is sethigh to disthargethe variable
capacitor, causingthe solenoidto re.

This method is the most e ectiv e and versatile form of cortrol for the solenoid,asit
makes possiblea cortinuous range of force output. Howewer, there was insu cien t
time and resourcedo realisethis design.

The alternative solution was simply to usethe four possibleoutput combinations
from the two pins (00, 01, 10, 11) to correspnd to a di erent preset power level
supplied to the solenoid. This allows the power supply to remain AC (thus cir-
cunmverting the needfor a transformer). Table ?? shows the power levels indicated
by ead output combination. The solenoidremainschargeduntil a 00 commandis
received.

Table 7.2: Solenoidpower levels and commands.

Pin 6 | Pin 7 Power level
0 0 no power (0V)

0 1 low power (60V)
1 0 medium power (120V)
1 1 high power (180V)

This is a much coarserversionof cortrol, but it is simplerto implemert in hardware,
asthe useof a variable capacitor is not required. A timer is still required in order
to determinewhento resetthe pins and turn the solenoido .
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This secondmethod was the solution chosenfor our hardware. The signalsfrom
the two pins allocated to the solenoidwere passedthrough a decaler which, using
a seriesof relays, createdthe required power level in the solenoid.

Interlocking relays were usedto ensurethat no two power levels could be applied
to the solenoidat the sametime. The solenoidcircuit was alsooptically isolatedto
prevent damageto the computer. A transformer was incorporated into the design
to supply power to the solenoidand motors, and alsoto the optical isolators, relays
and the decaler.

7.4 User Interface

A GUI was designedto be displayed on a monitor at the beginning of ead of the
robot's shots. This GUI is shavn in Figure ??. The main purposeof this GUI wasto
provide a trigger which a usercould useto tell the robot to take its shot. However,
it alsoallowed a userto seta number of options.

The robot can be setto chooseand play a shot completelyindependertly. Alterna-
tively, the robot canbe aslkedto display its chosenshot on the screerfor veri cation.

Additionally, the robot can presen a list of se\eral alternative shots,and a usercan
choosea shot from this list for the robot to play.

A usercanalsodecidethe level of complexity of the shotswhich areto be considered
by the robot. The robot can be orderedto only to consider\simple (direct) shots",
that is, shotsof type B; P;. If the robot is asked to also consider\medium complex-
ity shots", then the robot will also considershots of types [G]B;Pi, B;[G]Pi and
B;BkPi. The robot can further consider\v ery complexshots" of types|[G,]B; BxP;,
B; [G]B«Pi, B; B« [G]Pi and B; BxB,P;. Finally, the robot may be setto a\tric k shot
mode", sothat it only considersshotsfrom this last set of shot types.

The GUI was programmedso that it would remenber the options selectedfor the
previous shot in the game, and presen these as the default options for the next
shot.

The robot may be triggered to take its shot by pressingone of the three buttons,
\T able is still open”, \Go for red" and \Go for yellow". The rst of thesebuttons
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) Robot turn #1

ROBOPOOLPLAYER

#® Let the robot decide upon a shot automatically
g Manually choose a shot from given alternatives

Mumber of alternatives: m

® Consider only simple (direct) shots

g Also consider medium complexity shots

# Also consider very complex shots

® Trick shot mode; only consider very complex shots

Play the break
Table is still open

Go for yellow

M Cue ball replaced on table; play forward only.

Exit program

Figure 7.1: A GUI allowing a userto set various options and trigger the robot to
take its shot.
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causedhe robot to assumethat no balls have yet beensunk, sothat it may attempt
to sink any coloured balls. Otherwise, the robot will only play to sink only red
or only yellow balls. Additionally, for the rst turn of every game,an additional
button, \Play the break", is presened.

There is an option for the robot to play forward only. This option shouldbe chedked
whenthe opponert hasplayed a shotresulting in the cueball beingsunkin a pocket.
The rulesof 8-Ball then dictate that the cueball must be struck in aforward direction
in order for the shot to not be deemeda foul.

Finally, there is a button to allow a userto halt the robot software and end the
game.

A secondGUI was createdto display the shot chosenby the robot software on the
screen,and alsoto allow a userto choosea shot for the robot to play from a list of
alternatives. This GUI is shavn in Figure ?7.

-) Robot turn #1 = =l
ROBOPOOLPLAYER'S SHOT!

:hot 2453 i | Play Goodness: 56

Figure 7.2: A GUI displaying the chosenshot and allowing a userto choosefrom
other alternatives.
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Initially , the GUI will display the best shot found by the shot selectionsoftware for
the robot to play. A pull-down meru is also provided so that a user can examine
a number of alternative shots. When a shot is selected,an image of the shot is
displayed, and the score(related to the merit function) of the shot is shavn.

While the robot was carrying out various tasks, an update window was displayed to
the screen,cortaining information about the current activity of the robot.

Additionally, atext-to-speed converter wasusedto add an elemen of personality to
the robot. The robot was programmedto randomly speak various statemerns, some
of which related to its operation, and otherswhich were provided for ertertainment.

7.5 Summary

The interface between the software and the dedicated hardware was designedto
meet the requiremerts of the actuators and the output commandsfrom the shot
determination algorithms. Numerousmethods of motor cortrol were deweloped and
tested, but due to hardware con icts, only onewas able to be integrated with the
system. The succes®f the interfacewas evincedby the lack of errorspresei in the
corversion betweenthe software instructions and the resulting physical actuation.

A graphicaluserinterfacewasdewelopedto allow usercortrol of seeral options, and
to communicate the current processbeing executedby the robot. Voice syrnthesis
was included to add a human elemen to the robot.
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8 Commissioning and results

8.1 Intro duction

The commissioningof any prototype systemis a time consumingtask. After the
construction phasewas completed,the integration of the di erent subsystemf the
robot began. This processnvolved combining the vision systemwith the shot selec-
tion algorithm, and then incorporation with the dedicated hardware. This section
outlines the processthat was followed during this stage,aswell as highlighting the
various problemsthat were encourtered and their respective solutions.

8.2 Software integration

Software integration was reasonablystraightforward, owing to the compatibility of
the di erent software systemsand the exibilit y of Matlab .

As discussedn Section??, a DOS consoleprogram was usedto interfacethe digital
camerawith the computer. This program was written in Visual C++. Through
this consoleprogram, Matlab wasableto invoke the D30Remoteprogram whenit
was necessanto take a photo.

The other software programswere all written in Matlab . As a result, the task of
conbining the di erent systemswas relatively simple. The only modi cations that
were necessaryduring the commissioningphaseof the project were in responseto
run time errors generatedby exceptionalball layouts that precludeda normal shot
being played. Thesemodi cations addedrobustnessto the systemby ensuringthat
the robot would always be able to play a shot. More speci cally, if the robot was
unableto play a shot to hit one of its target balls, it was programmedto shoot the
cue ball towards the middle of the table on the highest solenoidpower level.

As discussedin Section ??, the dedicated hardware and interface program were
deweloped simultaneously Owing to this approad), the comnunication with the
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motors and solenoidwas extremely simple. The more di cult part of this process
was found to be in the calibration and testing of the system.

8.3 Position calibration

It was necessaryto comparethe number of stepsper millimetre to the theoretical
valuesobtained previously This was achieved by measuringthe distance between
two known points on the table, then courting the number of stepsrequiredto drive
the motors between these points. The theoretical values and the actual values
correspnded exactly. This was a direct result of the high quality of the belts and
pulleys selectedfor the drives,which eliminated the possibility of slipping or lag.

The determination of datum positions was the most crucial aspect of the calibra-
tion of the system. Any errors presei in the calibration of the systemresultedin
consisten errorsin the positioning of the robot during actuation.

As openloop cortrol for the robot wasused,there wasno feedba& from the motors
to chedk whetherthe positioning was correct. Hence, it wasnecessaryo ensurethat
the starting position of the robot was as accurateas possible. This was achieved to
varying degreef success.

The location of the datum position in the x-direction was located by using a hard
stop placedin the channel at the location wherethe crosstraversehad just moved
out of the eld of vision of the camera,allowing an uninterrupted view of the table.
The position of this datum with respect to the table was at the end from which
the break s played. The y-direction datum position was found by driving the cross
traverse carriage to the right hand side of the table with referenceto the break
position. The robot in the datum position can be seenin Figure ??.

The angular datum position was the most di cult of the positions to accurately
de ne due to the lack of feedba& in the motors. The angular datum position was
chosento be in line with the x-axis of the table as shavn in Figure ??. However,
great di cult y was experiencedin determining whether the motor wasin its initial
position. The angular position of the cue was also found to be the most critical
in terms of its a ect on the ability of the robot to successfullycompleteits shot.
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8.3 Position calibration

Figure 8.1: Robot at the three datum positions.
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8.4 Cue ball location

A signi cant amourt of time was spent attempting to successfullycalibrate this
position.

The rst calibration method attempted wasto turn on the motors and usethe cue
as a visual guide, by sighting the cue against the rail to test whether they were
parallel. The angular motor was stepped until it was judged that the solenoidwas
aligned with the x-axis. This method was not robust, and as a result, a di erent
method was found.

The solenoidbradket wasdrivento the x- and y-direction datum positions,and then
rotated until the solenoidbracket just touched the upright. The bracket was then
rotated a speci ¢ number of stepsin the anti-clo ckwisedirection to provide a datum
for the angular position. The number of stepswas determinedby trial and error.

The number of stepsto align the cuetip with the x-axis in the datum position was
found to be between19 and 20 stepsarti-clockwise from the upright. This wasthe
maximum resolution obtainable. If it were possibleto increasethe resolution of the
motors, say from 0:9 per stepto 0:09 per step, the accuracyof the datum would
be greatly improved.

The next stepin calibration processwasto determinethe stand-o distancebetween
the cuetip and the cueball. This was calculated using trial and error, judged by
how well the cuehit the cue ball.

Finally, the relative distancebetweenthe datum of the cue and the zeroposition in
the photo of the table.

Thesecalibration valueswere then placedinto the main cortrol program and used
throughout the commissioningprocess.

8.4 Cue ball location

Once calibrated, the next phaseof commissioninginvolved the testing of the posi-
tional accuracyof the vision systemwith regardto accuratelylocating the actuator
near the cueball. The solenoidactuator was programmedto position the shaft of
the angular position motor directly over the certer of the cueball. This allowed an
easily veri able method of cheding (x,y) calibration.
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8.5 Cuetip length

The optimum position for the solenoidbeforeactuation wasdeterminedto be the lo-
cation at which the shaft would make cortact with the cueball just beforemaximum
extension. This allowed the maximum velocity of the solenoidand hencemaximum
force to be applied as well as reducing the amourt of spin transferred to the cue
ball. The number of stepsrequiredfrom the certer of the ball to the optimum ring
position was determined empirically through trial and error. The use of a video
camerathat allowed easymeasuremen of the point of cortact with respect to the
certre of the ball was consideredhowever due to time constrairts was unableto be
implemerted.

8.5 Cue tip length

One of the problemsencourered in the commissioningof the robot was nding the
optimum length of the cuetip. It was a requiremen of the systemthat the cue
tip have the largest possiblestroke length, both to improve power and to move the
point of cortact closerto the certer of the ball. The cuetip alsohad to be high
enougho the table whenfully retracted, soasnot to interfere with the placemen
of the balls on the table.

The pool table frame was designedto allow the table surfaceto be adjusted to
obtain the most level playing surface. Howewer, owing to the quality of the table
used,there was still somedegreeof bowing in the table. This resultedin the heigh
of the cuetip changing from location to location acrossthe table. As a result, a
xed position cue was inappropriate asit did not allow the necessaryadjustmerts
to be madeduring the commissioningphase.

Initially the cuetip, which was made of wood, had a hole bored, and a 10UNF grub
screwglued into the cue. This was then attached to the solenoid. This did not
allow any adjustmerts of the length of the cuetip and hencewasreplaced. Instead,
a 5mm threadedrod was glued into the cuetip. Two lock nuts were usedto allow
variable positioning of the cue tip, by placing one 8mm washerin between two
5mm washers. The 8mm washerwas larger in diameter then the hole into which
the solenoidretracted. Hence, by adjusting the position of the lock nuts on the
threaded rod, it was possibleto vary the distancethat the solenoidretracted. A
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8.6 Carriage wheelsand motor torque

photo of the solenoidshaft with the cuetip attachedis shavn in Figure ??.

Figure 8.2: The solenoidshaft with the cuetip attached.

Oncethis was completed,a seriesof height measuremets were made over the table
to determinethe pro le of heights and deducethe worst corner. The cue was ad-
justed sothat, in the highest corner of the table, the retracted cuetip clearedthe
height of the balls in any orientation.

8.6 Carriage wheels and motor torque

The initial designuseda four wheelsystemin all carriagesto assistin locating the
carriagesin the rails. When the robot was asserbled the wheelsrunning in the rails
causedtoo much friction and as a result the motors stalled. This was particularly
the casein the x-direction. This would not necessarilyhave required the changes
that wereewertually madehad the motors driving the carriagesbeenmore powerful.
The two potential solutionsto this problem were to remove the top two wheelsin
all carriagesand usethe weigh of the uprights and traverseto locate the wheels
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8.6 Carriage wheelsand motor torque

in the rails, or to nd a way to increasethe power and hencetorque output of the
motors.

There were two possiblesolutions for boosting the power output. The rst wasto
usea gearbox; this was not usedasit wastoo time and costintensive to buy and
retrot. The secondmethod, which was implemened, was to increasethe torque
output by increasingthe power supplied to the motors. The stepper motors were
designedto be operated at 2.5A; this was increasedto 3A. Whilst this is not a
recommendedsolution for future problemsencourtered with motor power, it was
the only feasiblesolution available in the time frame given, and coupled with the
changesto the wheellocations, provided an acceptable,if temporary, solution to the
problem.

This solution worked extremely well in the x-direction carriages, howeer, there
were problems found with the y-direction. When the wheelswere removed, the
carriage rotated about the C-sectionrail, as a result of the certer of massof the
structure being o set from the geometriccerter. This causedthe cuetip to shift in
its position, dependingon the orientation of the solenoidbracdket. It alsocausedthe
axlesof the wheelsin the lower rail to rub seerely againstthe inner channel wall,
further causingthe motor to stall. It was therefore necessaryto place one wheel
bad in the top rail. Howewer, the position (rather than being adjustable asit was
initially) was made xed to ensurethat the wheelwould not slide around during
operation. The nal con guration of the carriagewheelscan be seenin Figure ??.

Figure 8.3: The solenoidshaft with the cuetip attached.
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8.7 Crosstraverseshearing

8.7 Cross traverse shearing

It wasfoundthat during prolongedoperation, the carriagesin the x-direction became
misaligned. It was determined that the problem stemmedfrom the use of grub
screws,usedto attach the pulleysto the motor shafts, and the shaft from the motor
onto the coupling. The unequalfriction levelsin the rails also cortributed to the
problem by increasingthe level of torque required to move the shaft. The grub
screwswerelocatedon ats macdined into the shaft of the motors, aswell asin the
shaft attached to the coupling. The main di cult y with grub screwsis that if there
is any real resistanceto motion, they have a tendencyto grab and tear the metal
of the shafts. This causedslippagein the shaft attached to the coupling, and asa
result, the relative position of the carriage on that side would slip. The problem
was minimised by regularly monitoring the status of the grub screwsand tightening
when necessary Te on lubricant was applied to all of the rails to reducethe e ects
of friction and this wasseento have a signi cant e ect on the frequencyof the cross
traverseshear.

8.8 Cables

The power cablesfor the stepper motots, solenoidand camera,and the USB cable
for the cameraall required to be suspendedabove the table. The cablesneededto
be arrangedin sut a way sothat they did not obscurethe imageof the table when
a photo was being taken. Also, the cablesfrom the solenoidand angular position
stepper motor neededto be long enoughto extend to the far side of the table, as
well as not interfering with the balls, when the carriagewas moving over the table.

The solution was to suspend a wire from the cameramount, which followed the
cameracablesand met the other cablescloseto where they joined the solenoid
mount. As the robot neededto be out of the frame of the photo when the camera
wasoperating, the cableneededo be fairly taught soasto not droop into the image.
The nal con guration of the cablesand wires setup can be seenin Figure ??.

Becausedhe cablewasattachedto the cameramount, any signi cant tensionapplied
to the cablewould causethe mourt to shift position, causingerrorsin the captured
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8.9 Vision system

Figure 8.4: The cablesand wires setup.

image. This problem was reducedby driving the carriagesto the datum positions
to take a photo, while still leaving enoughsladk in the wire so as not to shift the
cameraposition. Howewer, it was not possibleto take a photo with the traverseo
the other end of the table, asthis causeda small shift in the cameraposition.

8.9 Vision system

The attachmert of the camerato the ceiling above the pool table is shovn in Fig-

ure ??.

Figure 8.5: The attachmern of the camerato the ceiling.
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8.9 Vision system

It wasnecessaryo position the cameraasaccuratelyaspossiblesud that the plane
of the cameralenswasparallel to the planeof the table. This wasadieved by testing
the alignmert of two parallel lines marked out on the o or beneaththe camera. The
orientation of the camerawasadjusteduntil the the imagesof the parallel lineswere
parallel in the photo taken from that cameraposition. It wasdi cult to adjust the
cameramourt, sothe nal position may not necessarilyhave beencorrect. Image
distortion made this calibration di cult becausethe lines that were usedto judge
the position were distorted in the calibration image.

