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Chapter 1

Intr oduction

With the emegenceof wirelessnetworking technologiespne of the mostimportantconsiderationsn
thedesignof modernelectronicsystemss their ability to communicatevith eachother andin sodoing,
performataskwhich neithercould achiere alone. With this in mind, we decidedto producea teamof
robotswhich couldwork togetheito completean obstaclecourse.

OurProjectBrief involvedthecreationof two robots with differingabilities,which couldwork asateam
to solve a problemthatneithercouldsolve alone.Thecreationof theserobotswould testour knowvledge
of bothelectronichardwaredesign softwarecreationandtheinterfacing of thesetwo componentsthus
allowing usto demonstrat¢hefull breadthof knowledgewe have gainedwhile studyinga joint degree
in ElectronicandSoftwareEngineering.

1.1 Preliminaries

We modeledthe assaultourseandthetwo robotsusingthe “Lego MindstormsRoboticlnvention Sys-
tem”. The e xibility of Lego, andwide rangeof partsavailable,allow a large numberof mechanical
systemdo be createdwithout the needfor specializednanugcturingof customcomponents Central
to the Lego Mindstormskit is a micro-controller containedwithin an RCX brick. This controllercan
accepinputsfrom avarietyof sensorsandcanalsocontrolthe speedanddirectionof upto threemotors
by way of anumberof outputports.An InfraredPortis alsobuilt into the RCX Brick, which allows for
communicatiorbetweerdifferentRCX's. The RCX micro-controllercanalsobe reprogrammedising
anIR tower connectedo a host.

Thesevariousabilities have allowed a wide rangeof projectsto beimplementedusingthe Mindstorms
Invention Kit, and have createda sizeablefollowing of enthusiast@roundthe world. The simplistic
programmindanguagerovidedby Legoto controltheRCX haspromptedmary individualsto develop
alternatve languagesvhich are capableof controlingthe RCX. Oneof the mostnotableof theseis a
languagecreatedby Dave BaumcalledNot-Quite-C(NQC). This languages syntacticallyvery similar
to regular C, allowing mary of the featuresyou would expect, suchasloops, if-statments,and even
multi-threadedTasks. Unlike mary otherlanguagesreatedfor the RCX, NQC doesnot replacethe
RCX rmw areprovided by Lego, but instead compilesdown to the samebytecodeusedin Lego's own

controllanguage While this reducesa numberof complicationsvhenprogramminghe RCX brick, it

doesimposea numberof fundimentallimitationson the power of NQC, for example,a programhasan
absolutdimit of 32 globaland8 local variables. Thereis alsono supportfor pointersor structuresn

NQC.TheRCX hasalimited amountof RAM, andsothereis only asmallamountof memoryavailable
for arny programghatareusedto controlthe RCX.



1.2 Explanation of Project

Whenplanningthe designof bothrobots, it wasimportantthatwe createdwo robotswith differing abil-
ities, which wereinterestingn their own right. The rst robotwe createdvasa biped,which canwalk
up stepsanddynamicallycorrectits balance.We also createda wheeledrobot, which canaccurately
trackits positionrelative to whereit startedandsearcha givenareato pick up a smallobject.

As anumberof the previousprojectshave beenusedfor demonstratiopurposesiuringUniversityopen-
days,whereprospectie studentsanseethekind of work they might undertale, we felt thata walking
robot would provide an immediatesourceof interest. This robotis equipedwith a balancingsystem
which preventslossof stability in two ways. The systemdynamicallycorrectsthe balanceof therobot
by adjustingits centreof gravity. An electroniccontrol circuit measuresry tilt in therobot,andtries
to counteracthattilt by moving aweightontop of thewalker. The balancesystemis alsocontrolledby
meansf softwareprogrammednto theRCX. Justbeforeafoot s lifted, thecentreof balances moved,
sothatit is over the standingfoot. This staticbalancingpreventsthe bipedfrom falling whenit takesa
step,whereaghedynamicsystemcorrectsfor ary unexpectednstabilities.

To complementhiswalking robot,we producedawheeledrobotwhich couldsearctor, andpick up,an
objectwithin agivenarea.We decidedhatthis robotshouldbeableto navigatearounda predetermined
courseby meansof deadreckoning. This necessitatethe creationof a very accuratedrive systemand
positionmeasuringsoftware. Dueto thefactthatalego brick could be positionedanywherewithin the
searchablareathesoftwarewasrequiredto nd its way backto thestartingpositionof thesearchfrom
anunspeci edpoint.

The two robotsrequiredthe ability to communicatevith eachotherin orderto successfullywork asa
team.ThelR portsontheRCX blocksprovideduswith amethodof communicatiorbetweertherobots,
but we neededo producea simplecommunicationgrotocolandimplementhesoftwareto provide this.

While therobotshave thecapabilityto navigateonepredeterminedssaultoursewe decidedo addthe

ability for userdo createnewn coursesandprogramtherobotsto completehesecoursesTo provide this

capability we createda domainspeci ¢ languagewhich allowed the userto concentraten the func-

tionality of therobots,ratherthantheintricaciesof NQC. The next stagewasto produceaninterpreter
for this languagewhich could createcodeusedby the RCX bricks. A simpleJava applicationwasthen

layeredon top of this new languagedo furthereasethe creationof new assaultourses.

1.3 Motivation

Themainmotivationbehindthis projectwasthecreationof aninterestingsystemwhichwould teachus
valuablelessonsn the organisatiorof a majorgroupproject. We werekeento producea projectwhich
re ected our courses joint slanttowardsboth electronicsandsoftware. This projectgave usa sizable
electroniccircuit designcomponenin the balancingcircuit. Therewasalsoa large scopefor varied
softwarecreation.The softwareusedto controlthe RCX brick is quite low level, andinterfacesclosely
with variouselectronicdevices. We alsoproducedaninterpretemvhich createdvalid NQC from assault
coursespeci cation les usingour own domainspeci ¢ language The codefor thiswashigherin level
thanthe NQC code,andgave usvaluableexperiencen the creationof compilers.The nal stagein the
projectwasthe creationof an applicationwhich easedhe designof assaultcoursespeci cation les.
Thisinvolvedthecreationof a GUI usinghighlevel constructsn a modernobjectorientedianguage.

Theprojectalsoinvolvedthecreationof somecomplex mechanicasystemssuchasthebipedswalking



systemandthegrabbers accuratadrive system As well asproviding uswith the opportunityto gainex-
periencean a eld usuallyoutwith thatof our coursewe alsoobtainedvaluablepracticein theinterface
betweera mechanicakystemandelectronicandsoftwarecontrolsystems.

A large numberof the previous projectsinvolved studyingthe use of Lego Mindstormkits for edu-
cationalpurposesparticularly aimedat schools. We felt that the physicaldesignsof the walker and
grabberobotswereinterestingandunusuaknoughto capturethe attentionof schoolchildren,eitherin
aneducationabetting,or for demonstratiopurposes.

1.4 DocumentOutline

Theremaindeof thisreportprovidesdetaileddescription®f thedesignof all of themajorhardwareand
software components.The reasoningoehindmajor decisionsn the designof the systemareanalysed
anddescribed.The nal sectionof thereportdetailsthelessonsvhich werelearnedduringthe project,
andits valueasa learningexperience The mainsectionsaredescribedelow:

Biped Walker Design

Describeghe mechanicatesignof the bipedwalker andthe processy which a believablewalk-
ing motionis createdhroughtheuseof joints, basedn animals'legs.

Electronic BalanceCir cuit

Descibeghedesignof theelectronicbalancecontrolsystemandhow this wasintegratedontothe
biped,by way of amechanicalveightshifting system.

Biped Software Design

Describeghe main sectionsin the software usedto control the movementand static balanceof
thebipedrobot.

WheeledGrabber Design

Describeshedesignof anaccuratalrive systenmusinglego, abrick sensingsystemandanef cient
grabbeyrusingthe minimumnumberof motorspossible.

Grabber Software Design

Describesthe software usedto control the grabberrobot. This software measureghe precise
distanceanddirectionfrom a point, sothatit canreturnto that point at ary time. The codealso
implementsa searchingalgorithmto nd abrick within a certainarea.

Communication System

Describeghe procesdy which the variousrobotscommunicatevith eachother

Designof Assault Course Speci cation Language

Describeghe creationof an interpreterfor our Domain Speci ¢ Language andthe processby
whichit createsvalid bytecodefor the RCX micro-controller

Designof Assault Course Creation Program

Describeghe creationof the softwarewhich canbe usedto graphicallyproduceAssaultCourse
Speci cation les.



ProblemsOvercome

Discusseshemajorproblemghatwereconfrontedduringthe courseof the project,anddescribes
how we overcamehese.



Chapter 2

Descriptive Overview

2.1 Background

Our projectteamconsistef ve studentsAlexnewton Alexander Chris Margach,EmmaMcGahon,
RobertMoir and RossMcllroy. Our supervisorwas Dr Dickmanwho is basedin Glasgav Univer
sity's ComputerSciencedepartmentWe hadweekly meetingswith Dr Dickmanwherewe wereable
to discussour progresandplantheweekaheadIf we experiencedary dif culties overthe durationof
the projectwe wereableto seekadvicefrom Dr. Dickmanandthe Electronicand software engineer
ing(ESE)coursedirector Dr. MacAuley.

We hadtheresponsibilityfor organisingourteam decidingonaprojectplanandenforcingary deadlines
for deliverabledocuments.We hadapproximately fteen weeksto completeour project,demonstrate
our nal productsubmitaprojectdissertatiorandprovide ashortpresentatiown our projectexperience.

2.2 LegoMindstorms

The projectinvolved the creationof variousrobotsusingLego MindstormsKits. Thesekits contained
standard_ego Technicpiecessuchascogs,axlesandsupportingblocks. Thekit alsocontaineda num-
ber of motorswhich canbe usedto turn axlesand cogs,giving a dynamicsystemableto performa
numberof functions.

Uniquein theMindstormskit is the ability to programthesemotorsusinga speciallycreatedmicrocon-
troller calledanRCX. This RCX canaccepinputsfrom varioussensoinputs,which givesthedesigner
the ability to controlthe Lego motorsusingexternalstimuli. Lego providesa numberof sensorsvhich

canbeinterfaceddirectly ontothe RCX, someof which aredescribedelow:

Touch Sensor

Thisis themostsimplesensocreatedy Legofor theMindstormskit. It consistof asmallblock,
containinga pushswitch. TheRCX canbesetupto give avalueof '1' to atouchedswitchand'0'
to anonpressedswitch.

Light Sensor

This sensoris containedwithin a standardsizedlego brick. It containsa smallLED anda light

sensorat oneend. This light sensorcanbe usedto detectthe amountof light, from the LED,

which is re ected by objects,andso canbe usedto differentiatebetweerlight anddark objects.
Therangepossiblerangeonthe RCX is betweerl0' and'100'.



Rotation Sensor

This sensorallows an axle to be insertedinto a hole going throughthe sensar The sensorcan
countthe numberof timesthis axle hasbeenturnedsincethelastsensorclear

Temperature Sensor

ThetemperatursensoenablesheRCXto detectvariationsn tempraturelt containsathermistor
within a standardego brick.

The RCX measureghangesn voltageat its inputs,thusit is possibleto augmenthe rangeof sensors
by creatinga systemwhich canvary voltageaccordingo somephysicalmedium.

The RCX microcontrollercan be reprogramedhroughan IR link with a USB tower connectedo a
standargc. The RCX canthereforebe programmedisinglanguagesuchasNQC.

2.3 Robots

The projectconsistsof a teamof two robotsthat work together to overcomevariousobstaclesand
challenges.

2.3.1 Walker Robot

The walker robot hasthreemain componentsthe mechanicalegs, the electronicbalancecontrol cir-
cuitry andthe mechanicabalanceshifting device.

Mechanical Legs The mechanicalegs constructedusing standardLego Technicbricks provide the
walker robotwith theability to move forwardin a straightline, ascendstepsanddescendlopes.
Connectedo an RCX programmablébrick, it achievesthis movementfrom onestandard_ego
motor

Balancecontrol circuitry Thebalancecontrolcircuitry is the only hardwarecomponenbf the project
not constructedusing Lego Technicbricks. It was speciallyconstructedor this projectusing
electroniccomponents.The balancecontrol circuit controlstwo Lego motorswhich move the
walker robotscentreof gravity to counterachry tilt experienced.Thebalancecontrolcircuit has
two maincomponentsthe sensoistageandthe controllingdevice.

The sensorstageconsistsof an accelerometechip which sensesry tilt thatit experiencesand
producesanoutputvoltageproportionalto thattilt.

The controlling device takes the outputsfrom the accelerometeprocesseandampli es them,
eventuallyproducinga signalsuitableto controlthetwo Lego motors.

Mechanical balanceshifting device The mechanicabalanceshifting device is alsoconstructedising
Lego Technicbricks. Controlledby the balancecircuitry andthe walker softwaredownloadedto
thewalker robot's RCX, the mechanicabalanceshifting device providesthe mechanisio shift
therobot's centreof gravity alongtwo separataxis.

2.3.2 Grabber Robot

Thegrabberrobot,againcreatedisingLego Technicbrickswashbuilt to assisthewalker robotcomplete
ary challengeghatit is impossiblefor the walker to completealone. Therefore the grabberobotcan
navigate a predetermineadourseand searchfor a Lego brick within a given area. The grabberrobot
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robot hasthreemain componentshat provide this functionality: the drive system the grabbersystem
andthesensoisystem.

Drive System Thedrive systenmallowsthegrabberobotto move forwardandturnin onedirectionwith
excellentprecision.

Grabber system The grabbersystemallows thethe grabbemrobotto pick up andplacedowvn anobject
in front of it.

SensorSystem Thesensosystemletsthe grabberrobotdetectary objectplacedin front of it.

2.4 Communications

EachRCX block is equipedwith a half-duplex Infra-Redtrancever. This allows the RCX to communi-
catevia IR with otherRCXs,aPCor ary otherIR device whichuseshesaméeR protocol. Communica-
tion in the project,betweernthetasksrunningon the robotsandthoseon the courseelementsis carried
out via this trancever usinga higherlevel protocol. This protocol, POWDER,wascreatedby the team
to provide a simplemethodof deliveringinstructionsbetweerall robots.PoWDERenablesll robotsto

sendandreceve commandso andfrom eachotherin alanguagecalledTALComm, alsocreatedoy the
team. TALComm containscomoncommandsvhich therobotswill requireeachotherto execute.

To programthe robotsthemseles, a low level IR link is usedbetweenthe PC and RCX to upload
programs. This facility is implementedby the projects front-end, FLaNEL, in orderto sendcourse
deatilsto the robots. The robotswill thenproceedalongthe course,usingPoWDERand TALComm
wheneer they requireto communicatenstructions.

2.5 Course

The obstaclecourseconsistsof two Lego gatescontrolledby a third RCX programmabldrick. One
motor is requiredto openeachgate. The rst gateis openedwhena touchsensoris depressedThe
secondyateis openedvhenthe controllingRCX recevesthe correctmessageBoth gatesremainopen
oncethey have beentriggered.The obstaclecoursemustbe setup accordingto a setof rulesdescribed
in Appendixl.
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Chapter 3

Robotic Design

Two robotscrossthe “assault”courseby working togetherasa team. Walker the bipedcanonly move

in astraightline, somustbeaidedby thewheeledrobot, Grabberwhich cansearchat areador objects
andfollow programmedoutes.Grabberon the otherhand,relieson Walker to move to placesGrabber
is unableto move to, suchasup stepsanddown slops.

3.1 Walker

The walker robotis bipedal,it canwalk in a straightline, climb stairs,anddescendlopes.It keepsits
balancéby usingthebalancecircuit describedn Section3.1.2. This circuit controlsseno motorswhich
move therobot's centreof gravity to counteracary forcesconspiringto unbalanceghe walker whilst it
is moving.
Thewalker robothasfour maincomponentsTheseare:-

Themechanicalegs

Theelectronicbalancecontrolcircuitry

Themechanicabalanceshifting device

TheRCX commancdccode

Thesecomponent®f therobotarediscussedn detailin the following sections.

3.1.1 Leg Mechanics
BasicDesign

Themainprinciplebehindthewalkerlegsdesignwasto translatea mechanicaturningmotion, provided
by the electricLego motors,into a simplewalking motion, wherea leg is lifted up andforwards,then
pusheddowvn andback. This walking motionis essentiallflinear

The samerotationaldrive is appliedto bothlegsfrom onemotor By connectinghelegs suchthatone
leg's rotationis 180 out of phasewith the others. This meanghatoneleg will be bearingthe robot's
weight, andpropellingit forwards,while the otherleg is freeto lift up andmove into positionfor the
next step.

12



Chicken Prototype

The rst prototypedevelopedwasbasedn a“chickenwalker” design.Eachleg comprisedf two struts
in line, with a x ed ankleandfoot, anda reversedkneejoint (Figure/refg:chickenl). Therearstrut
wasattachedo a free swinginghip joint, andthe forward strut attachedo a camrotatingaroundthe
hip. It wasdecidedthatthe hip joint shouldbe a simplehinge,asthis madethe drive systemeasierto

connecto thetwo legs. Additionally, Lego ball + soclet jointswerenotlarge enoughnor strongenough
to beartheweightof anRCX.