The vision systemrequiredcalibration oncethe camerawasmounted above the table
beforeit could be usedand interfaced with the arm of the robot. This calibration
involved two variables: the horizortal movemern betweenthe table and the camera,
andthe zoom of the lens. Changesn thesevariablesresultin changesn the cropping
limits of the photo, and the radius (measuredin pixels) of the imagesof the balls
on the table respectively. This is becausethe cameraand the robot are not linked,
sothat any relative movemer betweenthe two createsa needfor recalibration. If
the camerawas mounted on a sti frame that was physically attached to the pool
table, theseissueswould not be a problem.

Calibration of the vision systeminvolved setting the template coloursto correspnd
to the approximate averagecolours of the balls (determined by the lighting in the
room).

In order to align the table image with the actual tabletop, a xed point was used
to de ne the zero pixel of the image. The image was cropped with this point as
pixel (0,0), and the number of stepsin the x- and y-directions required to drive the
solenoidbradket to this point from the datum weremeasured.This point could then
be referencedin both coordinate systems,allowing the ball positionsin the image
to be mapped accuratelyto physical positions on the table.

An auto-calibration program has been written to determine the cropping points
of the image, but the program has not beentested. It is believed that the auto-
calibration will prove not robust enoughto be relied upon to yield su cien tly accu-
rate calibration values.
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8.10 Results

8.10 Results

Quartitativ e results were not investigated as comprehensiely aswould have been
desirable. Howewer, it has been possibleto qualitatively commen on the perfor-
manceof the robot.

This sectiondiscussesn more detail the overall performanceof the three di erent
systemsof the robot.

8.10.1 The eye

The vision system of the robot was proved successfuin locating the balls in the
image of the table. With minor adjustmerts, and assumingthat there was noth-
ing impeding in the photo, the balls were located in the image and their colour
determined 100%o0f the time.

Small errors cameabout trying to reconcilethe positions of the balls in the image
(with referenceto the zero pixel) and the position of the balls on the table (with
referenceto the robot datum). Issuesregardingthis were solved with trial and error
of the cropping valuesof the image.

The only further error in the vision system related to the lens distortion. The
accuracyof the distortion Iter usedto correct this error was unable to be quarti-
ed; howewer, it must be assumedthat it was reasonablyaccurate sincethe robot
frequently was able to sink balls.

8.10.2 The brain

The brain generally selectedshots which were consisten with shotsthat would be
chosenby a human player.

A problem arosewith the points usedto de ne the positions of the pockets. The
software assumedthat, in order to sink a ball in a pocket from any point on the
table, there wasa xed point towards which the ball must aim. Howeer, there is
no sud xed point. At extreme angles,or when other balls are very closeto the
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pockets, the points de ned in the program may not necessarilybe the optimal points
at which to aim. This causedthe shot selectionsoftware to sometimesignore shots
which were quite easy

8.10.3 The arm

The primary goal of the arm was to take the output from the shot determination
program and accurately position the robot over the desiredlocation on the table.

As mertioned above, owing to the restrictions in time after commissioning, the
results from the arm positioning systemswere extremely preliminary.

Qualitativ ely, the arm systemadieved its goal of positioning the cuein the desired
location.

As highlighted in Section ??, there were a number of changesmade to the cali-
bration systemsthat attempted to improve the overall accuracyof the positioning
medanism. This improved the accuracyof the system considerably especially in
terms of angular positioning.

Recommendationsfor future modi cations are cortained in Section ?? and stem
from the results of the initial qualitativ e testing of the robot.

8.11 Summary

The commissioningprocessoverall was relatively smooth. There were of course
errors presen in the system, which have beendiscussed. As with any prototype
dewelopmen processijt is extremelydi cult to predict absolutelyall of the potertial

errorsin a systemduring the designphase.Evenwith ascomprehensie and detailed
a designprocessaswas followed in this project, there are always errorsthat cannot
be foreseen.Howe\er, it is possibleis to predict generalareaswhereproblemscould
be encourtered, and this wasadievedin this project. The e ect of this wasto allow
easydetermination of errors asthere was already a placeto look.

Comparatively, the number and se\erity of the errors encourered in the commis-
sioning phasewere low. Consideringthat the commissioningphasewas conducted
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8.11 Summary

over a period of a little more than two weeks,and the errors still presen in the
project at the end of this period were identi ed as being primarily as a result of
the limitations in the hardware systemsusedand not as a result of the designor
construction, it can be concludedthat the commissioningand designphaseswere
overall a success.
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O Future work

9.1 Intro duction

There are seeral areasthat could be dewloped and modi ed to increasethe accu-
racy and level of strategy of the robot. As this wasthe rst version of this robot,
someof theseissueswere considerednfeasiblein the allowable time frameto design
and build a completerobot. Other problemsencounered had more e ect on the -

nal product than rst predicted. Theseideasare discussedn relation to the eye, the
brain and the arm. The following discussionis intended as suggestionghat could
be deweloped by future studerts to addressproblemsand shortcomingsencourered
by this year's project team.

9.2 The eye

At presen, the vision systemof the robot is exemplaryin its operation of locating
the balls in the imageof the table. There are few aspectsof its operation that could
be made more robust. Howeer, there are two problemsthat could still be worked
upon to make the eye more capableof accuratelylocating the balls on the table.

The rst of theseis imagedistortion. Imagedistortion is preset in almostall lenses
to a certain degreeand hasbeeninvestigatedto a point asdiscussedn Section??.

In the context of the real-time play, implemerting aninverse lter on animageof the

table and balls was infeasible. This was due to the sizeof the original images,and

hencethe lter sizeand processortime dedicatedto this task. For this incarnation

of the robot, it wassu cient to adjust the coordinatesof the ball certres, depending
on wherein the image of the table the balls were found to be located. It is realistic

to say that the digital cameraand lens used for this project will be usedby the

Departmert of Medanical Engineeringin the future, possibly in an application

requiring image distortion correction. It is suggestedhat a more accurate method

for correcting imagedistortion be investigatedand implemerted.
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9.3 The brain

The secondaspect of the vision systemthat requiresfuture developmert is detection
of the cushionsand pockets of the table. This would make the robot morerobust as
without edgedetectionit cannot be determinedif the table and camerahave moved
in relation to ead other. This would make the robot more exible to changesin
location and remove the need for careful and time-consuming calibration. Edge
detectionis discussedn Section??.

The useof \bigs" and\smalls" is alsosuggestedasan areafor further researt. The
useof a casinoset of balls doesnot hinder the ability of the robot nor a human to
enjoy a gameof pool. This suggestioncould be seenas purely academic,but would
alsoincreasethe scope of the robot to play gamessud as 9-ball.

9.3 The brain

Further dewelopmen of the brain of the robot includesmodelling of ball collisionsso
asto predict the nal position of the cueball for the commonstrategy of leaving the
cueball in a dicult position for the opponert to play a shot. This would require
intimate knowledgeof the table's friction coe cien ts and the physicsof pool.

It is suggestedhat multiple shot strategy be incorporated into the brain code. This
could include the robot detecting when its opponert hasfouled, allowing the robot
to have two shotsand determining that it haspotted an object ball, earninganother
shot. Further to this, the brain code could determine the optimum position for the
cueball behindthe foul line or within the \D" whenits opponert hassunkthe white
ball.

Ultimately, it is desiredthat the robot adopt a selflearning algorithm sud that the
codeis modi ed to increasethe accuracyof play basedon the result of the intended
shot comparedto the actual result (and possibly the outcomeof shot modelling).

Oncethe robot hasadieved su cient accuracyto be dubbed a \p ool shark”, code
should be implemerted to modify the skill level of the robot sothat lesstalented
players may be competitive with the robot.
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9.4 The arm

9.4 The arm

The speed with which the Matlab data acquisition toolbox could write to the
parallel port wasbelievedto be much fasterthan wasactually achieved, thus greatly
increasingthe time for the robot to take a shot. Methods to combat this problem
were deweloped, including cortrolling the motorsin Visual Basic or with a dASPACE
board. Testshave indicated that both thesemethods could be successfuin speeding
up play but had to be discardeddue to conicts with either software (in the case
of VB coding) or hardware (as encouriered when attempting to implemen the
dSPACE board).

In order for the robot to play shotswith forward and bad spin, two more degrees
of freedomare required: oneto cortrol the pitch of the cue and another to cortrol
the height the cue sits above the table. This would require the redesignof the cue
asserble and the useof up to two more motors. The e ects of spin would needto
be investigatedfurther and the shot selectionalgorithm modi ed accordingly

Usingadi erent electriccircuit could increasethe resolution of the force supplied by
the solenoid. This ideawas investigatedand not pursuedonly dueto the timeframe
of this project. Alternativ ely, other methods of cue actuation, pneumaticsin par-
ticular, could be investigatedto seeif another method provided a similar resolution
and maximum force to that of the washing machine solenoidcurrertly usedin the
robot.

Position and angular feedba& from the motors is recommendedto determine if
slippage of the motors has occurred and for calibration purposes. Problems with
calibration have been discussedin Section ??. Feedba& cortrol could then be
implemerted to increasethe repeatability and accuracyof the medanical design.

An error of up to 0.45degreesexists due to the step size of the motor cortrolling
angular location of the cue. The useof a 10:1reduction gearhbox is recommendedo
reducethis error by 90 percen. This modi cation could be incorporated into the
possibleredesignof the cue asserbly.

Presently, asdiscussedn Section??, the systemcommandsthe stepper motors and
solenoidby changingcommandsto the dedicateddriver boardsthrough the parallel
port. In other words, the software tells the stepper motors and solenoidwhen to
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9.4 The arm

pulse and whento re. Unfortunately, the software systemwas unable to emulate
the necessaryxommandspeedrequiredto drive the motors at a faster speed. In the
future asan alternate or conmbined solution using the dSPACE board, the construc-
tion of a more complex piece of dedicated hardware could be implemented. The
solution would still involve the useof either the parallel port or the corverted PCI
card, but the method of output to the motors would be di erent. More speci cally,
instead of the software determining the step duration, the hardware would interpret
a string valuethat waspassedo it from the software (for examplea total number of
X, Y and angular stepsand solenoidpower setting) from which the hardware would
decale and implemert the actuation. This hasthe obvious bene t of circumverting
the maximum resolution of the commandspeedpresen in the software; consequetty
allowing ner step sizeresolution, thereby increasingthe speedof the motors. This
could be achieved through purchasingan o -the shelf micro-cortroller, or if it was
deemedmore e cient, to construct a speci c one.
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10 Conclusion

The aim of this project was to designand build a robot capableof playing pool
with speed and accuracy comparableto that of a human player. This aim has
beenadieved to a certain degree,with a robot capable of independerly playing
a game of pool, although the speed and accuracy of the robot are below initial
expectations. The changesnecessaryto signi cantly improve the performaceof the
robot are outside the scope of what was achievable in the time frame.

A comprehensie literature review was conducted, covering previous published at-
tempts at constructing pool playing robots, the gameof pool itself, and other tech-
nical areasrelevant to the design. None of the previous published attempts have
beensuccessfuin creating an autonomousrobot, mostly due to the limitations of
the technology at the time.

An industrial processdesignapproad wasusedto createthe most e cien t medan-
simsfor achieving the goal of the project. The componert subsystemsof the robot
were designedconcurrerily. The robot goesthrough the sameoverall processesas
a human: locating the balls, selectinga shot to play and executingthe shot. The
method of implemertation of eat task di ers from that of a human. When design-
ing the robot the most e cient and accurate methods available were used rather
than the most \h uman-like".

The robot comprisesof a vision system,shot selectionalgorithms, hardware interface
and a medatronic actuation system. The integration, commissioningand prelim-
inary testing of the robot has beencompleted. The areasof weaknesshave been
investigatedand documeried for future reference.
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App endix A Robot code

A.1 Main program code

%PLAYPlay pool.
% Invoke a virtual virtuoso pool player.

clear
close all

%set up parallel port

parport = digitalio('parallel’, 'LPT1Y;
hwlines = addline(parport,0:7,'out' );
motorsbusy = 0;

timedelay = 0.001;

%define the colours, as previously sampled from photos
feltblue = [0.21 0.39 0.76];

ballwhite = [0.95 0.94 0.87];

ballblack = [0.02 0.04 0.05];

ballyellow = [0.98 0.76 0.10];

balred = [0.96 0.21 0.20];

% game identification
gamedatetime = datestr(now);

gamedatetime(find(gameda teti me == ")) ="

logfiledir = [pwd filesep ‘'gamelogs’ filesep gamedatetime];
pwdnow= ";

turn = 1;

wantexit = 0;

thoughtsoutput = 1; %default output thoughts to file

tgt = 1; %default first target is a break shot

shotcomplexity = [1 1 0]; %default consider all shot complexities
hmshots = 2; %default automatic shot selection by robot head
hmshotsvalues = [3 6 10 20 100];

hmshotsstring = num2str(hmshotsvalues( 1));
for ii = 2:length(hmshotsvalues )

hmshotsstring = [hmshotsstring ‘' num2str(hmshotsvalues(ii  ))] ;
end

hmshotslast = 1; %default first number on list

% boundaries of the table in the photo
tabletop = 211;
tablebottom = 1760;

tableleft = 24;
tableright = 3011;
mmperpixel = 1746/(tableright - tableleft);

% distortion  correction
load(‘cp.mat’) %]load control points as 'cpphoto’ and ‘cpsteps’
tform = cp2tform(cpsteps,cpphot 0,'p iec ewise linear’);

% position/angle  conversion

stepspermm = 2.5;

stepsperradian = 400/(2*pi);

zeropos = [-233 345]; %location of position (0,0)
balltosolenoid = 117*stepspermm; %in steps, how many
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Appendix A Robot code

% initialise positions
Xpos = 0;

Ypos = 2952;

Apos = -100;

doXstep = 0;

doYstep = 0;

doAstep = 0;

% speech files

speech.on = 1; %if we want the robot to talk
speech.sync = 'async’;

speech.ad = wavread(‘ad.wav');

speech.allday = wavread(‘allday.wav');
speech.benisgreat = wavread('benisgreatwa V') ;
speech.bill = wavread('bill.wav');
speech.boyfriend = wavread('boyfriend.wav' );
speech.chalk = wavread(‘chalk.wav');
speech.daddy = wavread('daddy.wav');
speech.doozy = wavread(‘doozy.wav');

speech.drben
speech.fact19
speech.fact24
speech.fact58
speech.fact62

wavread(‘'drben.wav');
wavread(‘factl9.wav');
wavread(‘fact24.wav');
wavread(‘fact58.wav');
wavread(‘fact62.wav');
speech.fact73 wavread(‘fact73.wav');
speech.faster wavread(‘faster.wav');

speech.hello = wavread(‘hello.wav');
speech.icantalk = wavread(icantalk.wav');
speech.letsplay = wavread('letsplay.wav');
speech.look = wavread('look.wav');

speech.pints = wavread('pints.wav');
speech.playthisone = wavread('playthisone.wav );
speech.red = wavread('red.wav');
speech.shotlooksgood = wavread('shotlooksgood .wav');
speech.silvioetal = wavread('silvioetalwa V') ;
speech.thinking = wavread('thinking.wav');
speech.yellow = wavread('yellow.wav');

%set up GUI sizes
screensize = [1 1 1024 768]; % get(0,'screensize’);

% fonts

uifont.name = 'Tahoma Bold’;
uifont.smallsize = 10;
uifont.bigsize = 14,

% colours

backcolour =1[0.4 0.4 0.4];
buttoncolour = [0.3 0.3 0.6];
frontcolour [0.4 0.4 0.7];
popupcolour [1 11]
textcolour =1[1 1 1J;

%for the trigger GUI
window.width = 450;

frame.spacing = 12;

frame.left = frame.spacing + 1;

frame.width = window.width - 2*frame.spacing;

button.spacing = 12;

button.left = frame.spacing + button.spacing + 1;

button.width = window.width - 2*(frame.spacing + button.spacing);
pushheight = 36;

radioheight = 24;

popupheight = 20;

popupwidth = 50;
editheight = 20;
editwidth = 200;
putfilewidth = 20;
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titleheight = 40;

%for the choose shot GUI
popupheight2 = 30;

popupwidth2 = 130;

pushwidth2 = 60;

textwidth2 = 120;

%for the update GUI
updatewindow.width = 600;
updatewindow.textheight = 30;
updatewindow.bigtextheig ht = 120;
updatewindow.height
updatewindow.left = screensize(1)
updatewindow.bottom = screensize(2) +
while 1

logfilenamedefault
logfilename

= [turn’

= logfilenamedefault;

%display the GUI, wait for

triggergui

if turn
if

=1

speech.on ==1

if rand < 1/5
wavplay(speech.hello,s

elseif rand < 1/4
wavplay(speech.allday,

elseif rand < 1/3
wavplay(speech.chalk,s

elseif rand < 1/2
wavplay(speech.letspla

else
wavplay(speech.pints,s

end
end

end

uiwait

close all

%exit the program
if wantexit

break
end

if thoughtsoutput
%do not output
fid =0;
elseif  thoughtsoutput
% output to screen
fid =1,
elseif thoughtsoutput
% open file to write
if not(exist(logfiledir,'di
filesepindices
mkdir(logfiledir(1:file
end
fid
end

=1

== 2
thoughts
r

= fopen(fullfile(logfiledi

fprintf(fid,['Turn # num2str(turn)

tic

updatewindowhandle = figure('Name','Progress

'Position’,[updatewindo w.le ft

updatewindow.width

= 4*updatewindow.textheig ht + updatewindow.bigtexthei
+ (screensize(3)

numa2str(turn)

= find(logfiledir
sepindi ces(1)) ,lo dfil edir(fi

Appendix A Robot code

ght;
- updatewindow.width)/2;

(screensize(4) - updatewindow.height)/2 ;

‘thoughts.txt1;

a button to be pressed

peech.s ync)
speech. sync)
peech.s ync)
y,Sp eech.sy nc)

peech.s ync)

to

)
== filesep);
les epin dic es(1)+1:end));

rlo dfi lename)'w' );

"\n\n\nn');

update’,...
updatewindow.bottom

updatewindow.height],...
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'Color',backcolour,...
'Resize’,'off',...
'MenuBar','none’,...
‘NumberTitle','off");

messagehandle = uicontrol('Style’,'tex t

'Position’,[1 2*updatewindow.textheig ht+updatewi ndow.bi gte xthe igh t+1
updatewindow.width  updatewindow.textheight],

‘BackgroundColor',backc olour,. ..