This simplisticdesignprovidedavaguewalking motion,but wasunableto standunaided It did demon-
stratethatthe camwould provide theright kind of motionhowever.

Chicken Prototypelll

Thewalking motionwassimpli ed by reducingtheleg to a singlestrutwith areversedkneeand x ed
ankleandfoot, and xing the camshaftsomedistancebelav theknee(Figure3.2).

By gearingdown the rotationaldrive from the motor to two identicalcogsin line, and xing the cam
to the outerrims of both of thesecogs,the camwas provided with more power at the costof speed.
More importantly this madethe'cam’' move rotationally whilst the kneejoints madeeachleg move in
the diagonal linear motion required. This improvementdid not increasethe viability of the prototype,
which wasstill unableto standwithout support,but it wasloggedfor usein the nal design.

For the sale of continuity the rotating strut which transfersdrive to the legs from the motor will be
referredto asthe camfor the courseof this document.

Chicken Prototypelll

Thethird designkeptthe new camarrangementyut replacedhe x edankleandfoot with a heeljoint
halfway dowvn theleg from theknee,anda x edtoe(Figure3.3. Thenew toecomprisedf alargeLego
wheellaid at. Thisgave therobotmuchbetterbalance.

A shockabsorbewasattachedacrosghe heeljoint. Unfortunately the shockswerenot ableto support
theweightof theRCX.

Attemptsto lowerthewalker's centreof gravity by hangingthe chassidelon thekneesproved unwork-
able,asthebalancesystememplo/edin thedesignrequiresree movementonthe horizontalplane. The
high kneesobstructedhis movement.

Dog Prototype

It is alwaysadvisableto copy naturewhendesigningsomethingmechanical. The kneejoints werere-
versed.Thelegs now resembledhebacklegsof adog.

Thenew 'zig-zag' leg design(Figure3.4) madetherobotmuchmorestablealongthe Y-axis, i.e. it did
notfall forwardor back.Whenthe heelswere x edin place,therobotcouldnow standunaided.

13
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Figure3.1: TheChicken PrototypeMk. 1
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Figure3.2: The Chicken PrototypeMk. 2
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Figure3.3: The Chicken PrototypeMk. 3
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Themainproblemwasnow to provide a drive systenmthat stoppedhelegs collapsing,yet still allowed

themto move whenrequired.An attemptwasmadeto replacethe camdrive arrangemenivith asystem
of stringtendonsstrungdown thefront andbackof therobotskeleton.Pulling the stringoneway would

tightenthe stringin front of thethigh, straighteninghe knee,andalsothe stringon the backof the calf,

straighteninghe heel. Thiswould provide the'down andback' motion. Pulling the stringthe otherway

would tightenthe backof the thigh andfront shin, bendingthe kneeand heel, providing the 'up and
forward' motion.

This designproved problematicthe maindif culty beingthetighteningof the stringonly bendingone
joint at a time, ratherthan both together It cameto the attentionof the designerthat a horses back
leg cannotbendthe kneewithout bendingthe ankleaswell. This gave riseto theideathata systemof
cogsrunningdown the lengthof the calf would restrictthe legs’ movement,asa horses backlegs are
restricted.

Horse Prototype

Whenthe extra cogswereaddedto thelegs (Figure 3.5), it becameapparenthatthe camarrangement
from the secondprototypewould easilydrive the legs. The tendondrive systemwasabandonedThe
new legshadtwo 40 - tooth cogsat eachendof the middle leg section,connectedogetherby three24

- tooth cogsdown the middle of the struts. The large cogseachhave a pin (a shortcrossaxle piece)
throughthem,which x estheirmovementto thethigh andfoot strutsrespectrely.

Thefeetweremodi ed by replacingthe backstrutwith stringandloopingelasticbandsundertension,
aroundthefront of thefoot andthe baseof the shin. This pulledthestringtautsoit actedike anachilles
tendon.This enabledhe ankleto bendforward andspringbackto the horizontal,allowing therobotto
walk down slopeswithoutleaningforwards.

It wasfoundthatonemotorprovidedinsufcient powerto drive thelegs. It is easyto conneciadditional
motorsto the samedrive shaft,however. Thesemotorscanbe connectedo the samesourcein parallel,
which doubleghe availabletorqueat the expenseof batterylifespan.

Final Design

Theentirerobotchassihadto be strengthenetb take the combinedweightof the RCX andbalancing
device alongwith their batteriesMany of theleg componentsveredoubledup to increaseheavailable
support. The main load bearingplastic crossaxleswere replacedwith steelbolts andthreadedods.
Polystyrenecementwas usedto fusetogethersomeof the bricksin the chassismakingit morerigid.
Threemotorsweregeareddowvn andconnectedo the maindrive shaft,on the undersideof the chassis,
surroundedy a supportframevork of Lego bricks fusedtogethemwith polystyrenecement.Finally, a
Lego rotationsensowasattachedo therearof the chassisandmeshedo theright siderear40 tooth
cogvia anotherd0 toothcog. This sensoiis usedby the walker's RCX to determinethe positionof the
legsin motionfor controlpurposesA photograplof the nal designof thewalker robotis provided at
gure 3.6.
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Figure3.4: The Dog Prototype
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Figure3.5: TheHorsePrototype

19

(b)



@

(b)

(©

Figure3.6: The nal walkerrobotlegs,with sliderunit attached.
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3.1.2 BalanceCir cuitry

The balancecontrol circuit is an essentiakdditionto our project, it is this combinedwith the slider
mechanisn{chapter3.1.3)thatwork togetherto dynamicallybalancehewalker robot.

DesignDescription

The rst stepin the designprocesf the balancesystemconsistedf establishinghe systems goals.
In our casewe hada situationwherethe goalwasto controlthetilt angleof thewalker robot.

The secondstepwasto identify the variablesto control,in our casewe only wantedto controlthe tilt
angleof thewalker robot. In orderto dothis, werequiredadevice thatcouldmeasurehetilt angleof an
object. After someresearctwe foundthatit' s possibleto sensehetilt-angle of anobjectelectronically
usinganaccelerometedevice.

Not only did we have to sensdhetilt angleof therobot,we alsorequireda device thatcould adjustthe
tilt angleof therobot. Theslidermechanisncombinedwith apairof Lego motorsallowedusto perform
thistask.The completecontrolprocesss modelledin gure 3.7.

Desired Angle + Circuit Motors Slider Output
> ™ | Mechanism >
ControllingDevice Actuator Plant

ccelerometer |

Sensor

Figure3.7: Block diagramfor the balancecontrolprocess

SensorStage

Thethird stepin the controldesignprocessvasto producespeci cationsfor the sensoiin termsof the
accurag thathadto be attained.It wasdecidedthatthe minimumrequirementgor our accelerometer
chipwould be asfollows...

1. Thedevice mustbeableto sensea minimumtilt of + and- 45 degreesonthex andy-axis.
2. Thedevice mustprovide analogueoutputs.
3. Thedevice shouldbe ableto withstandtheforce of beingdroppedaccidentally

4. Thedevice mustbeamaximumof £20.

After thoroughresearchye foundthatthe ADXL202E accelerometechip satis ed all of our criteria.
The ADXL202E datasheeis availablein AppendixK.
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Onreceiptof the ADXL202E chipwe discoreredthatit hadno input/outputpins, but insteachadmetal
contactsush with the chip itself. We decidedto have it suriacemountedonto a small printedcircuit
board(PCB}o makeit possiblefor usto createcheappractisecircuitson soclet board.

In orderto surlacemounta chip, afootprint for the chip mustbe developed.Thefootprint allows tech-
niciansto seewherethe chip shouldbe placed,whereto placeary connectiorholesandwhatsizethe
holesand coppertracksshouldbe on a PCB. We createda footprint for the ADXL202E chip usinga
computeraideddesigntool - OrCAD. Theresultof suriacemountingthe chip wasthe device shavn in
gure 3.8. Thetutorial we usedto helpuscreatethefootprintis locatedin AppendixL.

ST _ 11 8 vdd
T2 _ 12 7L Xfilt
coM __ |3 6L Yfilt
Yout ___ |4 5. Xout

Figure3.8: SurfacemountedADXL202E pin Layout

There are two methodsof obtainingthe requiredanalogueoutputsfrom the ADXL202E. The rst
methodinvolves reconstructinghe duty-g/cled outputs(digitaloutputs)found at Xout and Yout. This
methodrequireghe useof passie componentsuchasresistorandcapacitorsin hindsightthis method
appeargo besimplerto implement.If thereis ary time for work on this projectin the future we would
testthis method.

Insteadwe choseto implementthe secondnethodthattakesadwantageof theanalogueoutputsalready
presenaittheX It andY It outputs.Therearetwo constraint@issociateavith theseoutputs:

Eachhasa 32kohm outputimpedance Which meanghatthey cannotdrive a load directly, they
requirebuffering beforethey becomeuseful.

Eachproduceanoffsetvoltageof around2.5\blts with a 5Volts supply

We hadto take both of thesefactorsinto accountat a later stageof the circuit design.

Usingtheanalogueutputs X It andY It theADXL202E mustbeconnectecdsshavnin 3.9for normal
operation:
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Figure3.9: Circuit diagramof thesensorstage.

Circuit Explanation

Partsof the balancecontrol circuit requirea supplyvoltageof 12V whereaghe ADXL202E canonly
handlea maximuminputvoltageof 5V. The5V1 zenerdiode(D1) the47uFcapacitor(Clandthe 1.5k
resistor(R1ensureahatthevoltageto the ADXL202E chip never exceeds5V. The 100ohmresistor(R2)
and0.1nFcapacitor(C2provide power supplydecouplingo thechip. Theremaining2.2nFcapacitors,
C3andC4 lter theX It andY It outputsat pins7 and6 respectiely. The 1IMegaohmresistorR3is
requiredasperthedatasheetAppendixK).

ProcessStage

Thefourth stepof the controldesignprocessnvolvesthe designandimplementatiorof the controlling
device, the actuatorsandthe plant stagesof the control process.As shavn in gure 3.7, the control-
ling device in our systemis the remainingcircuitry, the Lego motorsarethe actuatorsandthe Slider
mechanisnis the plant. Seechapter3.1.3for a descriptionof the slidermechanism.
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Actuators

The Lego motorswe decidedto usein the processingstageof the systemwere Electric-Technicmini-
motors9v(Lego 71427).Thesemotorswereprovidedaspartof our projectmaterialssothey wereeasily
accessiblat no extra cost.

Thedatashavnin gure 3.10,whichwe extractedfrom thetechnicaldescriptiorof Lego Motors[1] was

essentiainformationthatwe usedduringthe designof the balancecontrolcircuit.

Input Voltage(\dlts) Input Current(Amps) ElectricalPowver(\Watts)
4.5 0.12 0.54

7 0.12 0.85

9 0.12 1.1

12 0.12 15

Figure3.10: Lego Motors

Fromtheinformationcollatedin gure 3.10we canseethattheLego 71427requiresa minimuminput
voltageof 4.5\blts anda maximumvoltageof 12\blts. We canalsoseeit requiresa minimumsupply
currentof 120mAmps.

Controlling Device

Thecontrollingdevice takesinputsignalsfrom the ADXL202E andcorvertstheminto theusefulsignals
thatareusedin theactuatorstageof our system.

Whenapproachinghe controllingdevice designwe hadto take into accounthefollowing details:

Theanalogueoutputsfrom the ADXL202E requirebuffering beforethey candrive aload.
Thereis approximatelya 2.5\blt offsetvoltagefrom the analogueoutputs.
ThelLego motorsrequirea voltagebetweent.5\blts and12\blts.

Thelego motorsrequireaninput currentof atleast120mAmps.
We decidedo simplify the controllingdevice stageby dividing it into two individual sections

1. TheBufferingandcorrectionsection.

2. Theampli cation stage.

After trying variousdesignapproachesor the buffering and correctionstage,we decidedto tackleit
usinga summingampli er con guration. Usingthis methodwe getrid of the offsetvoltageat the sum-
ming junctionandat the sametime buffer the resultantignal.
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Figure3.11: Circuit Diagramof buffering andcorrectionstage

Circuit Explanation

Initially a TLO71 op-ampwasusedfor the buffering andcorrectionstageof the circuit. Unfortunately
the outputsignalfrom this op-ampwasextremelynoisy insteadof designingaroundthis problemwe
decidedto usea low-noiseop-ampthe NE24655(seeAppendixK). The 0.1uFcapacitorsC7 andC8
provide power supplydecouplingor theop-amp.TheremainingcapacitoiC10reduceghenoisepresent
ontheoutputof the op-amp.ResistoreR11,R12andR13allow usto getrid of the 2.5V offsetpresent
onXIt andY It by allowing a -2.5v signalto be input to the summingjunction. The potentiometer
allows usto accountor ary drift the ADXL202E chip experiences.

The Ampli cation stagewasa little easierto design,it is just a simple non-inverting op-amp. After

testingthe op-ampsavailablein the University we foundthatthey did not produceadequateurrentto

drive the Lego motors. After additionalresearchwe found that power op-ampsproducehigh enough
currentsto run the Lego motors. We decidedto useAnalog DevicesL165 (seeAppendixK), which

producesa currentgreaterithan120mAmpsandproduces/oltagesup to 12V.

Onreceiptthe L165 power op-ampswve foundthatthey hadanunusuakhapesoagainwe createdanew
footprintfor the L165 usingOrCAD.
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Onedif culty thatarosein theampli cation stagewasdecidingon areasonablgain. Thetableshavn
in gure 3.12shavsthetilt angleexperiencedy thewalker robot,thevoltageoutputfrom thebuffering
andcorrectionstageof thecircuit andthe outputvoltagewe estimatedvasrequiredfor theLego Motors.

Tilt Angle Accelerometer Required Gain
(degrees) Output voltage(\0lts)

-45 -0.265 12 45.28
-30 -0.188 9 47.87
-15 -0.097 5 51.55
0 0 0 0

15 0.097 5 51.55
30 0.188 9 47.87
45 0.265 12 45.28

Figure3.12:
Average Gain = 4528+ 27(;307+ LSS 4823

W e can approximate this to a gain of 50

Thisis equivalentto the non-inverting op-ampcon gurationshavn in gure 3.13.

|

Input + o
utput

R1

]

R2

1L

Figure3.13: Non-Inverting Ampli er
WhereresistordR1 andR2 arecalculatedusingthe equation:
_ R1+R2

R2
Onepossibleresistorcombinationwe tried, thatsatis edtheabove equationis R1 = 500k,R2 = 10k.

Gain (3.1)
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We decidedo make it possibleto alterthe Gainsinceour calculationsvereformedusingestimatesWe
insertedsocletsin placeof R1andR2, allowing usto easilychangeR1 andR2, thuschanginghegain.
In orderfor the L165to operatdn the abore context we hadto setit upasshavnin gure 3.14.

Figure3.14: Circuit diagramof gainstage

Theonly designdecisionwe hadto malke at this stageof the circuit wasthe valueof resistorsR16 and

R17thatallow usto setthegainof thecircuit. Therestof this stagewassetupasshavn in thedatasheet
K

Thecompleteand nal circuit designis shavnin 3.15.
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Figure3.15: Completecircuit diagram

3.1.3 Slider

Controlledby the balancecircuitry andthe Walker code the slider mechanismmaovesa counterweight
aroundthetop of therobot. The counterweightonsistof severalheary items:theslider's own motors;
the RCX andit' s batterypack;andthebalancecircuit with it's batterypack.

The slider is requiredto action movementsof the counterweightdictatedby the balancesensors.A
voltageis generatedby the balancecircuitry asthe walker tilts, this is appliedto the motors,which will
in turnmove eitheraxisof theslider Theslideris alsocontrolledstaticallyby thewalker softwarewhen
eachstepis taken. Beforea stepis taken, the centreof gravity of the robot mustbe placedabore the
trailing foot. This movements steadyandpredictableandsois codedinto themaintaskof thewalker's
software.

Separat& andY axesareconsideredn themovementof theslider Two motorsareusedin thesystem,
onefor eachaxis,which allow the counterweighto be movedto ary pointwithin a regularrectangular
areaontop of thewalker. More movements affordedacrosghewalkersshoulderghanfrom its front to
its back. Thisis becausenoretilt appearacrosgheshouldersiueto the natureof thewalkersstepping
motion.

The rst slider designwas producedandbuilt early in the project. It wasdemonstratedn top of an
earlywalker designto shav the concepf it's operation.However, this rst designwastoo heary and
slightly unrotustwhich meantit hadto beredesignedThebiggestconcernwasthat, with all theequip-
mentrequiredto be placedon top of the walker, eachcomponentvould have to bereducedn sizeand
weight. With thisin mind the slidermechanisnunderwenttotal redesign.
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Redesigning

Thesliderwasdesignedagainfrom scratchwith theemphasi®n smallsize. A smallersizemeangnore
movementalong an axis, due to the device taking up lessdistanceon the rack. More importantly a
smallerdesignwill alsoweighless.Theonly restrictionontheareaof theslider's baseis thesizeof the
two motorsrequiredto drive eachaxis. Soto startwith, the motorswereplacedsideby sideby side,as
compactlyaspossible.Dueto the discretespacingnvolvedin Lego technicandthe sizing of the cogs,
the motorshadto be orientedin differentdirections,allowing gearsto be moreeasilyconnectedo the
front of themotors.