'String','Taking and downloading photo...",...

‘FontName',uifont.name,

'FontSize',uifont.bigsi ze,. ..

'ForegroundColor',textc ~ olour);

adhandle = uicontrol('Style','text .

'Position’,[1 updatewindow.textheight +1 ...
updatewindow.width updatewindow.bigtextheigh ],

‘BackgroundColor',backc olour,. ..

'String',{/ORDER ~ ROBOPOOLPLAYERN!",'Only $14,999"",...
'Ring 1900-ROBO-POOL','While stocks last.},...

'FontName',uifont.name,

'FontSize',uifont.bigsi ze,. ..

'ForegroundColor',textc ~ olour);

%tell the camerato take a photo
if speech.on ==1

end

if rand < 1/2
wavplay(speech.look,spe ech.syn c)
end

dos(‘'TakePhoto');

%read in the image

set(messagehandle,'Strin  g', 'Readin g image file...")

rawphoto = imread('photo.jpg’,jpe ag9;

rawphoto = rawphoto(tabletop+1:ta bleb ott om,tabl elef t+1:tab ler ight ;) ;

% compress it by decimating
decimation = 8;

decphoto = (1/256)*double(rawphoto

% ball radii
rb = 25.32/mmperpixel; %radius of the other balls
rw = 25.32/mmperpixel; %radius of the white ball

%what number is the black ball ("eight ball")?

bb = 8;

% choose a method of interpolation by uncommenting one line
% interpmethod = 'none’;

% interpmethod = 'spline’;

interpmethod = 'bandlimited’;

balls = zeros(2*bb-1,2);

% fin

d the white ball

set(messagehandle,'Strin  g', 'Fin ding white ball...)

Robot code

(decimation :de cimatio n:end,d ecimati on:d eci mation: end,:)) ;

[whi,dummy] = findball(rawphoto,decpho  to, deci mation, rw, ball white,f elt blue ,1, 1,in ter pmethod);
fprintf(fid,[ The white ball is at ' coord2str(whi) '\r\n']);

% convert to steps

whi = fliplr(tforminv([tablelef t+whi(2 ) tabletop+whi(1)],tform );

if tgt ==

%tell the arm to play the break
set(messagehandle,'Stri  ng', 'Pl ayin g break...")
while motorsbusy

121



Appendix A Robot code

pause(1)
end

Xposnew= round(zeropos(1) - whi(2) + balltosolenoid);
Yposnew= round(zeropos(2) + whi(1));

Aposnew= -100;

solenoidpower = 3;

TasksExecuted = 0;
while (Xpos ~= Xposnew) | (Ypos ~= Yposhew) | (Apos ~= Aposnew)
movearm
pause(timedelay)
end
else

% %for testing only

%%tell the arm to moveover the white ball

% set(messagehandle,'String ') Moving arm into position...")
%

% Xposnew = round(zeropos(1) - whi(2));

% Yposnew= round(zeropos(2) + whi(1));

% Aposnew= Apos;

% solenoidpower = O;

%

% TasksExecuted = O;

% while (Xpos ~= Xposnew) | (Ypos ~= Yposnew) | (Apos ~= Aposnew)
% movearm

% pause(timedelay)

% end

%

% pause

% break %for testing

%find the black ball
set(messagehandle,'Stri  ng', 'Fi nding black ball...")
[balls(bb,:),dummy] = ..
findball(rawphoto,decp oto ,dec imation ,rb ,bal Ibl ack, fel tblu e,1,1,i nte rpmetho d);
b = bb:bb; %hblack ball number
fprintf(fid,['The black ball is at ' coord2str(balls(b,:)) *Ar\n");
clear dummy

% determine how manyred balls and find them
set(messagehandle,'Stri  ng', 'Fi nding red balls...")
[balls(1:bb-1,:),nr] = ..
findball(rawphoto,decph  oto ,dec imation ,rb ,bal Ire d,fe Itb lue, -1, bb-1,in terp method);
r = 1inr; %red ball numbers

if nr ==

fprintf(fid, There are no red balls.\n\n’);
elseif nr ==1

fprintf(fid,['The red ball is at ' coord2str(balls(r,:)) "\n\n'));
else

fprintf(fid,['The red balls are at ' coord2str(balls(r,:)) "\r\n'));
end

% determine how manyyellow balls and find them
set(messagehandle,'Stri  ng', 'Fi nding yellow balls...")
[balls(bb+1:2*bb-1,:),n yl] = ..
findball(rawphoto,decph  oto ,dec imation ,rb ,bal lye llow ,fe Itbl ue,-1,b b-1,int erpmethod);
y = bb+1:bb+ny; %yellow ball numbers

if ny ==

fprintf(fid, There are no yellow balls.\r\n");
elseif ny ==1

fprintf(fid,[ The yellow ball is at ' coord2str(balls(y,:)) ‘Ar\n');
else
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fprintf(fid,[ The yellow balls are at ' coord2str(balls(y,:)) "\r\n']);
end

% convert to steps

balls = fliplr(tforminv([table left +balls( :2 ) tabletop+balls(:,1)]tf orm));
ry =1[r vyl
ryb =[r byl

%table dimensions
Xtotal = cpsteps(end,2);
Ytotal = cpsteps(end,l);
bndry = 48*stepspermm;
X1 = bndry;

X2 = Xtotal + 1 - bndry;
Xmid = (X1 + X2) / 2;
Y1 = bndry;

Y2 = Ytotal + 1 - bndry;
Ymid = (Y1 + Y2) / 2;

Y% ball radii
rb = 25.32*stepspermm; %radius of the other balls
rw = 25.32*stepspermm; %radius of the white ball

% pocket locations
rp = 1.4*b; %pocket radius
epd = 0.3*rb; % edge pocket displacement
%these are where the robot aims to sink a ball
pockets = [X1+rb Y1+rb;
X1-epd Ymid;
X1+rb Y2-rb;
X2-rb Y1+rb;
X2+epd Ymid;
X2-rb Y2-rb];
%these are where the holes are physically
pocketcentres = [X1-sqrt(0.5)*rp Y1-sqrt(0.5)*rp;
X1-(rp+epd) Ymid;
X1-sqrt(0.5)*rp Y2+sqrt(0.5)*rp;
X2+sqrt(0.5)*rp  Y1-sqrt(0.5)*rp;
X2+(rp+epd) Ymid;
X2+sqrt(0.5)*rp  Y2+sqrt(0.5)*rp];
np = size(pockets,1);
fprintf(fid,['The pockets are at ' coord2str(pockets) "\r\n\r\n');

% which colour(s) are we trying to sink?
if speech.on ==

if rand < 1/3
if tgt ==
wavplay(speech.red,spe ech.syn c)
elseif tgt ==
wavplay(speech.yellow, speech. sync)
end

elseif rand < 1/2
wavplay(speech.thinkin  g,sp eech.sy nc)

end
end
if tgt ==2

targets = ry;

fprintf(fid,'"m trying to sink red or yellow.\rn\n";
elseif tgt ==

targets =r;

fprintf(fid,'"m trying to sink red.\r\n’;
elseif tgt ==

targets =y;

fprintf(fid,'I"'m trying to sink yellow.\n\n’);
end
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if length(targets) ==

targets = b;

fprintf(fid,'Since there are none left, I"ll try to sink black.\nn');
end
fprintf(fid,\r\n");

% create structure  'shotlist' with  fields
% pathtype, pathnos, coords, goodness
makeshotlist

%try to find the 'hmshots' best shots
% put their indices into vector ‘bestshots'
bestshots = [J;

findagoodshot
if length(bestshots) ==
fprintf(fid,'Shit, I"m screwed.\r\n\r\n’);
bestshots = [1];
end
fprintf(fid, Total thinking time was %.2f seconds.\r\n\r\n',toc);

%display the GUI, wait for a button to be pressed

close all
chooseshotgui
if speech.on ==
if shotlist(bestshots(1)). goodness > 0.003
if rand > 1/2
wavplay(speech.playthi  sone,sp eech.sy nc)
else
wavplay(speech.shotloo ksgood, speech. sync)
end
else
wavplay(speech.doozy,s peech.s ync)
end
end
uiwait
close all
fprintf(fid,'Looks like I"'m playing shot #%g.\r\n\r\n',bestshots (pla yshot)) ;
updatewindowhandle = figure('Name','Progress update’,...

'Position’,[updatewindo w.l eft updatewindow.bottom
updatewindow.width updatewindow.height],...

'Color',backcolour,...

'Resize','off'...

'‘MenuBar','none’,...

'NumberTitle','off");

messagehandle = uicontrol(‘Style','text’,

'Position’,[1 2*updatewindow.textheig ht+ updatewindo w.bigte xth eigh t+1
updatewindow.width updatewindow.textheight] ...

'‘BackgroundColor',backc olo ur,. ..

'String','Playing the shot...",...
'FontName',uifont.name, ...
'FontSize',uifont.bigsi ze, ...

'ForegroundColor',textc  olo ur);
adhandle = uicontrol('Style','text DU

'Position’,[1 updatewindow.textheight +1 updatewindow.width
updatewindow.bigtexthe ight ],.

'‘BackgroundColor',backc olo ur,. ..

'String',{/ORDER ~ ROBOPOOLPLAYERN!''Only $14,999'",...
'Ring 1900-ROBO-POOL','While stocks last.},...

'FontName',uifont.name,

'FontSize',uifont.bigsi ze, ...

'ForegroundColor',textc  olo ur);

%tell the arm to play the shot
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if speech.on ==1
if rand < 1/6
wavplay(speech.faster, speech. sync)
elseif rand < 1/5
wavplay(speech.factl9, speech. sync)
elseif rand < 1/4
wavplay(speech.fact24, speech. sync)
elseif rand < 1/3
wavplay(speech.fact58, speech. sync)
elseif rand < 1/2
wavplay(speech.fact62, speech. sync)

else
wavplay(speech.fact73, speech. sync)
end
end
if turn ==

Xposnew= -250;
Yposnew= 2700;
Aposnew= -100;
solenoidpower = 0;

TasksExecuted = 0;
while (Xpos ~= Xposnew) | (Ypos ~= Yposnew) | (Apos ~= Aposnew)
movearm
pause(timedelay)
end
end

shot = shotlist(bestshots(play shot));
shootangle = - atan2(shot.coords(2,2) -shot.c oords(1,2), shot.co ords(2, 1)- shot.co ords (1, 1));

Xposnew= round(zeropos(1) - whi(2) - balltosolenoid*sin(shoot angle)) ;
Yposnew= round(zeropos(2) + whi(1) - balltosolenoid*cos(shoot angle)) ;
Aposnew = round(stepsperradian*sho otangle);
if length(shot.pathtype) > 2

solenoidpower = 3;

elseif length(shot.pathtype) == 2
vecl = shot.coords(2,:) - shot.coords(1,:);
vec2 = shot.coords(4,:) - shot.coords(3,:);

if norm(vecl) + (1.87 / (cosang(vecl,vec2))"2) * norm(vec2) < 1000*stepspermm
solenoidpower =
elseif norm(vecl)
solenoidpower

I + 1

1
(1.87 / (cosang(vecl,vec2))*2) * norm(vec2) < 2000*stepspermm
2;

else

solenoidpower 3;
end

else
solenoidpower = 1;

end

TasksExecuted = 0;

while (Xpos ~= Xposnew) | (Ypos ~= Yposhew) | (Apos ~= Aposnew)
movearm
pause(timedelay)

end

end

%tell the arm to moveto the end of the table
set(messagehandle,'Strin  g', 'Ret urning arm to home position...")

if speech.on ==1
if rand < 1/6
wavplay(speech.ad,speec h.s ync)
elseif rand < 1/5
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end

A.

function

%
%
%
%
%

rup

elsei

elsei

elsei

else

end
end

wavplay(speech.icantalk

i

rand < 1/4

wavplay(speech.benisgre

f

rand < 1/3

wavplay(speech.drben,sp

i

rand < 1/2

wavplay(speech.silvioet

wavplay(speech.bill,spe

Xposnew= 0;
Yposnew= 2700;
Aposnew= -100;
solenoidpower = 0;

TasksExecuted = O;

while (Xpos ~= Xposnew) | (Ypos ~= Yposnew) | (Apos ~= Aposnew)
movearm
pause(timedelay)

end

close all

fprintf(fid,'Well folks, that"s

if thoughtsoutput == 2
fclose(fid);

save([logfiledir

end

'X1','X2','Xtotal',"Y1'
'bb''rbY ry'
'balls','whi','pockets’
'shotlist','hmshots’,'b
'‘gamedatetime’,'turn’)

turn = turn + 1,

2

,Sp eech.sy nc)
at, speech. sync)
eech.sy nc)

al, speech. sync)

ech.syn c)
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the end of turn #%g.\r\n\r\n',turn);

\wkspace.mat'],...

JY mid' 'Y 2 Ytotal' ..

ryb''t argets' 'nr,) ny . ,np’.

yor

estshots', ...

Eye software code

[pos,nb]
%FINDBALIFind a ball
The image table
approximately.

is then examined at the original

If nb =

= ceil(r);

= findball(rawphoto,decp

resolution.

-1 then the number of balls is determined.

[posapprox,nb]

= findballxcorr(decphoto,r/

pos = zeros(maxnb,2);

for

i = 1nb

Xcoords
Xcoords
Ycoords
Ycoords

(posapprox(ii,1)-1)*deci
intersect(Xcoords,1:size
(posapprox(ii,2)-1)*deci
intersect(Ycoords,1:size

mati on-rup: (po sapprox (ii,
(raw phato,1 ));
mati on-rup: (po sapprox (ii,
(raw phato,2 ));

126

1)+1)*d eci mati on+rup;

2)+1)*d eci mati on+up;

Robot code

hot o,de cimatio n,r ,bal Ico lour ,backcolou r,nb ,maxnb, method)
using a coarse-fine  search.

is decimated and the ball located

The region around the determined location

decimation ,bal Ico lour ,backcolou r,nb ,maxnb, 'no ne') ;



Appendix A Robot code

photosection = (1/256)*double(rawphoto  (Xcoords,Y coords, 3));

postemp = findballxcorr(photosecti on,r ,ballco lour,ba ckcolour,1 ,maxnb, method);
pos(ii,1) = interpl(Xcoords,postem p(1) );
pos(ii,2) = interpl(Ycoords,postem p(2));

end

function [pos,nb] = findballxcorr(table,r, bal Icol our,bac kcolour ,nb ,maxnb, method)

%FINDBALLXCORRd a ball using cross-correlation.

% The table image is cross-correlated with a template of a
% ball of radius r of colour ballcolour against a backcolour
% background, and nb positions of the ball are returned.

%

% If nb = -1 then the number of balls is determined.

if method(1) =='n" %using no interpolation
rup = ceil(r);

%create a template of the ball
template = ballimage(2*rup+1,2*rup  +1,r up+L,ru p+1rb all colo ur, backcol our) ;

%cross correlate the image with the template
XCR= normxcorr2(template(:,:,1 ),t able(:;, :1) );
XCR= XCR(rup+1l:size(XCR,1)-rup ,ru p+1:siz e(XCR,2)-ru p,: );

XCG= normxcorr2(template(:,:,2 ),t able(;, :2) );
XCG= XCG(rup+1:size(XCG,1)-rup ,ru p+1:siz e(XCG,2)-ru p,: );

XCB= normxcorr2(template(:,:,3 ),t able(:, :3) );
XCB= XCB(rup+1:size(XCB,1)-rup ,ru p+1:siz e(XCB,2)-ru p,: );

% average the red, green and blue correlations
XCtemp= (XCR + XCG+ XCB)/3;

%get rid of the edges

XC = zeros(size(XCtemp));

edgerid = 0; %round(0.06*size(XC,1));

XC(edgerid+1:size(XC,1)- edgerid ,ed geri d+1siz e(XC,2)-edgeri d) = ...
XCtemp(edgerid+1:size(X C,1)-edgeri d,e dgerid+ 1:si ze(XC,2)-e dgerid) ;

%%have a look at the cross correlation  results

% clf

% subplot(2,2,1)

% surface(flipdim(XCR,1)  ,fli pdi m(table ,1), ...