The rst designtransmittednovementdowvn a vertical shaftto a setof cogsunderneatithe slider oor.

In thisway, mostof thegearingfor thataxiswasseparatedrom therestof theentiremechanismHow-

ever, the gearingrequiredto usea shaftnot only took up a larger thanrequiredamountof space but

wasunstable.Whenthe mechanismjammedor wasplacedunderheary load, someof the cogson the
verticalshaftcouldbeforcedout of positionalongthe shaft. Wheneer this happenedihe motorwould

spinfreely andno motionwould betransmittedIf this wereto happenthethewalker would be unable
to correctits balanceon thataxisandso almostcertainlyfall over. A largelaggingeffect alsoresulted
from the mary smallcogsrequiredunderthe oor.

Several cogshadto be usedto enablethe mechanisnio drive itself from eitherend. Thewhole mech-
anismsits on top of thataxis, which meanshatdriving from only oneside,but in two directions,can
make the mechanisnraiseup off thetrack. It will raiseonthenon-drving sidewhenacceleratingasa
motorg/cle does.If thesliderweremoving upwardswith thenon-driving side rst, thenwithoutsuitable
xtures it would fall off therobot.

The seconddesignuseda belt-drive by the way of a Lego rubberloop or band. Therewasa signif-
icant reductionin the arearequiredabore the oor, asno gearswere neededo translatethe motion.
However, the belthadinsufcient grip to operateundera heary load, which unfortunatelyincludedthe
loadrequiredfor normaloperation Whengrip wasachiered, thelaggingeffectwascompoundedby the
elasticityof the bandstretchingt beforegripping.

Thesecondaxis,whichmavesthe RCX overtheslider, wasnever ableto beconstructedompactly The
reasorbeingthatthe gearinghasto be worked aroundandover the two motors.This wasthereasorfor

placingthe rst axis' gearingunderthe oor. The rst designuseda feedstraightoff the secondmotor
to drive onesideof therack. However, transmittingmavementover thetop of the sliderwith this design
wasnot possiblein arobustway. Fixing the axis on both sideswastoo problematic,given the space
constraintsAlso, driving on only onesidereducedhe amountof power onthe axissigni cantly.

Curr ent Design

Thecurrentdesignusesa similarideato the bandfor theshoulderaxis, but insteadof abandalarge cog
is usedto drive two thin bladecogs(Figure3.16). Thesebladecogsdrive the gearingdirectly. Fewer
smallcogsarenow usedunderthe oor whichresultsin slightly lesslag. However themaingainis that
moreloadcanbetakenasthereis no axlefor the bladecogsto slip alongupwardsandzeroelasticity

Thesecondwvalking directionaxiswasnotradicallydifferentto the original attempt.The currentdesign
usesone main axle to equallydrive the rack. Only onegearis usedto translatethe motion from the
driving motor, which thenpassed to theaxle. This methodsequireswo “walls” on eithersideon the
mechanisnto hold the gearingin place.To stopthetrackfrom tilting, unconnectedogswereplacedat
the endsof thewalls. Theseholdit in positionwhile moving two or from oneof its extentswhile tilted.
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Figure3.16: Row of gearsdrivenfrom the motorby two bladegearsto move the rst axis

Figure3.17: Walking-direction(second)axis driven on both sidesby oneaxle connectedo the second
motor

The currentdesignis functional as requiredfor the project. Therearetwo main problemswith the
design.althoughthey will not posea majorrisk within thelimits of normaloperationonthe course.

Problems

Within thecurrentdesign thegreatesproblemis thatof alack of robustnessThisis aconstanproblem
whendesigningmechanicatieviceswhich musttolerateforcesin several directions. A lack of robust-

nesson the axis of movementalongthe walkersdirectionof travel canposea problem. The build of

the slidermeanghatlarge forceson the cogswill causeseparatiorof the Lego brickson thewalls. To

partially solve the problem,braceswere placedon the sidesof the sliderwalls to help hold it together
(Figure3.18). Thebricksmaystill separatalightly, althoughthey will notcomeapart.

A smallerproblemis thatthereis a smallamountof mechanicallag” on the axis acrossthe walkers
shoulders.This arisesfrom the numberof cogsrequiredto transmitmotion alongthe sliderinternally
Eachcog requiresa small movementto comein contactwith the next. This delayincreasewith the
numberof cogs,however, the problemis only noticedwhenchangingdirectionand,giventhe speedf
themotors,canbeneglected.
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Figure3.18: Bracesmustbe putin placeto hold thewallstogether

3.1.4 Walker Code

This sectionwill discusghe overall softwaredesignapproachusedto codethe walker robot. The soft-
waredesignfor this projectturnedout to be a somavhatformidabletask. As with mostprojects,there
areusuallymary unexpectedchallenges.The biggestchallengesamefrom working with the walker
robot. After analysingtherobot,aninitial programdesigncould be planned.The onemajorrestriction
to considemwasthe sizeof the program.The sizeof the programturnedout to be mostcritical because
of thememorylimits of theRCX (approximatel\32k). Theprogramhadto belargeenougho complete
the task, but small enoughto download (andrun correctly)to the RCX. We carefully createdparallel
tasksandglobalvariablego satisfytheabove problem.

Thewalkerrobotsoftwarewasdividedinto threemajorsectionsepresentingvalkingmotion,balancing-
unitandcommunicatiorwith otherrobot. Thewalking motionsectioncoordinateshe movementof the
robot basedon a rotationalsensorandthe drive motors. The balancingprocesscontrolsthe centreof
gravity of the walker robot,sothe robotableto walk without falling over. The communicatiorprocess
dealswith thecommunicatiorbetweerthis walker robotandthe grabberobotor the gatekeeperRCX.
Thesesectionscombinednto aframewvork thatcoordinateshe operationof therobot. During develop-
menteachsectiorwasdevelopedin isolation,testedo ensurghatit workedcorrectly thenincorporated
into themainprogram.

The walker robotis poweredby threemotors,all of which areconnectedn parallelto a single output
of the RCX. This givesthe walker the necessarpower to walk, without usingmoreRCX outputsthan
necessary

Thewalking motionandthebalanceunit tasksarerun concurrentlyin this system.This givestheWalker
theability to balanceandwalk at the sametime. Thedesignof both of thesetasksis describedelow.

Walking motion

One of the primary tasksof the walker robotis to walk over a certaindistance. The walking motion
taskprovidesthe meandor moving thewalker robotwhile otheroperationsareoccurring. Thewalking
motiontaskcontainsa setof functionswhich directly drive the motorscontrollingtheroboticlegs. This
taskalsocheckghecampositionof thewalker robotby way of arotationsensoiconnectedo thewalker
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drive axle.

Thewalking motiontaskprovidesinterfacebetweerthe leg motorsandtherestof the codethatdrives
therobot,allowing low level functionssuchasstartturninglegsandemegeng stop.

State-machine

The state-machingéaskis usedto checkthe stateof therobot. Sincethe walker robotcanonly walk in
a straightline, we decidedto have four states.The statesdescribethe positionof the walker legs. We
usedthefollowing states:

Both feetdown left foot forward.
Rightfoot raisedleft foot forward.
Left foot raisedright foot forward.

Both feetdown right foot forward.

Therotationsensomountedon thewalker robot,is usedto checkthe campositionof therobot. States
aredeterminedy therotationsensowalues.In this, tasktherotationsensowvaluesarerepresentetly a
variablecalledrot_drive. Thefollowing codecheckgherobot's state:

if ( (rot_drive < 6) && (rot_drive >= 0) )
state = LF_FWD_RF_UP;

else if ( (rot_drive >= 15) && (rot_drive <= 18) )
state = LF_FWD_BOTH_DN;

else if ( (rot_drive >= 6) && (rot_drive <= 10) )
state = RF_FWD_BOTH_DN;

else if ( (rot_drive > 10) && (rot_drive < 15) )
state = RF_FWD_LF_UP;

The StateTransitiondiagramin gure 3.19shaws the possibletransitionshetweerthesestates.

Walking

Thewalking taskis oneof the major operation®f thewalker robot. This taskallows therobotto move
from onepositionto another The walking() task usessomethe following functionsto accomplishit
task:

Walk () Thewalk subroutinds usedto move thewalker forward by two steps Whenthis subroutings
called,themotorsareactivateduntil therotationsensomountedontherobotvaluebecomeight.
We assumedhattherobotsinitial stateis left foot forwardandbothfeetdown, soaftertheabove
proceduregherobotsstatewill beright foot forwardandbothfeetdown. After asmallperiod,the
motorsare activatedagainuntil the rotationsensorvalue becomesl6. After this procedurehe
robotsstatewill becomeheinitial state.

Move() The move functionis usedto move the walker robotforward by the distancespeci ed by the
variable“cent”. The move function calls the walk subroutinethe numberof timesnecessaryo
move thewalkerforwardby thespeci edamount.Thefollowing codeexplainsthemove function:
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Left foot forward Both feet down »| Left foot forward right foot raised

Y

Right foot forward left foot raised Right foot forward both feet down

State Diagram

Figure3.19: StateTransitionDiagram.

int  count = (cent/10);
int i =0;
while (i <= count)
{
walk ();
i=i+1;
}

Balancing Unit

The slider, mountedon top of the walker robot, allows the balanceof the robotto be corrected.This
taskcontrol sthewalker's centreof gravity usingthe slider motorsandrotationsensorconnectedo the
slideraxle. Therotationsensorchecksthe positionof the weighton the axis. This allows the walkers
centreof balancdo be positionedaccurately Thebalancingunit sectionis implementedy ataskcalled
balancing.

Balancing () The balancing()taskis responsibldor moving the counterweight on the axis according
to therobot's currentstate.Statesaredeterminedy the state-machineask,which runsparallel
with the balancingtask. Implementatiorof the balancing() taskis relatvely simple. Thetaskis
implementedy usinga casestatemenandthe casesandoperationaredescribedelaw.

Whentherobot's left foot is forward andright foot is raisedthe motoris activated,andit moves
theweighttowardstheleft foot.

Whentherobot's right foot is forward andboth feetaredown the motoris actvatedandit moves
theweighttowardsthe centreof the axis.
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Whenthe robot’s right foot is forward andleft foot is dovn the motoris activatedandit moves
theweighttowardstheright foot.

Whenthe robot's left foot is forward andboth feetaredown the motoris actvatedandit moves
theweighttowardsthe centreof the axis.
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3.2 Grabber

The secondobotwhich we designedor the projectis awheeledgrabberrobot. Thisrobotis intended
to assistedhe walking robotin a numberof ways. Therobotcanbe programmedo performanumber
of tasksusing a languagewe developedcalled TAL (seeSection4.1). The grabberrobot canthen
transmitsomeof thesemessagew thewalker usingTALComm (seeSection4.3), allowing thegrabber
to controlthe walker's movement.This wheeledrobotalsohasthe ability to searchfor, andpick up an
object. Therewerea numberof systemswvhich hadto be designedandbuilt to allow the grabberrobot
to performthesefunctions.The nal grabberdesignis shavn below ( gure 3.20).

(a) Sideview of Grabber (b) Turning the vertical shaft
clockwise moves the worm
geardown, turningthebottom
two gears.

Figure3.20: The nal grabberdesign.

3.2.1 Drive System

The grabberbot wasdesignedrom the startto be anautonomousnachine which could move around
a prede nedassaulicoursewithout humanintervention. The Robotmustthereforehave the ability to
follow a predeterminedoute,eitherbeinghardcodedinto the robot, or throughexternalmarkerssuch
aslines.

A line-follower would berelatively simpleto implementin arobot,usinglight sensorgo follow ablack-
paintediine. Whenthereis anincreasen light intensity it canbe assumedhattherobothasdriven off
theline. Therobotwould thenstopandturn, until thelight sensodetectghe darkline andwould then
continueto follow it.

While this would satisfy the route following requirementthereare a numberof problemsassociated
with it. First, this line-following systemwould only allow for a static, predeterminegbathto be fol-
lowed with no branching. While this would have beenadequatdor nding a way aroundthe course,
it would not allow for a e xible searchingalgorithm. Sincewe intendedusinga light sensoito detect
objectsin front of therobot,therewould alsohave beendif culty in distinguishingbetweeranobjectto
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Figure3.21: Eachwheelis poweredby a separatenotorandso canmove independentiypf the other

be pickedup, andthedarkline.

Wethereforechoseo designarobotwhich couldindependentlgvaluatethedistancdromiits start-point
withoutreferenceo externalmarlkers. Thiswouldallow thegrabbebotto nd its wayaroundthecourse
by measuremenf the distancetravelled in eachdirection. The robotwould alsobe ableto searcha
large areafor anobject,usinga light sensar Oneof the problemswith this systemis the requirement
for avery accuratedrive, asary slight errorwould accumulatever time, andprevent measuremerf
thegrabbers position. Thefollowing threedesignsvereprototypedbeforea decisionwasmade.

Two Motor Design

The rst designwasatraditionalsystemwhereeachwheelwaspoweredby a separatenotor, asdemon-
stratedin gure 3.21. Thiswasa very simplelego systemto designandbuild. It allowedforwardand
reversemotion, aswell asthe ability to turnin both directions. The main problemwith this drive was
thatit requiredtwo outputsfrom the RCX to operate.This would leave only oneoutputfor usewith the
grabberarm,andsolimit the potentialoptionsavailablefor its design. Anothercomplicationwith this
designwasthatboth motorswererequiredto turn at the sameratewhena certainvoltagewasapplied.
Very often the two motorshad differencesn friction or ef ciency andso turnedat different speeds.
The problemwasexaccerbatedby the factthat electricmotorsaredesignedo be moreef cient when
turningin onedirection,thanthe other Sincethe usualdesignfor this systemusestwo motorsturingin
differentdirectionsto move the robotforward, the motorsturn at differentspeedsgiving a slight curve
to therobot's forwardmotion,thussendinghe grabberbot off course.

Worm Gear Dir ectional Transmission

Themosteffective way of stoppingthe wheelsturning at differentratesis to connecthemwith a com-
mondrive to asinglemotor If this wascarriedoutin a corventionalmanney the robotwould only be
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ableto go forwardsand backwards,which is inadequatdor effective searching.To resole this it is

possibleto createa directionaltransmissiorsystemwhich turnsa separatelrive, dependinguponthe

directionof the motor  This will allow the robotto move forwards,andturn in onedirection, using
only onemotor Thereis alsoa substantialncreasen the precisionof measuredlirectionanddistance,
becausdt is impossiblefor thewheelsto turn at differentrates,asthey arephysicallyconnectedo the

samemotor

Oneway of producinga directionaltransmissiorsystemis to usea worm gearwhich canturn two sep-
aratesetsof gears,asshavn in gure 3.22. Theworm gearis free to move up anddown the axleit is
attachedo, andin fact,it is easierfor theworm gearto slidelike this, thanit is to turn the cogs.When
the motorturnsanticlockwise the worm gearmovesup the gearsuntil it hits the brick atthetop. Now
the worm gearcannotmove up ary further andsois forcedto turn the top two gearsasshavn in g-
ure3.22(a).Whenthe motorturnsclockwise theworm gearmovesbackdown theaxle ( gure 3.22(b))
until it hitsthe bottombrick, andturnsthelower setof gears.

This systemdid allow for accurateforward and turning measuremenandonly usedone motor The
problemwith this designbecameapparentvhentherobotchangedrom moving forwardsto turning,or
viceversa.To allow theworm gearto move up theaxle, thetwo setsof gearshadto bealignedcorrectly
which meantthatonesetoftenhadto turn, moving the wheelsin the process As this realignmentvas
almostalwaysrandom,therewasno way of correctingthis. Also, the worm would occasionallystick
betweerthetwo setsof gearsandjam the grabbers motionentirely

A further problemwith this designwas the lack of torquewhich could be transferedby the worm
gear Whentherestof the robotwasadded,it becameoo heary to be poweredby one motor at ary
reasonablespeed. Whenmore motorswere addedin parallel,the worm gearsstartedto slip, andso
preventedreliablemovement.

Swing Arm Dir ectional Transmission

It is alsopossibleto designa directionaltransmissiorsystemwhich reliesupona swingingarmto drive
two separatalrives( gure 3.23). This designrelieson friction to swingthe armin theright direction.
In anideal, frictionlessworld, this designwould never work. This designwasbasedupona brief dis-
criptiongivenin the O'Reilly Unofcial Lego Mindstormsbook[2].

Whenthe motor is turnedclockwise,it swingsthe armto theright, asshavn in gure 3.23(a). This
allows the top gearto meshwith the right-mostgear andturn this drive. Whenthe motor is turned
anticlockwisg gure 3.23(b)) thearmswingsto theleft, allowing thetop gearto turntheleft-mostgear

This designhasall the advantagesf the worm gearsystem,suchasrelying on only one motor, and
increasinghe precisionof forward, androtationalmotion. It alsopreventedthe lossof accurag when
therobotchangedrom maoving forwards,to turning,sincethegearamesheckasilywithouta substantial
realignment.