% 'FaceColor','texturema  p', 'EdgeCdor' ,'n one','C DataMaping',’ dire ct' )
% view(-35,45)

% subplot(2,2,2)

% surface(flipdim(XCG,1) ,fli pdi m(table,1), ...

% 'FaceColor','texturema  p', 'EdgeCdor' ,'n one','C DataMaping',’ dire ct' )
% view(-35,45)

% subplot(2,2,3)

% surface(flipdim(XCB,1)  fli pdi m(table,1), ...

% 'FaceColor','texturema  p', 'EdgeCdor' ,'n one','C DataMaping',’ dire ct' )
% view(-35,45)

% subplot(2,2,4)

% surface(flipdim(XC,1), flip dim(tab le, 1),. ..

% 'FaceColor','texturema  p', 'EdgeCdor' ,'n one','C DataMaping',’ dire ct' )
% view(-35,45)

% pause

% clf

% surface(flipdim(XC,1), flip dim(tab le, 1),. ..

% 'FaceColor','texturema  p', 'EdgeCdor' ,'n one','C DataMaping',’ dire ct' )
% view(-35,45)

% pause
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if nb ==-1 %don't know how many balls there are
firstmax = max(max(XC));
pos = [|;

if firstmax > 0.65 %otherwise we can assumethat there are no balls
while (max(max(XC)) > 0.68*firstmax) & (size(pos,1) < maxnb)
% (otherwise we can assumethat there are no more balls)
%]locate the ball approximately by finding a maximum
% disp(num2str(max(max(XC) )))
[xmax ymax] = find(XC == max(max(XC)));
pos = [pos; xmax(l) ymax(1)];

%delete the surrounding area
XC = drawcircle(XC,pos(end,:) ,r,0 ,1);
end
% disp(num2str(max(max(XC) )))
end

nb = size(pos,1);
else %do know how many balls there are
pos = zeros(nb,2);

for ii = 1:nb
%locate the ball approximately by finding a maximum

% disp(num2str(max(max(XC) )))
[xmax ymax] = find(XC == max(max(XC)));

pos(ii,:) = [xmax(1) ymax(1)];
% delete the surrounding area
%if i <nb
XC = drawcircle(XC,pos(ii,:), r,0, 1);
% end
end
% disp(num2str(max(max(XC)) ))
end
elseif method(1) =="'s'" %using spline interpolation
rup = ceil(r);

%create a template of the ball
template = ballimage(2*rup+1,2*rup  +1,r up+L,ru p+1rb all colo ur, backcol our) ;

% how big a region do we want to interpolate? (2a+1 by 2a+1)
a =1

% how many times are we interpolating (by 2)?

k = 4;

xm= a*(2"k) + 1;

ym= a*(2"k) + 1;

%cross correlate the image with the template

XCR= normxcorr2(template(:,:,1 ).t able(;, :,1) );

XCR= XCR(rup+1l:size(XCR,1)-rup ,ru p+1:siz e(XCR,2)-ru p,: );

XCG= normxcorr2(template(:,:,2 ),t able(;, :2) );
XCG= XCG(rup+1:size(XCG,1)-rup ,ru p+1:siz e(XCG,2)-ru p,: );

XCB= normxcorr2(template(:,:,3 ),t able(:, :,3) );
XCB= XCB(rup+1:size(XCB,1)-rup ,ru p+1:siz e(XCB,2)-ru p,: );

% average the red, green and blue correlations
XC = (XCR + XCG+ XCB)/3;
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pos = zeros(nb,2);
for ii = 1:nb

%]locate the ball approximately by finding a maximum
[xmax ymax] = find(XC == max(max(XC)));
posest = [xmax(1) ymax(1)];

%]let's look more closely at the region around ‘posestl’
XCzoom= XC(posest(1l)-a:posest(1)+ a,posest(2 )-a: posest( 2)+a);

% interpolate!

XCzoomint = interp2(XCzoom,k,'spli  ne');

[xx yy] = find(XCzoomint == max(max(XCzoomint)));
dx = (mean(xx)-xm) * 27(-k);

dy = (mean(yy)-ym) * 27(k);

pos(ii,:) = posest + [dx dy];
% delete the surrounding area
if i <nb
XC = drawcircle(XC,pos(ii,:),r ,0, 1);
end
end
elseif method(1) =='b" %using bandlimited interpolation
rup = ceil(r);

%create a template of the ball
template = ballimage(2*rup+1,2*rup  +1,r up+L,ru p+1rb all colo ur, backcol our) ;

% how big a region do we want to interpolate? (2a by 2a)
a =4

% by how much are we interpolating?

k = 32;

xm= a*k + 1;

ym=a*k + 1;

%cross correlate the image with the template

XCR= normxcorr2(template(:,:,1 ).t able(;, :,1) );

XCR= XCR(rup+1:size(XCR,1)-rup ,ru p+1:siz e(XCR,2)-ru p,: );

XCG= normxcorr2(template(:,:,2 ),t able(:, :2) );
XCG= XCG(rup+1:size(XCG,1)-rup ,ru p+1:siz e(XCG,2)-ru p,: );

XCB= normxcorr2(template(:,:,3 ),t able(:, :3) );
XCB= XCB(rup+1:size(XCB,1)-rup ,ru p+1:siz e(XCB,2)-ru p,: );

% average the red, green and blue correlations
XC = (XCR + XCG+ XCB)/3;

pos = zeros(nb,2);

for ii = 1:nb
%locate the ball approximately by finding a maximum
[xmax ymax] = find(XC == max(max(XC)));

posest = [xmax(1) ymax(1)];

%]let's look more closely at the region around '‘posestl’
XCzoom= XC(posest(1)-a:posest(1)+ a-1,posest(2)- a:posest(2 )+a- 1);

% interpolate!
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XCzoomint = bandltdinterp2(XCzoom, Kk);

[xx yy] = find(XCzoomint == max(max(XCzoomint)));
dx = (mean(xx)-xm) / k;

dy = (mean(yy)-ym) / k;

pos(ii,:) = posest + [dx dy];
%delete the surrounding area
if i <nb
XC = drawcircle(XC,pos(ii,:),r ,0, 1);
end
end
else

error(fmethod ' is an invalid method.")

end

function ballimage = ballimage(Lx,Ly,x,y,r,ba lico lour,ba ckcolour)
%BALLIMAGEreate an image of a ball.

% ballimage(Lx,Ly,x,y,r,ba llc olour,b ackcolour) is a colour

% image of size Lx by Ly, with a ball centred at (x)y) with

% radius r, of colour ballcolour against a backcolour

% background.

ballimage = zeros(Lx,Ly,3);

% background

ballimage(:,:,1) = backcolour(1)*ones(size (ballim age(:,: ,1)));
ballimage(:,:,2) = backcolour(2)*ones(size  (ballim age(:,: ,2)));
ballimage(:,:,3) = backcolour(3)*ones(size  (ballim age(:,: ,3)));
% ball

for xx = floor(x-r):ceil(x+r)
for yy = floor(y-r):ceil(y+r)
if  (XX-x)"2  + (yy-y)2 <=2
ballimage(xx,yy,:) = ballcolour;
end
end
end

function AA = bandltdinterp2(A,k)

%BANDLTDINTERP&o-dimensional bandlimited interpolation.

% The matrix A is expanded to a matrix AAby zero-padding in
% the frequency domain. AAis k times bigger than A in both
% directions. Both dimensions of A must be even.

halfx
halfy

size(A,1)/2;
size(A,2)/2;

B = fftshift(fft2(A));

BB = zeros(2*halfX*k,2*halfy  *k) ;
BB((k-1)*halfX+2:(k+1)*h  alfX ,(k -1)* hal fy+2:(k +1)* hal fY) = B(2:2*halfX,2:2*halfY) ;
BB((k-1)*halfX+1,(k-1)*h  alfY +2: (k+1)*h alfY )
BB((k+1)*halfX+1,(k-1)*h  alfy +2:(k+1)*h alfY )
BB((k-1)*halfX+2:(k+1)*h  alfX ,(k -1)* hal fy+1)
BB((k-1)*halfX+2:(k+1)*h  alfX ,(k +1)* hal fy+1)

B(1,2:2*halfY)/2;
B(1,2:2*halfY)/2;
B(2:2*halfX,1)/2;
B(2:2*halfX,1)/2;

BB((k-1)*halfX+1,(k-1)*h  alfy +1)
BB((k-1)*halfX+1,(k+1)*h  alfy +1)

B(1,1)/4;
B(1,1)/4;
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BB((k+1)*halfX+1,(k-1)*h  alfy +1)
BB((k+1)*halfX+1,(k+1)*h  alfy +1)

B(1,1)/4;
B(1,1)/4;

AA = ifft2(fitshift(BB))*k 2 :

A.3 Brain software code

%MAKESHOTLIE®nstruct a list of shots and rank them.

% goodness penalty for cushion rebounds
penalty = 0.5;

% which cushions can a ball bounce off to get into pocket i?

pock(l).cush = [2 4];
pock(2).cush =1[2 3 4];
pock(3).cush =12 3];
pock(4).cush =11 4];
pock(5).cush =1[1 3 4];
pock(6).cush =11 3];
% reinitialise shotlist

shotlist = [];

%create an emergency shot in case nothing else is found
shotlist(1).pathtype ="

shotlist(1).pathnos =1
shotlist(1).coords(1,:) = whi;
shotlist(1).coords(2,:) = [Xmid Ymid];
shotlist(1).goodness = -1;

if shotcomplexity(1)
% examine shots of the type 'BjPi'
set(messagehandle,'Strin @', '‘Consid erin g ball-pocket shots...")

fprintf(fid,'Considering ball-pocket  shots...\n\n");
for ii = 1.np
for jj = targets
shotlist(end+1).pathtype = 'BP
shotlist(end).pathnos =[ij i)
shotlist(end).coords(4,: ) = pockets(ii,:);
shotlist(end).coords(3,: ) = balls(jj,’);
shotlist(end).coords(2,: ) = balls(jj,:) - (rw+rb) * L.
(pockets(ii,:)-balls(jj, :)) /nor m(pockets( ii,: )-b alls (jj ,3)) ;
shotlist(end).coords(1,: ) = whi;
vecl = shotlist(end).coords(2,: ) - shotlist(end).coords(1,: );
vecld = shotlist(end).coords(3, :) - shotlist(end).coords(1, D);
vec2 = shotlist(end).coords(4,: ) - shotlist(end).coords(3,: );
if cosang(vecl,vec2) >0
shotlist(end).goodness = (2*rb)"2 * cosang(vecld,vec2) [/ ...
(norm(vecl) * norm(vec2) * cosang(vecl,vecld));
else
shotlist(end).goodness =0;
end
end
end
end

if shotcomplexity(2)
% examine shots of the type 'CaBjPi'
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set(messagehandle,'Strin @', 'Consid erin g cushion-ball-pocket shots...")
fprintf(fid,'Considering cushion-ball-pocket shots...\n\n’);
for i = 1:np
for jj = targets
for aa = 1:4

shotlist(end+1).pathtype 'CBP";

shotlist(end).pathnos [aa i

shotlist(end).coords(6,: ) = pockets(ii,:);

shotlist(end).coords(5,: ) = balls(jj,:);

shotlist(end).coords(4,: ) = balls(jj,:) - (rw+rb) * L.
(pockets(ii,:)-balls(jj 1)) Inorm(pockets( i, :)-b all s@j ) );

if aa == 1 %top cushion
%reflect  whi through x = X1+rwto get [2*(X1+rw)-whi(1),whi(2 )]
shotlist(end).coords(3, ) o=
[X1+rw interpl([2*(X1+rw)- Whl( 1) shotlist(end).coords(4,1) ]
[whi(2) shotlist(end).coords(4,2) 1.X 1+rw)];
elseif aa == 2 %bottom cushion
%reflect  whi through x = X2-rw to get [2*(X2-rw)-whi(1),whi(2 )
shotlist(end).coords(3, )=
[X2-rw interp1([2*(X2- rw)-whl( 1) shotlist(end).coords(4,1) ]..
[whi(2) shotlist(end).coords(4,2) 1.X 2-rw)];
elseif aa == 3 %left cushion
%reflect  whi through y = Y1l+rwto get [whi(1),2*(Y1+rw)-whi(2 )]
shotlist(end).coords(3, )=
[interp1([2*(Y 1+rw)-whi (2) shotlist(end).coords(4,2 )N,
[whi(1) shotlist(end).coords(4,1) 1Y 1+rw)  Y1+rw];
elseif aa == 4 %right cushion
%reflect  whi through y = Y2 rw to get [whi(1),2*(Y2-rw)-whi(2 )|
shotlist(end).coords(3, )=
[interp1([2*(Y2-rw)-whi (2) shotlist(end).coords(4,2 N,
[whi(1) shotlist(end).coords(4,1) 1Y 2-rw)  Y2-rw];

end
shotlist(end).coords(2,: ) = shotlist(end).coords(3,: );
shotlist(end).coords(1,: ) = whi;
vecl = shotlist(end).coords(2,: ) - shotlist(end).coords(1,: );
vec2 = shotlist(end).coords(4,: ) - shotlist(end).coords(3,: );
vec3 = shotlist(end).coords(6,: ) - shotlist(end).coords(5,: );
if cosang(vec2,vec3) > 0
shotlist(end).goodness = penalty * (2*rb)*2 * cosang(vec2,vec3) [ ...
((norm(vecl)+norm(vec2) ) * norm(vec3));
else
shotlist(end).goodness =0
end
end
end

end

% examine shots of the type 'BjCaPi'
set(messagehandle,'Strin @', 'Consid erin g ball-cushion-pocket shots...")
fprintf(fid,'Considering ball-cushion-pocket shots...\n\n’);
for i = 1.np
for jj = targets
for aa = pock(ii).cush

shotlist(end+1).pathtype = 'BCP";

shotlist(end).pathnos =[j aaii;

shotlist(end).coords(6,: ) = pockets(ii,:);

if aa ==1 %top cushion
%reflect  balls(jj,:) through x = X1+rb to get [2*(X1+rb)-balls(jj,1) Jballs( jj, 2)]
shotlist(end).coords(5, )=

[X21+rb interpl([2*(X1+rb)- baII s(j j,1) pockets(ii,1)],...
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[balls(jj,2) pockets(ii,2)],X1+rb)];
elseif aa == 2 %bottom cushion
%-reflect  balls(jj,:) through x = X2-rb to get [2*(X2-rb)-balls(jj,1) Jballs( jj, 2)]
shotlist(end).coords(5, D=
[X2-rb interpl([2*(X2-rb)-ball s(j j,1) pockets(ii,1)],...
[balls(jj,2) pockets(ii,2)],X2-rb)];
elseif aa == 3 %left cushion
%reflect  balls(jj,:) through y = Y1+rb to get [balls(jj,1),2*(Y1+rb) -balls( jj, 2)]
shotlist(end).coords(5, Do= .
[interp1([2*(Y1+rb)-bal Is( jj,2 ) pockets(ii,2)],...
[balls(jj,1) pockets(ii,1)],Y1+rb) Y1+rb];
elseif aa == 4 %right cushion
%reflect  balls(jj,:) through y = Y2-rb to get [balls(jj,1),2*(Y2-rb) -balls( jj, 2)]
shotlist(end).coords(5, Do= ..
[interp1([2*(Y2-rb)-bal Is( jj,2 ) pockets(ii,2)],...
[balls(jj,1) pockets(ii,1)],Y2-rb) Y2-rb];
end
shotlist(end).coords(4,: ) = shotlist(end).coords(5,: );
shotlist(end).coords(3,: ) = balls(jj,);
shotlist(end).coords(2,: ) = balls(jj,:) - (rw+rb) * L
(shotlist(end).coords(4 »)- balls( j,: ))n orm(shotli st(e nd).coords(4,: )-balls (j ,})) ;
shotlist(end).coords(1,: ) = whi;
vecl = shotlist(end).coords(2,: ) - shotlist(end).coords(1,: );
vecld = shotlist(end).coords(3, ) - shotlist(end).coords(1, 2);
vec2 = shotlist(end).coords(4,: ) - shotlist(end).coords(3,: );
vec3 = shotlist(end).coords(6,: ) - shotlist(end).coords(5,: );
if cosang(vecl,vec2) >0
shotlist(end).goodness = penalty *(2*rb)*2 * cosang(vecld,vec2) /[ ...
(norm(vecl) * (norm(vec2)+norm(vec3)) * cosang(vecl,vecld));
else
shotlist(end).goodness =0;
end
end
end
end
% examine shots of the type 'BjBkPi'
set(messagehandle,'Strin @', 'Consid erin g ball-ball-pocket shots...")
fprintf(fid,'Considering ball-ball-pocket shots...\n\n’);
for i = 1:np
for kk = targets
for jj = targets
if jj ~=kk
shotlist(end+1).pathtype = 'BBP";
shotlist(end).pathnos = [ij kkii;
shotlist(end).coords(6,: ) = pockets(ii,:);
shotlist(end).coords(5,: ) = balls(kk,:);
shotlist(end).coords(4,: ) = balls(kk,:) - (2*rb) *
(pockets(ii,:)-balls(kk 1)) /norm(pockets( ii, :)-b all s(kk,:) );
shotlist(end).coords(3,: ) = balls(jj,:);
shotlist(end).coords(2,: ) = balls(jj,:) - (rw+rb) ¢ L
(shotlist(end).coords(4 »)- balls( j,: ))n orm(shotli st(e nd).coords(4,: )-balls (j ,})) ;
shotlist(end).coords(1,: ) = whi;
vecl = shotlist(end).coords(2,: ) - shotlist(end).coords(1,: );
vecld = shotlist(end).coords(3, ) - shotlist(end).coords(1, 2);
vec2 = shotlist(end).coords(4,: ) - shotlist(end).coords(3,: );
vec2d = shotlist(end).coords(5, ) - shotlist(end).coords(3, 2);
vec3 = shotlist(end).coords(6,: ) - shotlist(end).coords(5,: );

if (cosang(vecl,vec2)
shotlist(end).goodn

(norm(vecl)