Sincethis systemusedstandardcogs, ratherthan a worm gear the torquefrom the motor was more

efciently transferedo the wheels. Therewasalsolesslikelihood of the gearsslipping whenplaced
underaheary load.
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(a) Turningtheverticalshaftanticlockwisemoves (b) Turning the vertical shaft clockwise moves
theworm gearup, turningthetop two gears. the worm gear down, turning the bottom two
gears.

Figure3.22: The basicworking mechanic®f aworm geardirectionaltransmissiorsystem.

(a) Turning the bottom gear clockwise moves the (b) Turningthebottomgearanticlockwisemovesthe
swingarmto theright, turningtheright gears. swingarmto theleft, turningtheleft gears.

Figure3.23: Thebasicworking mechanic®f aswingarmdirectionaltransmissiorsystem.
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Final Drive Design

For the nal designof the grabberbot's drive systemwe decidedon the above swing arm directional
transmissionThis gave thebene t of only requiringonemotorandalsogreatlyincreasedhe accurag
of the grabbers movement. Although the wheelscannotturn at differentrateswith this system,the
wheelscanslip, or beoffsetby unezenground,which cansendthegrabbebot off course.To reducethe
possibility of slippage we usedlarge rubberywheels.We alsodesignedhe grabberarmin suchaway
thatit couldpick up anobjectin front of eitherwheel,sopreventingthe robotbeingsentoff courseby
driving over anunevenobject.

To measureahe distancetravelled by the robot, a rotationsensomwas connectedo the drive axle. This
gave alargeincreasen accurag over simply measuringheamountof time amotoris running,because
it doesnotrely on the motor's speed.Sincethe speedof a motorcanchangedramaticallywith battery
votage atimedmeasuremeriiecomeséncreasinglyinaccuratewhile therotationsensosystenremains
correct.

3.2.2 Grabber System

Oneof the mainrequirementdor the GrabberRobotis its ability to searchfor, andpick up anobject.
To dothistherobotneedshotha grabbingmechanisnanda sensomwith whichit canidentify objectsto
bepickedup.

Due to the grabberrobot beinganindependentobot working within a team,it waspreferablethat it
usedonly oneRCX brick. This limited usto a maximumof threeindependentnotors,one of which
wasalreadybeingusedto controltherobot's motion. Therewasalsoalimit of threesensoiports,with
oneagaintakenup by arotationsensomeasuringhe distanceravelled by therobot. Theseconstraints
restrictedthe grabbingsystemto a maximumof two motors,with two sensomortsavailableto detect
theobjectand,if necessarymeasurehe positionof the grabbingmechanism.

As with the Drive system,we researche@nd prototypeda numberof differentdesignsbeforea nal
decisionwastaken.

Crane Design

The rst designwe investigatedvasa traditionalcranedesign. This systemusesa numberof joints to
move aclaw into a positionover the object,thenusesthis claw to pick up the object. Dueto thejointed
systemthis designhasvery goodmobility, andcanpick up objectsfrom alarge area.

The main problemwith this design,when usedon the grabberbot, is the large numberof motorsit
requires.For an effective crane,eachjoint shouldbe independenthdriven. Sincethe claw alsoneeds
its own motor, the constraintthat only two motorscanbe usedmeansthat the cranecould only have
oneindependenjoint, which would seserely limit the onemain adwantageof this design,its increased
mobility.

Anotherdisadwantages thatthe robotwould needto know wherethe claw is positionedto be ableto

move it correctlywhenpicking up anobject. To do soaccuratelya numberof sensorsvould have to be
used thustakingup valuablesensoiports,which could have beenusedfor otherfunctions.
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Lifter Design

ThelLifter Systemhasascoopmountedonavertically moving slider, sothatit canberaisedor lowered.
Thissystems muchlike thatemplo/edby fork lift trucks. This systemcanbeimplementedjuiteeasily
with only onemotorrequired.Thereis alsono needfor ary sensorso measure¢hepositionof thescoop.

While thisis areasonablsimpledesignto produce therearea numberof dif culties which hinderits
use. Firstly, it is very dif cult to scoopup anobjectfrom the ground,especiallya roundobjectwhich
just tendsto roll away from the scoop. The objectcanalsofall off of the scoopwhenthe robotturns.
Thereis alsoa problemwhenreleasingheobjectasit cannotbe placedwith greataccurag.

Cam and Cog Lifting System

This designis quite a complex systemwhich allows a grabbingclaw to be openedandclosed,aswell
asbeingraisedandlowered,all from onemotor. Whenthe motoris turnedin onedirection,thearmis
rst loweredto the ground. The grabbingclaw thenstartsto close,until it hasfully grabbedhe object
to be picked up. The armthenrisesto lift the objectoff of the ground. Whenthe motoris turnedin
theoppositedirectionthearmis lowered,the claw thenopensreleasingheobject,andthearmrisesup
again.

The systemrelieson camsto move the arm upwardswhenthe claw is open,andon onecogriding up
anotherlocked cog to move the arm up whenthe claw is closed. An overviev of the mechanisms
shavnin gure 3.24(a)with thedirectionof drive shavn, usingarrons, whentheclaw is closing.

When the grabbingclaw is openthe camsare usedto move the arm up or down as shawn in g-

ure 3.24(b). Whenthe grabbingclaw is closed,eitheron an object,or on itself, the camsaremaoving
downwardsandso cannotlift the arm. Insteadwe take adwantageof the fact thatthe top cog (redin
gure 3.24(c))becomedockedwhentheclaw is closed.If the motorkeepsturningthenthislocked cog
is forcedto ride up theturningyellow cog,in turnlifting thearm.

This designis avery ef cient useof onemotor, andalsohasno needfor sensor¢o measurehe position
of thearm. It is alsoreliable,andwill alwayspick up andreplaceobjectsfrom the samespotin front

of the robot. Thereare someproblemswith this system. Thereis not a greatdeal of motion possible
in thearm, asthe camscanonly move thearmby a nite amount.This meanghatthe whole grabbing
assemblymustbe lower to the groundand objectscannotbe lifted very high above the ground. The

motoris alsoputunderalargeamountof strainwhenthearmis beingmovedup by thecog. Thismeans
thatthemotorhasto be geareddowvn, whichin turn slows thegrabbingmotion.

Final Design

For the nal designit wasdecidedthatwe shouldusethe CamandCogLifting System.We modi ed

this designto have alargergrabbingarea sothatanobjectcouldbelifted from ary pointin front of the
robot. Thiswasdoneby changingheverticalgrabbingmotioninto ahorizontalsweepandgrabmotion.
As theclaw is closed,ary objectson the outskirtsof the grabbingrangeare sweptinto the centre then
picked up. We alsoaddeda touchsensorwhich is actvatedwhenthe arm hasbeenraisedto the fully

upward position. This allows the motion of thegrabbingmechanisnto be controlledby simply running
themotorin onedirection,until thetouchsensoiis pressedo grabanobject,thenrunningthe motorin

the oppositedirectionto releasdhe object,againstoppingwhenthetouchsensoiis pressed.
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(a) Themotordrivesthelargecog,whichin turnlowersthecams,
andclosesgthe claw.

(b) Whenthe grabbingclaw is openthe
camsmove thearmup anddown.

(c) Whenthe grabbingclaw is closedthe red cogis locked. As the Yellow cog
continuego turnthewholearmis forczzdio move upwards.

Figure3.24: The basicworking mechanicof a CamandCoglifting system.



3.2.3 SensorSystem

We decided,early on in the project,to usea light sensotto detectobjectsin front of the grabberand
initially this sensormwas placedon the grabbingarm, facingdown towardsthe ground. If the robotis
travelling on a light colouredsurface,thendark objectscould be detectedoy a changen thelight sen-
sor's output.

Theproblemthis systemhasis thatit canonly deteciobjectsin avery smallareaandthisrobotneedgo

detectobjectsarywherealongits width. Ourinitial solutionto this problemwasto useanarrayof these
downward facinglight sensors.With the reducednumberof sensormortsavailableon an RCX brick,

this would have requiredsomeform of electronicmultiplexing, andwhile possible we felt this wasnot

aneffective solution.

We decidedto usea light gatesystemwherea beamof light is aimedhorizontallyinto a light sensaor
from onesideof therobotto the other If anobjectmovesinto this area,it breaksthe beamwhich can
be detectedy thelight sensarThis systemallows the gateto detectanobjectin front of ary partof it.

Thislight gatesystempresente@ new problem.To allow objectsto be detectedeforethey reachedhe
grabbingmechanismthelight sourceandlight sensohadto be placedon armswhich extendedbeyond
thereachof the grabbingclaw. Whenanobjectis releasedy the grabbertherobothasto move avay
from it, without disurbingthe newly placedobject. Dueto the directionaldrive system the robotcan
only move forward or turn in an anticlockwisedirectionbut cannotreverse,meaningthe only way to
avoid the objectis to turn, thenmove. Whenthe sensoarmswereaddedhey sweptthe objectaway as
therobotturned.Thearmscouldnotsimply beraisedasthey wouldthennotbeableto detecttheobject
initially. To solve this problemwe addeda mechanisnwhich couldraiseandlower thearmon theright
side. This enabledherobotto have thearmdown whensearchingbut thenraisethe armwhenturning
to preventobjectsjust placedon the groundfrom beingsweptaway.