> 0 & cosang(vec2,vec3) > 0)
ess = (2*rb)»3 * cosang(vecld,vec2) * cosang(vec2d,vec3) / ...
* norm(vec2) * norm(vec3d) * cosang(vecl,vecld) * cosang(vec2,vec2d));
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end

if

else
shotlist(end).goodness =0;
end

end
end
end
end

shotcomplexity(3)
% examine shots of the type 'CaBjBkPi'
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set(messagehandle,'Strin @', 'Consid erin g cushion-ball-ball-pock et shots...")
fprintf(fid,'Considering cushion-ball-ball-pocke t shots...\n\n");
for i = 1.np
for kk = targets
for jj = targets
if jj ~=kk
for aa = 1:4
shotlist(end+1).pathtype = 'CBBP;
shotlist(end).pathnos = [aa jj Kk ii;
shotlist(end).coords(8,: ) = pockets(ii,:);
shotlist(end).coords(7,: ) = balls(kk,:);
shotlist(end).coords(6,: ) = balls(kk,:) - (2*b) * ..
(pockets(ii,:)-balls(kk 1)) Inorm(pockets( i, :)-b all s(kk,:) );
shotlist(end).coords(5,: ) = balls(jj,);
shotlist(end).coords(4,: ) = balls(jj,:) - (rw+rb) ¢ L

(shotlist(end).coords(6 »)- balls( j,: ))n orm(shotli st(e nd).coords(6,: )-balls (j ,})) ;

if aa ==1 %top cushion

%reflect  whi through x = X1+rwto get [2*(X1+rw)-whi(1),whi(2

shotlist(end).coords(3, )o=.

[X1+rw interpl([2*(X1+rw)-whi( 1) shotlist(end).coords(4,1)

[whi(2) shotlist(end).coords(4,2) 1,.X 1+rw)];
elseif aa == 2 %bottom cushion

%reflect  whi through x = X2-rw to get [2*(X2-rw)-whi(1),whi(2

shotlist(end).coords(3, Do= .

[X2-rw interpl([2*(X2-rw)-whi.( 1) shotlist(end).coords(4,1)

[whi(2) shotlist(end).coords(4,2) 1.X 2-rw)];
elseif aa == 3 %]left cushion

%reflect  whi through y = Y1l+rwto get [whi(1),2*(Y1+rw)-whi(2

shotlist(end).coords(3, D=
[interp1([2*(Y 1+rw)-whi (2) shotlist(end).coords(4,2

)]

[whi(1) shotlist(end).coords(4,1) 1Y 1+rw)  Y1+rw];

elseif aa == 4 %right cushion

%reflect  whi through y = Y2-rw to get [whi(1),2*(Y2-rw)-whi(2

shotlist(end).coords(3, Do=
[interp1([2*(Y2-rw)-whi (2) shotlist(end).coords(4,2

)

[whi(1) shotlist(end).coords(4,1) 1Y 2-rw)  Y2-rw];

)
.

)]
.

)

)

* cosang(vec3d,vec4) [/ ...

end
shotlist(end).coords(2,: ) = shotlist(end).coords(3,: );
shotlist(end).coords(1,: ) = whi;
vecl = shotlist(end).coords(2,: ) - shotlist(end).coords(1,: );
vec2 = shotlist(end).coords(4,: ) - shotlist(end).coords(3,: );
vec3 = shotlist(end).coords(6,: ) - shotlist(end).coords(5,: );
vec3d = shotlist(end).coords(7, ) - shotlist(end).coords(5, 2);
vec4 = shotlist(end).coords(8,: ) - shotlist(end).coords(7,: );
if (cosang(vec2,vec3) > 0 & cosang(vec3,vecd4) > 0)
shotlist(end).goodness = penalty * (2*rb)"3 * cosang(vec2,vec3)
((norm(vecl)+norm(vec2) ) * norm(vec3) * norm(vec4) * cosang(vec3,vec3d));
else
shotlist(end).goodness =0;
end
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end
end
end
end
end

% examine shots of the type 'BjCaBkPi'
set(messagehandle,'Strin @', 'Consid erin g ball-cushion-ball-pock et shots...")
fprintf(fid,'Considering ball-cushion-ball-pocke t shots..\r\n");
for i = 1:np
for kk = targets
for jj = targets
if jj ~=kk
for aa = 1:4

shotlist(end+1).pathtype = 'BCBP;

shotlist(end).pathnos =[j aa kk ii;

shotlist(end).coords(8,: ) = pockets(ii,:);

shotlist(end).coords(7,: ) = balls(kk,:);

shotlist(end).coords(6,: ) = balls(kk,:) -
(2*rb)*(pockets(ii,:)-b alls (kk,:)) /norm(pockets( ii, :)-b all s(kk,) );

if aa ==1 %top cushion
%reflect  balls(jj,:) through x = X1+rb to get [2*(X1+rb)-balls(jj,1) Jballs( jj, 2)]
shotlist(end).coords(5, Do= .

[X1+rb interpl([2*(X1+rb)—baIi s(j j,1) shotlist(end).coords(6, 1)], ...
[balls(jj,2) shotlist(end).coords(6, 2)], X1#b)] ;
elseif aa == 2 %bottom cushion

%reflect  balls(jj,:) through x = X2-rb to get [2*(X2-rb)-balls(jj,1) Jballs( jj, 2)]
shotlist(end).coords(5, Do= .
[X2-rb interpl([2*(X2-rb)-ball s(j j,1) shotlist(end).coords(6, 1)], ...
[balls(jj,2) shotlist(end).coords(6, 2)], X2-rb)] ;
elseif aa == 3 %left cushion
%reflect  balls(jj,:) through y = Y1+rb to get [balls(jj,1),2*(Y1+rb) -balls( jj, 2)]
shotlist(end).coords(5, )=

finterp1([2%(Y1+rb)-bal  Is( j,2 ) shotlistend).coords(6  ,2)] ...
[balls(jj,1) shotlist(end).coords(6, 1)], Yl#b) Y1+rb];

elseif aa == 4 %right cushion

%reflect  balls(jj,:) through y = Y2-rb to get [balls(jj,1),2*(Y2-rb) -balls( jj, 2)]

shotlist(end).coords(5, Do= ..

[interp1([2*(Y2-rb)-bal Is( jj,2 ) shotlist(end).coords(6 2)] ..
[balls(jj,1) shotlist(end).coords(6, 1)], Y2-rb) Y2-rb];

end
shotlist(end).coords(4,: ) = shotlist(end).coords(5,: );
shotlist(end).coords(3,: ) = balls(jj,:);
shotlist(end).coords(2,: ) = balls(jj,}) - (rw+rb) * ..

(shotlist(end).coords(4 »)- balls( j,: ))n orm(shotli st(e nd).coords(4,: )-balls (j ,})) ;
shotlist(end).coords(1,: ) = whi;

vecl = shotlist(end).coords(2,: ) - shotlist(end).coords(1,: );
vecld = shotlist(end).coords(3, ) - shotlist(end).coords(1, 2);
vec2 = shotlist(end).coords(4,: ) - shotlist(end).coords(3,: );
vec3 = shotlist(end).coords(6,: ) - shotlist(end).coords(5,: );
vec4 = shotlist(end).coords(8,: ) - shotlist(end).coords(7,: );
if (cosang(vecl,vec2) > 0 & cosang(vec3,vecd4) > 0)
shotlist(end).goodness = penalty * (2*rb)*3 * cosang(vecld,vec2) * cosang(vec3,vecd) [ ...
(norm(vecl) * (norm(vec2)+norm(vec3)) * norm(vec4) * cosang(vecl,vecld));
else
shotlist(end).goodness =0;
end
end
end
end
end
end
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% examine shots of the type 'BjBkCaPi'
set(messagehandle,'Strin @', 'Consid erin g ball-ball-cushion-pock et shots...")
fprintf(fid,'Considering ball-ball-cushion-pocke t shots..\r\n");
for i = 1:np
for kk = targets
for jj = targets
if jj ~=kk
for aa = pock(ii).cush

shotlist(end+1).pathtype = 'BBCP";

shotlist(end).pathnos =[j kk aaii;

shotlist(end).coords(8,: ) = pockets(ii,:);

if aa == 1 %top cushion
%reflect  balls(kk,:) through x = X1+rb to get [2*(X1+rb)-balls(kk,1) Jballs( Kk, 2)]
shotlist(end).coords(7, Do= .

[X1+rb interpl([2*(X1+rb)-baI.I s(k k,1) pockets(ii,1)],...
[balls(kk,2) pockets(ii,2)],X1+rb)];

elseif aa == 2 %bottom cushion
%reflect  balls(kk,:) through x = X2-rb to get [2*(X2-rb)-balls(kk,1) Jballs( Kk, 2)]
shotlist(end).coords(7, D=
[X2-rb interpl([2*(X2-rb)-ball s(k k,1) pockets(ii,1)],...
[balls(kk,2) pockets(ii,2)],X2-rb)];
elseif aa == 3 %left cushion
%reflect  balls(kk,:) through y = Y1+rb to get [balls(kk,1),2*(Y1+rb) -balls( kk, 2)]
shotlist(end).coords(7, ) o=

[interp1([2*(Y1+rb)-bal Is( kk,2) pockets(ii,2)],...
[balls(kk,1) pockets(ii,1)],Y1+rb) Y1+rb];
elseif aa == 4 %right cushion
%reflect  balls(kk,:) through y = Y2-rb to get [balls(kk,1),2*(Y2-rb) -balls( kk, 2)]

shotlist(end).coords(7, Do= .
[interp1([2*(Y2-rb)-bal Is( kk,2) pockets(ii,2)],...
[balls(kk,1) pockets(ii,1)],Y2-rb) Y2-rb];
end
shotlist(end).coords(6,: ) = shotlist(end).coords(7,: );
shotlist(end).coords(5,: ) = balls(kk,:);
shotlist(end).coords(4,: ) = balls(kk,:) - (2*rb) * ..
(shotlist(end).coords(6 »)- balls(k k,: ))/n orm(shotli st(e nd).coords(6,: )-b alls (kk,)) ;
shotlist(end).coords(3,: ) = balls(jj,);
shotlist(end).coords(2,: ) = balls(jj,:) - (rw+rb) ¢ L

(shotlist(end).coords(4 »)- balls( j,: ))n orm(shotli st(e nd).coords(4,: )-balls (j ,})) ;
shotlist(end).coords(1,: ) = whi;

vecl = shotlist(end).coords(2,: ) - shotlist(end).coords(1,: );
vecld = shotlist(end).coords(3, ) - shotlist(end).coords(1, 2);
vec2 = shotlist(end).coords(4,: ) - shotlist(end).coords(3,: );
vec2d = shotlist(end).coords(5, ) - shotlist(end).coords(3, 2);
vec3 = shotlist(end).coords(6,: ) - shotlist(end).coords(5,: );
vec4 = shotlist(end).coords(8,: ) - shotlist(end).coords(7,: );
if (cosang(vecl,vec2) > 0 & cosang(vec2,vec3) > 0)
shotlist(end).goodness = penalty * (2*rb)"3 * cosang(vecld,vec2) * cosang(vec2d,vec3) / ...

(norm(vecl) * norm(vec2) * (norm(vec3)+norm(vec4)) * ..
cosang(vecl,vecld) * cosang(vec2,vec2d));
else
shotlist(end).goodness =0;
end

end
end
end
end
end

% examine shots of the type 'BjBkBIP'
set(messagehandle,'Strin @', 'Consid erin g ball-ball-ball-pocket shots...")
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fprintf(fid,'Considering

ball-ball-ball-pocket
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shots...\n\n");

for ii = 1.np

for II = targets

for kk = ryb
if kk ~=1l
for jj = targets
if (G ~=I &jj ~=kk)

shotlist(end+1).pathtype = 'BBBP;
shotlist(end).pathnos = kk I ii;
shotlist(end).coords(8,: ) = pockets(ii,:);
shotlist(end).coords(7,: ) = balls(ll,:);
shotlist(end).coords(6,: ) = balls(ll,) - (2*rb) * ...

(pockets(ii,:)-balls(ll 1)) /norm(pockets( i, :)-b all sl ,:) );
shotlist(end).coords(5,: ) = balls(kk,:);
shotlist(end).coords(4,: ) = balls(kk,:) - (2*b) * ..

(shotlist(end).coords(6 »)- balls(k k,: ))/n orm(shotli st(e nd).coords(6,: )-b alls (kk,)) ;
shotlist(end).coords(3,: ) = balls(jj,);
shotlist(end).coords(2,: ) = balls(jj,:) - (rw+rb) ¢

(shotlist(end).coords(4 »)- balls( j,: ))n orm(shotli st(e nd).coords(4,: )-balls (j ,})) ;

shotlist(end).coords(1,: ) = whi;

vecl = shotlist(end).coords(2,: ) - shotlist(end).coords(1,: );

vecld = shotlist(end).coords(3, ) - shotlist(end).coords(1, 2);

vec2 = shotlist(end).coords(4,: ) - shotlist(end).coords(3,: );

vec2d = shotlist(end).coords(5, ) - shotlist(end).coords(3, 2);

vec3 = shotlist(end).coords(6,: ) - shotlist(end).coords(5,: );

vec3d = shotlist(end).coords(7, ;) - shotlist(end).coords(5, );

vec4 = shotlist(end).coords(8,: ) - shotlist(end).coords(7,: );

if (cosang(vecl,vec2) > 0 & cosang(vec2,vec3) > 0 & cosang(vec3,vec4) > 0)

shotlist(end).goodness =
cosang(vecld,vec2)
(norm(vecl) * norm(ve

cosang(vecl,vecld) *

*

else
shotlist(end).goodness
end

end
end
end
end
end
end
end

fprintf(fid,\r\n");

clear
clear

pock
vecl vecld vec2 vec2d vec3

%FINDAGOODSHR@IH a good shot.
% Looks through the shot list

% goodness and finds a possible
set(messagehandle,'Strin  g',;' Checki
%create an index of the shots in
[dummy,best]
clear dummy

% tolerance
eps = rb/10;

in pixels

= sort(-[shotlist.goodnes

2*rb)n4 > L.
cosang(vec2d,vec3) * cosang(vec3d,vec4)
c2) * norm(vec3) * norm(vecd) * ..

cosang(vec2,vec2d) * cosang(vec3,vec3d));

/..

0;

vec3d vec4d

in order of descending

shot.
n g and ranking shots...")

order of goodness

s]);

137



Appendix A Robot code

for ii = best(l:end-1)
shot = shotlist(ii);

if shot.goodness ==

break
end
if i == best(1)
fprintf(fid,' The best shot is shot #%g: white ball'ii);
else
fprintf(fid,' The next best shot is shot #%g: white ball',ii);
end
for jj = l:length(shot.pathtype )
if shot.pathtype(jj) ="'B'
if shot.pathnos(jj) < bb
fprintf(fid,’ to red ball %g',shot.pathnos(jj));
elseif  shot.pathnos(jj) > bb
fprintf(fid,’ to yellow ball %g',shot.pathnos(j));
else
fprintf(fid,’ to black ball’);
end
elseif  shot.pathtype(jj) ="'C'
if shot.pathnos(jj) =1
fprintf(fid," off the top cushion’);
elseif  shot.pathnos(jj) ==
fprintf(fid," off the bottom cushion’);
elseif  shot.pathnos(jj) ==
fprintf(fid," off the left cushion’);
elseif  shot.pathnos(jj) =4
fprintf(fid," off the right cushion');
end
elseif  shot.pathtype(jj) = 'p'
fprintf(fid,' into pocket %g.\r\n',shot.pathnos(jj) );
end
end
thisshotworks = 1; %prove mewrong

rr = rw; %radius of the moving ball
ballsmoved = []; %coloured balls which have movedfrom their original  position
for jj = l:length(shot.pathtype )

%is a ball in the way?
for ib =ryb
%has this ball already moved?
if ismember(ib,ballsmoved)
%then don't need to check if this ball is in the way
continue
end

%is it within (rr+rb+eps) of the path line?

condla = (abs((balls(ib,1)-shot.c oords(2%j, 1)) * ..
(shot.coords(2*jj-1,2) -shot.c oords(2*jj, 2))
(shot.coords(2%jj-1,1) -shot.c oords(2%j, 1)) * ..
(balls(ib,2)-shot.coor ds(2%j ,2)) ) < ..

(rr+rb+eps)  * norm(shot.coords(2%jj, :)-s hot.coords (2% j-1 .)) )
%is it after the beginning of the path?
condlb = (dot(balls(ib,:)-shot.co ords (2* ji-1 ,2)

shot.coords(2%jj,:)-sh ot.c oords(2%j -1, )) > 0);
%is it before the end of the path?
condlc = (dot(balls(ib,:)-shot.co ords (2* jj,: ), ..
shot.coords(2%jj-1,:)- shot.co ords (2* jj,: )) > 0);

%is the ball in the shot path?
cond2a = not(ismember('B',shot.pa  thty pe(find (shot.p athnos == ib))));
%is it within (rr+rb+eps) of the end of the path?
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cond2b = (norm(shot.coords(2%jj,: )-ba lls (ib, 3))

if (condla & condlb & condlc) | (cond2a & cond2b)
fprintf(fid,'Ball %gis in the way.\n\n'ib);
thisshotworks = 0;

end
end

%is a cushion in the way?

epd)-eps & shot.coords(2*j,2)

Appendix A Robot code

< rr+rb+eps);

== 2)
< ..

if shot.pathtype(jj) ="'B'
if shot.coords(2%jj,1) < X1+rr
fprintf(fid, The top cushion is in the way.\r\n',ib);
thisshotworks = 0;
elseif  shot.coords(2%jj,1) > X2-rr
fprintf(fid,' The bottom cushion is in the way.\nn')ib);
thisshotworks = 0;
elseif  shot.coords(2%j,2) < Y1+rr
fprintf(fid,' The left cushion is in the way.\r\n',ib);
thisshotworks = 0;
elseif  shot.coords(2#jj,2) > Y2-rI1
fprintf(fid, The right cushion is in the way.\n\n'|ib);
thisshotworks = 0;
end
end
%is the ball is bouncing off the gap in the top or bottom cushion (where pocket 2/5 is)?
if shot.pathtype(jj) =="'C' & (shot.pathnos(jj) == 1 | shot.pathnos(jj)
if shot.coords(2%jj,2) > Ymid-rp-sgrt(0.5)*(rp+
Ymid+rp+sqrt(0.5)*(rp+  epd)+eps
fprintf(fid,'Can"t bounce off a pocket, ya doof.\r\n’);
thisshotworks = 0;
end
end

of balls which have moved

% update the list
if shot.pathtype(jj)
rr = rb;

ballsmoved = [ballsmoved shot.pathnos(jj)];
end

end

if

playforwards ==1
%is the shot going forwards?

if shot.coords(1,2) <= shot.coords(2,2)
fprintf(fid,"You"re not allowed to play backwards.\nn');
thisshotworks = 0;
end
end
if shot.pathnos(end) == 2 | shot.pathnos(end) ==

%Iis the target ball at too wide an angle to make it
% (cannot approach from an angle less than pi/6)

into

the middle pockets?

the pocket at that angle\n\n’);

if abs(shot.coords(end-1,2) -shot.c oords(end, 2))* tan (pi/ 6) > ...
abs(shot.coords(end-1, 1)-s hot.coords (end,1) )
fprintf(fid, That ball's  not going to makeit into
thisshotworks = 0;
end
end
if thisshotworks ==

fprintf(fid,"What a fantasterrific
bestshots = [bestshots ii];
if length(bestshots) >= hmshots
fprintf(fid,"\r\n");
break
end

shot'\n\n');
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end

fprintf(fid,\\n");
end

clear shot thisshotworks
clear condla condlb condlc cond2a cond2b

function table = ...

tablepic(Xtotal, Ytotal, X 1,X2,Y1,Ymd,Y 2,np,rp ,epd,whi,r w,bb,ry b,balls ,rb, pocketc entres, dd)
%TABLEPICreate and display a table image.
% Dimensions of the table are determined from

% Xtotal, Ytotal, X1, X2, Y1, Ymid, Y2.
% Pocket positions are determined from
% np, rp, epd.

% Ball positions are determined from
% whi, rw, bb, ryb, balls, rb.

Xtotal round(Xtotal/dd);
Ytotal = round(Ytotal/dd);
X1 = round(X1/dd);

X2 = round(X2/dd);

Y1 = round(Y1/dd);

Ymid = round(Ymid/dd);
Y2 = round(Y2/dd);

rp = rp/dd;

epd = epd/dd,;
whi = whi/dd;

rw = rw/dd;
balls = balls/dd;
rb = rb/dd;

pocketcentres = pocketcentres/dd;
table = zeros(Xtotal,Ytotal,3);

% make a polygon mask for the edge shape
edgepolyX = [X1+sgrt(2)*rp X1 X1-sqrt(2)*rp X1 X1 X1-(rp+epd)];

edgepolyX = [edgepolyX fliplr(edgepolyX)];

edgepolyX = [edgepolyX Xtotal+1-edgepolyX];

edgepolyY = [Y1 Y1-sgrt(2)*rp Y1 Y1+sqrt(2)*rp  Ymid-rp-(rp+epd)  Ymid-rp];
edgepolyY = [edgepolyY Ytotal+1-fliplr(edgepo yY) I;

edgepolyY = [edgepolyY fliplr(edgepolyY)];

edgemask = double(roipoly(table(:,: ,1) ,edgepolyY, edgepol yX));

%table outline (brown and blue)

table(:,:,1) = 0; %0.5 - 0.5*edgemask;
table(:,:,2) =0; %0.2 - 0.2*edgemask;
table(:,:,3) = 0.3 + 0.2*edgemask;

% black pockets
for ip = 1linp
table = drawcircle(table,pocket centres (ip ,:), rp, [0 O 0O],1);

end
% white ball
table = drawcircle(table,whi,rw J1 1 1],1);

% red/yellow/black balls

for ib =ryb
if ib <bb
table = drawcircle(table,balls (ib, :), rb,J] 1 0 0],1);
elseif ib > bb
table = drawcircle(table,balls (ib, 3), rb,[ 1 1 0],2);
else

table = drawcircle(table,balls (ib, :), rb,J] 0 0 0],2);
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end
end

function [] = shotpic(tableonly,np,whi ,rw, bb, ryb, balls,r b,p ocketce ntre s,d d,sh ot)
%SHOTPICreate and display an image of a shot, with labels.

whi = whi/dd;

rw = rw/dd;

balls = balls/dd;

rb = rb/dd;

pocketcentres = pocketcentres/dd;
shot.coords = shot.coords/dd;

table = tableonly;
howopaque= 0.3;
ballno 0;

for i 1:length(shot.pathtype  )-1
if ballno ==0

table = drawcircle(table,shot. coords(2%i ,;) ,rw, [1 1 1],howopaque);
elseif ballno < bb

table = drawcircle(table,shot. coords(2%i ,;) ,rb, [1 0 0],howopaque);
elseif ballno > bb

table = drawcircle(table,shot. coords(2%i ,;) ,rb, [1 1 0],howopaque);
else

table = drawcircle(table,shot. coords(2*i ,:) ,rb, [0 0 0],howopaque);

end
if shot.pathtype(ii) == 'B'
ballno = shot.pathnos(ii);
end
end

imshow(table)

% path lines

ballno = 0;
thickness = 2;
for ii = 1l:length(shot.pathtype )

if ballno ==0
line("YData',shot.coord s(2xii- 1:2%ii, 1),. ..
'XData',shot.coords(2*i -1 :2% 0,2 ),..
'Color',[0.99 0.99 0.99],...
‘LineWidth',thickness)
elseif ballno < bb
line("YData',shot.coord s(2xii- 1:2%ii, 1),. ..
'XData',shot.coords(2*i -1 :2% 0,2 ),..
'‘Color',[1 0 0],...
'LineWidth',thickness)
elseif ballno > bb
line("YData',shot.coord s(2xii- 1:2%ii, 1),. ..
'XData',shot.coords(2*i -1 :2% 0,2 ),..
'‘Color',[1 1 0],...
'LineWidth',thickness)
else
line("YData',shot.coord s(2xii- 1:2%ii, 1),. ..
'XData',shot.coords(2*i -1 :2% 0,2 ),..
'‘Color',[0 0 0],...
'LineWidth',thickness)
end
if shot.pathtype(ii) == 'B'
ballno = shot.pathnos(ii);
end
end
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pocketcentres(2,1)
pocketcentres(5,1)

pocketcentres(1,1);
pocketcentres(4,1);

% pocket labels

for ip = 1:np
text(round(pocketcentres  (ip ,2)) ,ro und(pocketc entres( ip, 1)), nun2str (ip ),..
'HorizontalAlignment', ‘cen ter ',..
'FontSize',9,...

'‘Color',[0.99 0.99 0.99])
end

% red/yellow/black ball labels

for ib =ryb
if ib <bb
text(round(balls(ib,2)) ,rou nd(ball s(i b,1) ),n um2dr( ib), ...
'HorizontalAlignment',’ center' ..
'FontSize',8,...
'Color','k")
elseif ib > bb
text(round(balls(ib,2)) ,rou nd(ball s(i b,1) ),n um2dr( ib), ...
'HorizontalAlignment',’ center' ..
'FontSize',8,...
'Color','k")
else
text(round(balls(ib,2)) ,rou nd(ball s(i b,1) ),[ num3tr (ib) ],.
'HorizontalAlignment',’ center' ..
'FontSize',8,...

'FontWeight','Bold',...
'Color',[0.99 0.99 0.99])
end
end

function cosalpha = cosang(vecl,vec2)
%COSANR®:turn the cosine of the angle between two vectors.

cosalpha = dot(vecl,vec2)/(norm(vec 1)* norm(ve c2)) ;

A.4 Interface software code

%MOVEARMNd commandsto a driver box to control stepper motors.
command= zeros(1,8);
if TasksExecuted ==

if Xpos < Xposhew
command(1) = 1;
elseif Xpos > Xposhew
command(1) = 0O;
end

if Ypos < Yposhew
command(3) = 1;
elseif Ypos > Yposnew
command(3) = 0;
end

if Apos < Aposhew
command(5) = 1;

elseif Apos > Aposnew
command(5) = 0;
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end
else

if Xpos < Xposhew
command(1) = 1;
Xpos = Xpos + doXstep;
doXstep = not(doXstep);
command(2) = doXstep;
elseif Xpos > Xposhew
command(1) = 0O;
Xpos = Xpos - doXstep;
doXstep = not(doXstep);
command(2) = doXstep;
end

if Ypos < Yposhew
command(3) = 1;
Ypos = Ypos + doYstep;
doYstep = not(doYstep);
command(4) = doYstep;
elseif Ypos > Yposnew
command(3) = 0;
Ypos = Ypos - doYstep;
doYstep = not(doYstep);
command(4) = doYstep;
end

if Apos < Aposhew
command(5) = 1;
Apos = Apos + doAstep;
doAstep = not(doAstep);
command(6) = doAstep;
elseif Apos > Aposnew
command(5) = 0;
Apos = Apos - doAstep;
doAstep = not(doAstep);
command(6) = doAstep;
end

end
putvalue(parport,command )

TasksExecuted = TasksExecuted + 1;

if [Xpos Ypos Apos] == [Xposhew YposhewAposnew]

pause(0.5);
if solenoidpower ==

putvalue(parport,[0 0000001)

elseif solenoidpower == 2

putvalue(parport,[0 0000010)

elseif solenoidpower ==

putvalue(parport,[0 0000011)

end
pause(0.2);
putvalue(parport,[0 0000000)
motorsbusy = O;
end
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A5 Miscellaneous code

%TRIGGERG@reate a GUI to trigger the robot's shot.

triggerwindow = figure('Name',['Robot turn  # numa2str(turn)],...
'Position’,[1 15 5],..
'Color',backcolour,...
'Resize','off',...
'MenuBar','none’,...
'NumberTitle','off',...
'Visible','off');

S T T T e

% exit button

fpos = frame.spacing + 1;
bpos = fpos + button.spacing;
frame5 = uicontrol('Style','fra me’, ...
'Position’,[frame.left fpos frame.width pushheight+2*button.sp acing], ...

'‘BackgroundColor',frontc  olo ur);
fpos = fpos + pushheight + 2*button.spacing + frame.spacing;

uicontrol('Style','pushb utto n', ...
'Position’,[button.left bpos button.width  pushheight],...
'‘BackgroundColor',button  col our, ...
'String','Exit program’,...
'FontName',uifont.name,.
'FontSize',uifont.bigsiz e,. ..
'ForegroundColor',textco  lour,..
'Callback’,'wantexit = 1; uiresume’);
L ————— mmmm mmm mmmm mme mmme mme mmmm mem mmme mmm mmme mmm mmmm e e

% choose targets
bpos = fpos + button.spacing;

if turn ==
frame4 = uicontrol('Style','fra me',...
'Position’,[frame.left fpos frame.width 3*pushheight+radioheig ht+5*butto n.sp aci ng], ...
‘BackgroundColor',front  colo ur) ;
fpos = fpos + 3*pushheight + radioheight + 5*button.spacing + frame.spacing;
elseif tgt ==1| tgt ==2
frame4 = uicontrol('Style','fra me',...
'Position’,[frame.left fpos frame.width 2*pushheight+radioheig ht+4*butto n.sp aci ng], ...
‘BackgroundColor',front  colo ur) ;
fpos = fpos + 2*pushheight + radioheight + 4*button.spacing + frame.spacing;

else
frame4 = uicontrol('Style','fra me',...
'Position’,[frame.left fpos frame.width pushheight+radioheight +3*butt on. spacing ],..
‘BackgroundColor',front  colo ur) ;
fpos = fpos + pushheight + radioheight + 3*button.spacing + frame.spacing;
end
pf = uicontrol('Style','chec kbox',.

'Position’,[button.left bpos button.width  radioheight],...
'‘BackgroundColor',frontc  olo ur,. ..
'String','Cue ball replaced on table; play forward only.,...
'FontName',uifont.name,.
'FontSize',uifont.smalls ize ,...
'ForegroundColor',textco  lour);

bpos = bpos + radioheight + button.spacing;

if tgt ==1]| tgt ==
uicontrol('Style','pushb utt on', ...
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'Position’,[button.left bpos (button.width-button.s paci ng)/2 pushheight],...
‘BackgroundColor',butto  ncol our,...

'String','Go for red,...

'FontName',uifont.name,

'FontSize',uifont.bigsi ze,. ..

'ForegroundColor',[0.9 0.1 0.1],...

'Callback’,'tgt=3; playforwards = get(pf,"Value"); uiresume');
uicontrol(‘Style','pushb utt on', ...

'Position’,[button.left +(butto n.wi dth +button .spacin g)/2 bpos ...

(button.width-button.sp aci ng)/ 2 pushheight],...
‘BackgroundColor',butto  ncol our,...
'String','Go for vyellow',...
‘FontName',uifont.name,

'FontSize',uifont.bigsi ze,. ..

'ForegroundColor',[1 1 0].,...

'Callback’,'tgt=4; playforwards = get(pf,"Value"); uiresume');
bpos = bpos + pushheight + button.spacing;
uicontrol(‘Style','pushb utt on', ...

'Position’,[button.left bpos button.width  pushheight],...

‘BackgroundColor',butto  ncol our,...

'String’,'Table is still  open',...

'FontName',uifont.name,

'FontSize',uifont.bigsi ze,. ..

'ForegroundColor',textc ~ olour,. ..

'Callback’,'tgt=2; playforwards = get(pf,"Value"); uiresume');

bpos = bpos + pushheight + button.spacing;

if turn ==
uicontrol('Style','push butt on',...
'Position’,[button.left bpos button.width  pushheight],...
'‘BackgroundColor',butto  ncolour ,..
'String','Play the break’,...
'FontName',uifont.name,
'FontSize',uifont.bigsi ze, ...
'ForegroundColor',textc  olo ur,. ..
'Callback’,'tgt=1; playforwards = get(pf,"Value"); uiresume');
end
end

if tgt ==
uicontrol(‘Style','pushb utt on', ...
'Position’,[button.left bpos button.width  pushheight],...
‘BackgroundColor',butto  ncol our,...
'String','Go for red,...
'FontName',uifont.name,
'FontSize',uifont.bigsi ze,. ..
'ForegroundColor',[1 0 0],...
'Callback’,'tgt=3; playforwards = get(pf,"Value"); uiresume');
end

if tgt ==

uicontrol(‘Style','pushb utt on', ...
'Position’,[button.left bpos button.width  pushheight],...
‘BackgroundColor',butto  ncol our,...
'String','Go for vyellow',...
'FontName',uifont.name,
'FontSize',uifont.bigsi ze,. ..
'ForegroundColor',[1 1 0]....
'Callback’,'tgt=4; playforwards = get(pf,"Value"); uiresume');

S — O

% shot complexity
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bpos = fpos + button.spacing;

frame3 = uicontrol('Style','fra
'Position’,[frame.left
'‘BackgroundColor',frontc

fpos = fpos + 4*radioheight

complexitytrick
'Position’,[button.left
'‘BackgroundColor',frontc
'String','Trick
'FontName',uifont.name,.

fpos frame.width 4*radioheight+2*button
olo ur);

= uicontrol('Style','radio

Appendix A Robot code

me',
.spacin g],. ..
+ 2*button.spacing  + frame.spacing;

button' ,..

bpos button.width  radioheight],...

olour,. ..
shot mode: only consider

very complex shots',...

'FontSize',uifont.smalls ize ...
'ForegroundColor',textco  lour,..
'Value',0,...
'Callback’,['set([comple xit ylow complexitymedium complexityhigh],"Value' L0 ).
‘'shotcomplexity = [0 0 1];]);
bpos = bpos + radioheight;
complexityhigh = uicontrol('Style','radiob utt on', ...
'Position’,[button.left bpos button.width  radioheight],...
'‘BackgroundColor',frontc  olo ur,. ..
'String','Also consider very complex shots',...
'FontName',uifont.name,.
'FontSize',uifont.smalls ize ,...
'ForegroundColor',textco  lour,..
'Value',0,...
'Callback’,['set([comple xit ylow complexitymedium complexitytrick],"Value " 0)
‘'shotcomplexity = 1[1 1 1];7);
bpos = bpos + radioheight;
complexitymedium = uicontrol('Style','radi obutton ',. ..
'Position’,[button.left bpos button.width  radioheight],...
'‘BackgroundColor',frontc  olo ur,. ..
'String','Also consider mediumcomplexity shots',...
'FontName',uifont.name,.
'FontSize',uifont.smalls ize ...
'ForegroundColor',textco  lour,..
'Value',0,...
'Callback’,['set([comple xit ylow complexityhigh complexitytrick],"Val ue" ,0) ;..
‘'shotcomplexity = [1 1 0];]);
bpos = bpos + radioheight;
complexitylow = uicontrol('Style','rad iobutto n',. ..
'Position’,[button.left bpos button.width  radioheight],...
'‘BackgroundColor',frontc  olo ur,. ..
'String','Consider only simple (direct) shots',...
'FontName',uifont.name,.
'FontSize',uifont.smalls ize ...
'ForegroundColor',textco  lour,..
'Value',0,...
'Callback',['set([comple xit ymedum complexityhigh —complexitytrick],"Valu e" ,0); '
‘'shotcomplexity = [1 0 0];]);
if shotcomplexity ==[1 0 0]
set(complexitylow,'Value  '1)
elseif shotcomplexity ==[1 1 0]
set(complexitymedium,'Va lue ',1)
elseif shotcomplexity ==1[1 1 1]
set(complexityhigh,'Valu e, 1)
elseif shotcomplexity ==1[0 0 1]
set(complexitytrick,'Val ue',1)

end

% how many shots to find
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% hmshotslist = 0 meansthat the robot automatically chooses a shot
% otherwsie, the robot presents a user with hmshotslist choices

bpos = fpos + button.spacing;

frame2 = uicontrol('Style','fra me’, ...
'Position’,[frame.left fpos frame.width 2*radioheight+popuphei ght+2*butto n.s pacing],...
'‘BackgroundColor',frontc  olo ur);

fpos = fpos + 2*radioheight + popupheight + 2*button.spacing + frame.spacing;

uicontrol('Style','text'
'Position’,[button.left+ 1 bpos button.width-popupwidth-  butt on. spacing popupheight-4],...
'‘BackgroundColor',frontc  olo ur,. ..
'String’,'Number of alternatives:',...
'FontName',uifont.name,.

'FontSize',uifont.smalls ize ,...
'ForegroundColor',textco  lour,..
'HorizontalAlignment','r igh t');

%The -4 is so that the text aligns with the numberin the popupmenu

hmshotslist = uicontrol('Style','popup menu,.
'Position’,[window.width -fr ame.spacing -button .sp acin g-p opupwidth+1 bpos ...
popupwidth popupheight],...
'‘BackgroundColor',popupc olo ur,. ..
'Enable’,'off',...
'String',hmshotsstring,.
'FontName',uifont.name,.

'FontSize',uifont.smalls ize ,...

‘Value',hmshotslast,...

'Callback’,['hmshots = hmshotsvalues(get(hmsh ots list ," Value" ));
'hmshotslast = get(hmshotslist,"Valu e ;1 )

bpos = bpos + popupheight;

manualchoose = uicontrol('Style','radi obutton’,..
'Position’,[button.left bpos button.width  radioheight],...
'‘BackgroundColor',frontc  olour,. ..
'String','Manually choose a shot from given alternatives',...
'FontName',uifont.name,.
'FontSize',uifont.smalls ize ,...
'ForegroundColor',textco  lour,..
'Value',0,...
'Callback’,['set(autocho ose,"V alue", 0); ..

'set(hmshotslist,"Enab le" " on" )" ..

‘hmshots = hmshotsvalues(get(hmsho tsl ist, "V alue™) );7 );
bpos = bpos + radioheight;

autochoose = uicontrol(‘Style','rad iob utto n', ...
'Position’,[button.left bpos button.width  radioheight],...
'‘BackgroundColor',frontc  olour,. ..
'String','Let the robot decide upon a shot automatically,...
'FontName',uifont.name,.
'FontSize',uifont.smalls ize ,...
'ForegroundColor',textco  lour,..
'Value',0,...
'Callback’,['set(manualc hoose," 'Value' ',0 );.

'set(hmshotslist,"Enab le" " off Y); ..

‘hmshots = 0;7);

if hmshots ==
set(autochoose,'Value',1  );
else
set(manualchoose,'Value' 1) ;
set(hmshotslist,'Enable’ SonY;
end
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9 %o -------mmmmmmmmm e

% % where to output thoughts

%

% % thoughtsoutput = 0 meansthoughts are not output

% % thoughtsoutput = 1 meansthoughts are output to screen

% % thoughtsoutput = 2 meansthoughts are output to fullfile(logfiledir,logfi len ame)
%

%bpos = fpos + button.spacing;

%

%framel = uicontrol('Style','frame T

% 'Position’,[frame.left fpos frame.width 3*radioheight+editheight  +2*butt on. spacing],..
% '‘BackgroundColor',fron  tco lour );

% window.height = fpos + 3*radioheight + editheight + 2*button.spacing + frame.spacing;
%

% uicontrol('Style','tex t,. .

% 'Position’,[button.lef t+1 bpos ...

% button.width-editwidth-pu tfi lewi dth-2*b utt on.s pacing editheight-3],...
% '‘BackgroundColor',fron  tcolour ,.. .

% 'String','Log file:',...

% 'FontName',uifont.name .. .

% 'FontSize',uifont.smal Isi ze,. ..

% 'ForegroundColor',text  col our, ...

% 'HorizontalAlignment', i ght');

%% The -3 is so that the text aligns with the numberin the edit box

%

% logfiledisp = uicontrol('Style','edi t,., .

% 'Position’,[window.wid th- frame.s paci ng-2*butto n.sp aci ng-putf ilew idt h-editw idth +1 bpos ...
% editwidth  editheight],...

% '‘BackgroundColor','whi  te' ,...

% 'Enable’,'off',...

% 'String',fullfile(logf ile dir, log file nanedefaul t),.

% 'FontSize',uifont.smal Isi ze,. ..

% 'HorizontalAlignment', le ft', ..

% 'Callback',['[logfiled ir logfilename ext] = fileparts(get(logfiledi sp,’ 'St ring ") );".
% 'logfilename = [logfilename  "." ext];']);

%

% logfilegetdir = uicontrol('Style','pushb utt on', ...

% 'Position’,[window.wid th- frame.s paci ng-butt on. spacing -put fil ewidth+1 bpos ...
% putfilewidth editheight],...

% 'Enable’,'off',...

% 'String',"...",...

% 'Callback’,[')pwdnow = pwd;'...

% if  exist(logfiledir,"dir" ),

% ‘cd(lodfiledir);'...

% ‘[tempname,tempdir] = uiputfile(logfilename,’ 'Log fil e name");'...
% ‘cd(pwdnow);'...

% ‘else,"...

% ‘[tempname,tempdir] = uiputfile(logfilename,’ 'Log fil e name");'...
% ‘end,"...

% 'if  not(tempname == 0),"...

% 'logfiledir = tempdir;'...

% 'logfilename = tempname;'...

% ‘set(logfiledisp,"Strin g", ful Ifil e(l odfi ledir,] ogfilen am@);
% ‘end);

% bpos = bpos + popupheight;

%

% texttofile = uicontrol('Style','radi obutton’,..

% 'Position’,[button.lef t bpos button.width  radioheight],...

% '‘BackgroundColor',fron  tco lour ,..

% 'String','Save thoughts in log file',...

% 'FontName',uifont.name ..

% 'FontSize',uifont.smal Isi ze,. ..

% 'ForegroundColor',text  col our, ...

% 'Value',0,...

% 'Callback’,['set([text novhere texttoscreen],"Value" ,0); !

% 'set([logfiledisp logfilegetdir],"Enable’ oon'Y);
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% ‘thoughtsoutput = 2;17);
% bpos = bpos + radioheight;
%
% texttoscreen = uicontrol('Style','radiob utt on', ...
% 'Position’,[button.lef t bpos button.width  radioheight],...
% '‘BackgroundColor',fron  tco lour ,..
% 'String','Output thoughts to screen’,...
% 'FontName',uifont.name ..
% 'FontSize',uifont.smal Isi ze,. ..
% 'ForegroundColor',text  col our, ...
% 'Value',0,...
% 'Callback’,['set([text novhere texttofile],"Value",0 )
% 'set([logfiledisp logfilegetdir],"Enable wooff )
% ‘thoughtsoutput = 1;17);
% bpos = bpos + radioheight;
%
% textnowhere = uicontrol('Style','rad iobu tto n',.
% 'Position’,[button.lef t bpos button.width  radioheight],...
% '‘BackgroundColor',fron  tco lour ,..
% 'String’,'Do not output thoughts anywhere',...
% 'FontName',uifont.name ..
% 'FontSize',uifont.smal Isi ze,. ..
% 'ForegroundColor',text  col our, ...
% 'Value',0,...
% 'Callback',['set([text tos creen texttofile],"Value", 0);" ..
% 'set([logfiledisp logfilegetdir],"Enable’ ooff ) .
% ‘thoughtsoutput = 0;1);
%
%if thoughtsoutput ==
% set(textnowhere,'Value '1 );
%elseif thoughtsoutput ==1
% set(texttoscreen,'Valu e, 1);
Y%else
% set(texttofile,'Value' 1) ;
% set([logfiledisp logfilegetdir],'Enable Yo nY);
% end
0 =mmmmm el e i e e e
% title
bpos = fpos + button.spacing;
frame0 = uicontrol('Style','fra me', ...
'Position’,[frame.left fpos frame.width titleheight+2*button.s pacing],...

'‘BackgroundColor',frontc  olo ur);
window.height = fpos + titleheight + 2*putton.spacing  + frame.spacing;

uicontrol('Style','text’
'Position’,[button.left+ 1 bpos button.width titleheight],...
'‘BackgroundColor',frontc  olour,. ..
'String','ROBOPOOLPLAYER.
'FontName',uifont.name,. .
'FontSize' titleheight/2
'ForegroundColor',textco  lour);

Y- cme mm e e e e mmm e e e e e e e oo
window.left = screensize(1) + (screensize(3) - window.width)/2;

window.bottom = screensize(2) + (screensize(4) - window.height)/2;
set(triggerwindow,'Posit ion' ,[window.l eft window.bottom window.width window.height]);

%CHOOSESHOTGHtghte a GUI to choose the robot's shot.

dd = 4; %decimation of displayed images
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choosewindow = figure('Name',['Robot turn  # numa2str(turn)],...
'Position’,[1 15 5],..
'Color',backcolour,...
'Resize','off',...
'MenuBar','none’,...
'NumberTitle','off",...
'Visible','off');

imwidth = length([dd:dd:size(rawpho  to, 2)]) ;
imheight = length([dd:dd:size(rawph  oto,1)] );

imaxes = axes('Units','pixels’, .
'Position’,[frame.spacin g+1 popupheight2+frame.spaci ng+butt on. spacing imwidth imheight]);

tableonly = ...
tablepic(Xtotal, Ytotal, X 1,X2,Y1,Ymd,Y 2,np,rp ,epd,whi,r w,bb,ry b,balls ,rb, pocketc entres, dd);

shotpic(tableonly,np,whi  ,rw, bb, ryb, balls,r b,pocketce ntre s,d d,shotl ist( bestshots( 1)))
bestshotspopvalues =",

for ii = bestshots
bestshotspopvalues = [bestshotspopvalues 'Shot #' num2str(ii) '|];

end
bestshotspopvalues = [bestshotspopvalues ‘Table photo'];
playshot = 1;
bestshotspop = uicontrol('Style','popu pment', ...
'Position’,[frame.spacin g+floor (imwidt h/2)-po pupwidt h2+1 frame.spacing+1
popupwidth2 popupheight2],...
'‘BackgroundColor',popupc olo ur,. ..
'String',bestshotspopval ues,...
'FontName',uifont.name,.
'FontSize',uifont.smalls ize ,...
'Callback’,['playshot = get(bestshotspop,"Value ");
'if playshot <= length(bestshots),'"...
'shotpic(tableonly,np,w hi, rw,b b,r yb,ball s,rb ,pocket centres ,'.
'dd,shotlist(bestshots( playshot)) ),
'set(chooseshot,"Enabl e" "o n" ). .
'set(showgoodness,"Str  ing",[] "G oodness: " ‘..
‘num2str(round(100+10*I og([shotli st(b estshots(plays hot)).g oodness])) )]);
‘else,"...
'imshow(rawphoto(dd:dd: end,dd: dd: end,:)) ...
'set(chooseshot,"Enabl e" "o ff' ") ..
'set(showgoodness,"Str  ing",' "™ );.
‘end’]);
chooseshot = uicontrol('Style','pus hbutton *,.
'Position’,[frame.spacin g+floor (imwidt h/2)+butto n.sp aci ng+1 frame.spacing+1

pushwidth2 popupheight2],...
'‘BackgroundColor',button  col our, ...
'String','Play’,...
'FontName',uifont.name,.
'FontSize',uifont.smalls ize ,...
'ForegroundColor',textco  lour,..
'Callback’,'uiresume’);

showgoodness = uicontrol('Style','text .
'Position’,[frame.spacin g+floor (imwidt h/2 )+pushwidth 2+2*but ton .spa cin g+1 frame.spacing+1
textwidth2  popupheight2-4],...
'‘BackgroundColor',backco lour,..
'String',['Shot score: ' numa2str(round(100+10*lo g([s hotlist (bestsh ots (1)) .go odness])))] ...
'FontName',uifont.name,.
'FontSize',uifont.smalls ize ,...
'ForegroundColor',textco  lour);
%The -4 is so that the text aligns with the numberin the popupmenu

uicontrol('Style','text’
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'Position’,[frame.spacin
imwidth titleheight],...

'‘BackgroundColor',backco lour,..

'String’,'ROBOPOOLPLAYERS SHOT!,...

'FontName',uifont.name,. .

'FontSize' titleheight/2

'ForegroundColor',textco  lour);

window.width2
window.height

imwidth + 2*frame.spacing;
imheight + popupheight2 + titleheight

window.left = screensize(1)
window.bottom = screensize(2)
set(choosewindow,'Positi

+ (screensize(3)
+ (screensize(4)

- window.width2)/2;

function pic = drawcircle(pic,coord,r,
%DRAWCIRCDEaw a circle

colo ur, howgadque)
on a given image.

for xx = intersect(floor(coord(
for yy = intersect(floor(coord(
if (xx-coord(1))"2
pic(xx,yy,:)

+ (yy-coord(2))"2 <= "2

- window.height)/2;
on', [wi ndowle ft window.bottom window.width2 window.height]);

1)-r ):c eil( coord(1 )+r),1: siz e(pi c,1))
2)- r):c eil (coord( 2)+r),1 :siz e(pic,2 ))

Appendix A Robot code

g+1 popupheight2+imheight+2* fra me.spacing+ button. spacing

+ 3*frame.spacing + button.spacing;

= howopaque*colour' + (1-howopaque)*squeeze(p ic( xx,y Y,: ));

% dodgy stuff must be done in order to have the weird sized

% matrices add properly
end
end
end

%COORD2STRNvert coordinate pairs to a string.

function str = coord2str(vecs,ls)
x = vecs(:,1);

y = vecs(;,2);

numofvecs = size(vecs,1);

str = ['];

for ii = 1:numofvecs
str = [str '(" num2str(round(x(ii))) "' num2str(round(y(ii)))
if i < numofvecs
str = [str ";
end

end
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App endix B Visual Basic

Dim a As Boolean

Dim Xsteps As Integer

Dim Ysteps As Integer

Dim AngSteps As Integer

Dim Solenoid_Power As Integer
Dim Port_Location As Integer
Dim Command_2As Long

Dim command_1aAs Long

Dim Command_2s Long

Dim Command_2s Long

Dim command_3aAs Long

Dim Command_4As Long

Dim Command_%s Long

Dim Command_@&s Long

Dim Command_As Long

Dim Command_&s Long

Dim Command_%s Long

Dim command_10As Long

Private  Sub Form_Load()
' This section will load the values outputted from the MATLABrogram
' and convert them to steps and output them to the motors
Open App.Path & "xdir.txt" For Input As #1 ' Readsin inputs
Open App.Path & "ydir.txt" For Input As #2 ' from vision
Open App.Path & "ang.txt* For Input As #3 ' system program
Open App.Path & "sol.txt" For Input As #4

Dim OutputArray(4) As Integer
Dimi As Integer

Input #1, OutputArray(1)
Input #2, OutputArray(2)
Input #3, OutputArray(3)
Input #4, OutputArray(4)

Diagnostic Check: Directly Input Steps if necessary
' OutputArray(1) = 100 ' X direction

' OutputArray(2) = 0 "' Y direction
' OutputArray(3) = 0 ' Angle Direction
' OutputArray(4) = 0 "' Solenoid Power Level
For OutputArray(i) =1 To 4
If OutputArray(i) = vbEmpty Then

" If the files do not exist then exit the subroutine and input
intPress = MsgBox("File Not Found", vbCritical)
Exit Sub
End If
Next OutputArray(i)

Xsteps = OutputArray(1)

Ysteps = OutputArray(2)
AngSteps = OutputArray(3)
Solenoid_Power = OutputArray(4)

Move to the initial position:
Call Motor_Output(Xsteps, Ysteps, AngSteps, Solenoid_Power)

Xsteps = -Xsteps Invert all values.

Ysteps = -Ysteps
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AngSteps = 0
Solenoid_Power = 0
Nowreturn carriage to original  position:
Call Motor_Output(Xsteps, Ysteps, AngSteps, Solenoid_Power)

Once returned from the output subroutine, delete the confirm file
to allow the program to indicate that it is finished:
Kill  "C:\My Documents\tom\tom\Uni\P roje ct\ vbst uff \Fil e Loader\Done.txt"

End

End Sub

Private  Sub Motor_Output(Xsteps, Ysteps, AngSteps, Solenoid_Power)
' System Initialisation:
Timerl.Interval =20 ' 20 mS
Timer2.Interval =20 ' 10 mS
Timer3.Interval =500' 05 S
Timerl.Enabled = False
Timer2.Enabled = False
Timer3.Enabled = False
Command_1= &H1 ' Binary: 0000 0001 Positive x-direction bit
command_la &H2 ' Binary: 0000 0010 Step in negative x-direction
Command_2= &H3 ' Binary: 0000 0011 Step in positive x-direction
Command_3= &H4 ' Binary: 0000 0100 Positive y-direction bit
command_3a &H8 ' Binary: 0000 1000 Step in negative y-direction
Command_4= &HC ' Binary: 0000 1100 Step in positive y-direction
Command_5= &H10' Binary: 0001 0000
Command_6= &H30' Binary: 0011 0000
Command_7= &H80' Binary: 1000 0000
Command_8= &H40' Binary: 0100 0000
Command_9= &HCO' Binary: 1100 0000
command_10= &HO ' Binary: 0000 0000 negative and y-direction  bit
a = False
Port_Location = &H378
' Sets the initial location of the Parallel Port in Memory

This may differ  between computers
" %%%% %% % %% % %% %Y8%8YBER0 %80
" %%%% - DIRECTIONCONTROW%%%
" %%%% %% % %% % %% % Ye%8YBER0 %80

If Xsteps >0
Then Timerl.Enabled
Do While a = False
DoEvents
Out Port_Location,
Loop
a = False
For Pulses = 0 To Xsteps
If Pulses < Xsteps / 4 Or Pulses > (3 * Xsteps) / 4 Then

= True

Command_1 Set Pin 1 High (Binary: 0000 0001)

' Set timer to half maxpower timer and make system wait (set initiallly to 20ms)
Timerl.Enabled = True ' Delay for 20mSthen send new command
Do While a = False
' Send step pulse and then wait for timer to expire
DoEvents
Out Port_Location, Command_2
' Sets step Pin high and Sets the Direction as Positive (Binary: 0000 0011)
Loop
a = False
Else
Timer2.Enabled = True 'Delay for 10mSthen send new command
Do While a = False
DoEvents
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Out Port_Location, Command_2
Loop
a = False
End If
Timer2.Enabled = True
Do While a = False
DoEvents
Out Port_Location, Command_1 Set Pin 1 High (Binary: 0000 0001)
Loop
a = False
Next Pulses
End If

If Xsteps < 0 Then
a = False
Timerl.Enabled = True
Do While a = False

DoEvents
Out Port_Location, command_10 Set inital 20msdelay
Loop
a = False
Pulses = Xsteps
' Sets bit 1 Lowbut still allows stepping in negative direction

For Pulses = Xsteps To 0
If Pulses > Xsteps / 4 Or Pulses < (3 * Xsteps) / 4 Then
' Set timer to half max power timer and make system wait (set initiallly to 20ms)
Timerl.Enabled = True
Do While a = False

DoEvents
Out Port_Location, command_1d Delay for 20mSthen send new command
Loop
a = False
Else
' Set timer to full speed timer (set initially to 10ms)

Timer2.Enabled = True
Do While a = False
' Set set negative x direction pin

DoEvents

Out Port_Location, command_1la
Loop
a = False

End If
Timerl.Enabled = True
Do While a = False
DoEvents
Out Port_Location, command_10
Loop
a = False
Next Pulses
End If

If Xsteps = 0 Then
Out Port_Location, command_10
End If

" %%%%%% %% %% % %% 96%6YBE0 %0
" %%%Y¥eDIRECTIONCONTRO%%%%
' %%%%%% %% %% % %% 96%6%BE0 %0

If Ysteps > 0 Then
Timerl.Enabled = True

a = False
Do While a = False

DoEvents

Out Port_Location, Command_3 Set Pin 1 High (Binary: 0000 1000)
Loop
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a = False
For Pulses = 0 To Ysteps
If Pulses < Ysteps / 4 Or Pulses > (3 * Ysteps) / 4 Then
' Set timer to half maxpower timer and make system wait (set initially to 20ms)
Timerl.Enabled = True ' Delay for 20mSthen send new command
Do While a = False
' Send step pulse and then wait for timer to expire
DoEvents
Out Port_Location, Command_4
' Sets step Pin high and Sets the Direction as Positive (Binary: 0000 1100)
Loop
a = False
Else
Timer2.Enabled = True ' Delay for 10mSthen send new command
Do While a = False

DoEvents

Out Port_Location, Command_4
Loop
a = False

End If
Timer2.Enabled = True
Do While a = False
DoEvents
Out Port_Location, Command_3 Set Pin 1 High (Binary: 0000 1000)
Loop
a = False
Next Pulses
End If

If Ysteps < 0 Then
a = False
Timerl.Enabled = True
Do While a = False

DoEvents
Out Port_Location, command_10 Set inital 20msdelay
Loop
a = False
Pulses = Ysteps
' Sets bit 1 Low but still allows stepping in negative direction

For Pulses = Ysteps To 0
If Pulses > Ysteps / 4 Or Pulses < (3 * Ysteps) / 4 Then
' Set timer to half max power timer and make system wait (set initially to 20ms)
Timerl.Enabled = True
Do While a = False
DoEvents
Out Port_Location, command_3a
' Delay for 20mSthen send new command
Loop
a = False
Else
' Set timer to full speed timer (set initially to 10ms)
Timer2.Enabled = True
Do While a = False
' Set set negative y direction step pin

DoEvents

Out Port_Location, command_3a
Loop
a = False

End If
Timerl.Enabled = True
Do While a = False
DoEvents
Out Port_Location, command_10 wait a further 20msand step again
Loop
a = False
Next Pulses
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End If

If Ysteps = 0 Then
Out Port_Location, command_10
End If

" %%%%%%%% %% %% %% %% %
" %% %INGLECONTRO®W%%%
" %%%%%%%%%%%%%%%%%

If AngSteps > 0 Then
Timerl.Enabled = True
Do While a = False

DoEvents

Out Port_Location, Command_5 Set Pin 1 High Binary:
Loop
a = False

For Pulses = 0 To AngSteps

Appendix B Visual Basic code

0001 0000

If Pulses < AngSteps / 4 Or Pulses > (3 * AngSteps) / 4 Then
' Set timer to half maxpower timer and make system wait (set initiallly to 20ms)
Timerl.Enabled = True 'Delay for 20mSthen send new command

Do While a = False
' Send step pulse and then wait for timer
DoEvents
Out Port_Location, Command_6
Loop
a = False
Else
Timer2.Enabled = True
Do While a = False

DoEvents

Out Port_Location, Command_6
Loop
a = False

End If

Timer2.Enabled = True

Do While a = False
DoEvents

Out Port_Location, Command_5 Set Pin 1 High Binary:

Loop
a = False
Next Pulses
End If

%%%%%%% %% % %%%98%6%BER0 %00
%%%BOLENOIPOWEREVELS%%%%
' %%%% %% %% %% %% %Y6%6YB8R0 %80

If Solenoid_Power = 0 Or vbEmpty Then
' Enable the 0.5s timer
a = False
Timer3.Enabled = True
Do While a = False
DoEvents

Sets step Pin high and Sets the Direction

as Positive Binary: 0011 0000

Delay for 10mSthen send new command

0001 0000

Out Port_Location, command_10 If no force required do nothing

Loop

' Timer just to allow the hardware to register the signal

End If

If Solenoid_Power = 1 Then
a = False
Timer3.Enabled = True
Do While a = False
DoEvents
Out Port_Location, Command_7 Low force setting
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Loop

Out Port_Location, command_10 Reset the solenoid

End If

If Solenoid_Power = 2 Then
a = False
Timer3.Enabled = True
Do While a = False
DoEvents

Out Port_Location, Command_8 Med Force Setting

Loop

Out Port_Location, command_10 Reset the solenoid

End If

If Solenoid_Power = 3 Then
a = False
Timer3.Enabled = True
Do While a = False
DoEvents

Out Port_Location, Command_9 High Force Setting

Loop

Out Port_Location, command_10 Reset the solenoid

End If

End Sub

Private  Sub Timerl_Timer() ' 20 mS
a = True
txtAck. Text = txtAck.Text & "1 "
Timerl.Enabled = False '
End Sub

Private  Sub Timer2_Timer() ' 10 mS
a = True
txtAck2.Text = txtAck2.Text & "2 "
Timer2.Enabled = False

End Sub

Private Sub Timer3_Timer() ' 0.5 seconds

a = True
txtAck3.Text = txtAck3.Text & "3 "
Timer3.Enabled = False

End Sub

reset the timer
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App endix C dSPACE code

C.1 C code for DS1102

#include <brtenv.h> [* basic real-time environment */
#define INT_TABLE(0x000000) /* address of interrupt table */
#define INT_ACK (0x800000) /* acknowledge interrupts  */

/* global variables for the communication with the MATLABvorkspace */
float mydata[2][1000];

int motorsbusy = 0;

float timeinterval = 0.01;

long *int_tbl=(long*)INT_TAB LE;
volatile  long *ioctl=(long*)IOCTL;

void c_int04(void)
{

int i;

float timeprev;

ticO_init();
motorsbusy = 1,
for(i=1; i<=1000; i++)
{
timeprev = ticO_read();
while(ticO_read() < timeprev + timeinterval)
{
master_cmd_server();
host_service(0,0);
}
ds1102_xfO_out(mydata[1] [i] );
ds1102_xf1_out(mydata[2] [i] );
}

motorsbusy = 0;

*joctl=(*ioctl)&(0x800 0)]I NTACK; /* acknowledge */
asm(" nop"); asm(" nop"); /* nop's are necessary ! */
asm(" andn 0008h,IF"); /* clear bit in interrupt flag register */

}
void int_enable(void)

int_tbl[4]=(long)c_int 04;

asm(" or 0008h,IE"); /* set bit in interrupt enable register */
asm(" or 2000h,ST"); /* and in status register */
}
main()
{
ds1102_init_xfO(1); /* configure XFO for output */
ds1102_init_xf1(1); /* configure XF1 for output */
int_enable(); /* enable DSPinterrupts  */
while(1)

while(msg_last_error_num ber() == DS1102_NO_ERROR)
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{

master_cmd_server();
host_service(0,0);

h
msg_info_set(MSG_SM_USERmsg_last_error_no, “Error occurred.");

while(msg_last_error_num ber() != DS1102_NO_ERROR)
{

master_cmd_server();
host_service(0,0);

I

msg_info_set(MSG_SM_USER0, "Error released.");

C.2 Matlab code

mlib('SelectBoard','ds11 02"

channel_desc = mlib('GetMapVar','mydat a';) Type',' FloatDSP32,'L ength', len gth( mydta) );
mlib(‘'Write',channel_des c¢,'D ata',my data);

mlib('Intrpt’)
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App endix D Control card circuit
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Appendix D Control card circuit

This pageis to be substituted with the cortrol card circuit.
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App endix E Cost analysis

A summary of the costsof the project are shovn in Table ??. The theoretical cost
indicateswhat the itemswould costto buy. The actual costindicatesthe actual cost
to the project budget. Where the actual cost is lessthan the theoretical cost, the
items have beengenerouslysupplied by the Departmert of Medhanical Engineering
for usein the project, with the exception of the pool balls, which were donated by
The Ballroom.

The extras refer to costsincurred to the project budget, but theseitems are not
necessaryfor the actual construction of the robot. (All gures are in Australian
dollars.)
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Appendix E Cost analysis

Table E.1: Cost analysis.

Item | Price | Quantity | Theoretical cost | Actual cost ]
Actuation
Stepper motor: high powered $300 2 $600 $0
Stepper motor: regular $100 1 $100 $0
Stepper motor control box $3000 1 $3000 $0
Washing machine solenoid $80 1 $80 $0
Transformer (for solenoid) $100 1 $100 $60
Table base
Frame: mild steel35 18 RHS $5/m 18m $90 $90
Channel section (for rails) $55 1 $55 $55
Vision system
Camera $4500 1 $4500 $0
Cameralens $480 1 $480 $0
D30Remote software $100 1 $100 $100
Miscellaneous
Electrical (plugs, boxes,loom, etc.) $200 | $200 $200
Mechanical (belts, pulleys, clamps) $830 | $830 $830
Pool table $325 1 $325 $325
Pool balls $90 1 set $90 $0
Computer $4000 1 $4000 $0
Matlab license(incl. toolboxes) $2660 1 $2660 $0
Labour $50/hour | 10 hours $500 $0
Total: $17710 $1660
Extras
Car starter motor solenoid $88 1 $88 $88
MIT thesis $120 1 $120 $120
Total: $17918 $1868
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App endix F Solenoid force
experimen t

F.1 Intro duction

This experimert wasconductedin orderto designarobotic medanismthat canplay
a range of billiard shots comparableto that of a human, and that can withstand
forces exerted by the actuation system. During a game of billiards, many types
of shots are made ranging from short, soft shotsto breaksand what is commonly
known asthe \six pocket theory" shot. This experimert wasconductedto determine
the rangeof forcesusedin a typical pool gameon the table acquiredfor this project.

F.2 Aim

To determinethe range of forcesusedduring a typical gameof pool.

F.3 Apparatus

Tektronix Digital CRO
Bruel & Kjeaer chargeampli er
Graphite insulated cables(to reducenoise)

8200Force Transducer(referencesensitivity at 159.0Hz, 23 C is 3.80pC/N)

The apparatusis set up asshown in Figure ??.

F.4 Metho d

The voltage outputs correspnding to the forcesusedfor various pool shots (from
short, soft shots to breaksto \six pocket theory” shots) were recordedfor eath
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Appendix F Solenoidforce experimert

Figure F.1: Force experimert setup.

member of the group. This experimert was conductedon the table acquiredfor the
project aswell ason other pool tables, soasto leave scope for transferring the robot
to a di erent or larger table.

F.5 Results and analysis

The voltage output read from the digital CRO was corverted into Newtons using
the corversionfactor 100N/V. The results are shavn in Table ?? below.

F.6 Conclusion

It was determined from the results that an amateur player usesforcesranging ap-
proximately from 80N to 1300N during the courseof a game. The actuation system
must therefore be able to produce a similar force rangeto thesevalues.
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Appendix F Solenoidforce experimert

Table F.1: Washingmadine solenoidimpulse time results.

Voltage | Force Voltage | Force
12.0v | 1200N 1.8V 180N
12.0V | 1200N 2.2V | 220N
11.0V | 1100N 3.1V 310N
13.0vV | 1300N Largestforce 8.0V 800N

7.0V 700N 1.6V 160N
7.0V | 700N 5.5V | 550N
10.0vV | 1000N 5.0V | 500N
9.0V | 900N 9.5V | 950N
3.0V | 300N 2.4V | 240N
2.0V 200N 2.4V 240N
5.5V | 550N 5.0V | 500N
0.8V 80N Smallestforce 7.6V 760N
13.0vV | 1300N 7.0V | 700N
1.7V 170N 8.2V 820N
1.8V 180N 4.2V 420N
1.0v 100N 10.0v | 1000N
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App endix G Technical drawings
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Appendix G Tednical drawings

This pageis to be substituted with drawings.
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