3.2.4 Searching Algorithm

A numberof searchingalgorithmsexist, mary of which are speci c to a particularervironment. The
searchingalgorithmwe chosefor our rst prototypewasvery simple: Searchasmallcircularareathen
move to anotherspaceandsearcha smallcircularareaagain- keepon searchinguntil it nds anobject.
If it couldnot nd ary objectsin theuserspeci edareait would comebackto thestatingpoint.
Whenwe tried to implementthis algorithm, we built a roamingrobot with a light sensorin front of
it, anotheright sensorfacingdownwardsanda grabberarm that connectedvith a touchsensar The
grabberarmof therobotcouldgrabanddrop smallobjects.

Initially, therobotspunfor 360 degreesandscannedor anobject. The scanningvasdoneby thelight

sensoonthefront of therobot. If anobjectwasfound,therobotmovedtowardsthe objectandstopped
in front of it by usinga downward facinglight sensarIf anobjectwasnotfoundthentherobotmoved

to anotherareaandstartedsearchingagain. The circularareasvererandomlyselectedy therobot, so,

unfortunatelyit sometimesearchedn analreadysearchedrea.

We werenotsuccessfubnthisapproactbecausd wasvery dif cult to backtracktherobot's pathto the
initial position. In addition,it could not performa searchanareawhich containedan obstacle.Dueto
thesdimitationswe simpli ed the searchingalgorithmto the currentdesignwhich looksfor objectsin
alinearmannerby traveling up anddown stripsof theareato be searchedThe Grabbeusedthe sensor
systempreviously describedo detectanobjectin front of it.
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A majordif culty with therobotis gettingit to move or turn by a preciseamount.A timing approach
wastried wherea motorwasstartedthe taskwentto sleepfor a speci edtime, andthenthe motorwas
turnedoff. This workedto a point, but it hadmajor positioninginaccuraciesarisingwhenthe robot's
weightshifted,or the surfaceareachangedpr the batteriedrained. Theseinaccuraciesvould become
worseover time, asthe robotwasincapableof detectingerrors. To improve the accurag of the robot
we usedconnected rotationsensorto the drive system.We could thenmeasurehe distancetraveled
by measuringhe numberof rotationsof the rotationsensar This techniquewasalsousedto measure
theanglewhich the grabberis turningby.

3.2.5 Grabber Code

Oncethebasicmechanic®f thegrabberobothadbeendesignedandbuilt, we could startprogramming
the robot's RCX with codeto controlits movementandgrabbingmotion. This thenallowed usto im-
plementthe searchinganddistancemeasuremerfeaturesusedfor the controlof therobotasawhole.

We decidedto structurethis codesothatthe variousfunctionsof the robot, suchasgrabor turn, could

easilybe calledupon,asfunctionsor subroutinecalls. This meantthatthe maintaskwithin the grabber
codewould basicallyconsistof aninitial setupphasethenalist of callswhich couldeasilybe chopped
andchangedallowing the grabberto completedifferentassaulcourses.This structuringbecameaven

moreimportantwhenwe decidedthatthe robotscould be reprogrammedisingthe TAL languaggsee
Sectiond.1) asit allowed TAL commandgo beimplementedisingonly afew linesof NQC code.

Whencreatingcodein NQC therearetwo mainwaysof splitting code functionsandsubroutinesBoth
allow sectionf codeto be calledfrom anothersection,asyouwould expect,but therearea numberof
differencedetweerNQC andnormalprogramminganguagesuchasC. Functionan NQC canaccept
amgumentsput cannotreturnvalues.Unlike mostlanguagesfunctionsin NQC arealwaysexpandedas
inline functions.This meanghateachcall to functionresultsin anothercopy of the function's codebe-
ing includedin the programwhich canleadto excessie codesize. Unlike inline functions,subroutines
allow asinglecopy of codeto besharedetweerseveraldifferentcallers. This makessubroutinesnuch
more spaceefcient thaninline functions,but subroutineshavze somesigni cant restrictions. First of
all, subroutinegannotuseary arguments Also onesubroutinecannotcall anothersubroutine Thereis
alsoarestrictionof eightsubroutinesn any NQC program.

Initially the codewaswritten sothattaskswhichdidn't requireary agumentssuchasgrabandrelease,
usedsubroutinego save space.Taskswhich requiredparameterssuchas move which requiresa dis-
tanceanddirectionwerewritten asinline functions,sincethe parametersouldbe passedsamguments.
Althoughthis madethe codereadableandlook like codewritten in a standardanguagejt turnedout
to beaveryinefcient useof memoryspace.Thetwo tasksperformedby the robot mostoftenturned
outto bemove() andturn() . Bothof thesewereimplementedisingfunctionsto allow distanceor
directionto be passedasarguments but this meantthat eachcall to move() orturn()  resultedin
anotherchunkof codetakingup spacen theRCX. Thesolutionto thiswould beto write thesefunctions
assubroutinesnstead except,sincesubroutinesannotuseargumentswe neededo nd anotherway
to passinformationto them. The solutionwe decideduponwasto useglobalvariableswhichwould be
setup beforeamove() orturn() commandwasmade.Although this meantthatthesecommands
wereatwo stageprocessit resultedn a massie increasen memoryspaceef ciency.

Thefollowing proceduresverecreatedo controlthe grabbemot:

calibrate  _arm()
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Thecalibratearmfunctionis usedin the setupphaseof the maintask. Whencalled,it movesthe
grabberarmto the openuprightpositionby turningon thegrabbemotoruntil thetouchsensotis
activatedby therising arm.

calibrate  _light()

Therobotdetectobjectsby noticinga dropin thelight intensitysensedby thelight sensarTo do
this, the robotneedgo comparethe currentlight intensitywith a default ambientlight intensity
Thecalibratelight functionsampleghelight intensitytentimesat 100msintenals thentakesthe
averageof thesereadingsandsavesit astheambientlight intensityvalue. This functionis called
in the setupphaseof the maintask. It is alsocalledeachtime the searchingalgorithmchanges
from searchingan upward strip to a downward one (seesearchBrick() ). Theambientlight
intensityvalueis recon guredaftereachstrip sothata brightlight at onesideof the searcharea
(suchassunlight)doesnt preventthe sensofrom functioningcorrectly

grab()

Thegrabsubroutinewhencalled,runsthegrabbemotorforward. Thislowersthearm,closeghe
grabbingclaws, thenraiseshearmagain. Themotoris stoppedvhenthetouchsensois activated
by the rising arm. This wascreatedasa subroutinesothatit canbe calledmultiple times, with
only onecopy of thecode.

release()
Thereleasesubroutines muchlike grab() , exceptit runsthemotorin the oppositedirectionto
lower thearm,openthegrabbingclaws, thenraisethearm.

turn()

The turn subroutineturns the grabbey to the left, by the numberof quarterturns speci ed in
the Quartersglobal variable. The subroutinemultiplies the Quartersvariableby the numberof
rotationsof the rotation sensormecessaryo turn the robot by one quarterof a full turn. The
drive motoris thenturnedin reverseuntil the rotationsensos valueis equalto this value. The
subroutinghenupdateghedirectionvariableusingthefollowing code:

direction += Quarters;
direction %= 4;

The directionvariablenow containsa value between0 and 3 which correspondso the current
directionof therobot.
moveFwd()

ThemoveFwdsubroutings usedio movethegrabberobotforwardby thenumberof cmspeci ed
in the CMdistanceglobalvariable.In muchthe sameway asthe turn subroutinethis subroutine
startsby nding theamountof rotationsit shouldturnthe motorfor usingthefollowing code:

int  Turn_Count = ((CMdistance /[ 10) * tenCM) +
((CMdistance % 10) * (tenCM [/ 10));

This codeusesthe tenCM constantwhich storesthe numberof rotationsnecessaryo move the
robot10 cmforwards.

Sincethe robotusesthe swing arm directionaltransmissiorsystem therewas anotherfactorto
be taken into accountby both the turn and moveFwd subroutines.If the robot was previously
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turning,andhasnow beenasledto move forward, the swing arm hasto move from onesideto

the other(SeeSection3.2.1),which takes morerotationsof the motorthanwhenthe swingarm

is alreadyat the cog which movesthe grabberforward. To combatthis, a global ag wasadded
which indicatedwhetherthe robot's lastmovementwasforwards,or aturn. The following code
is thenusedto addto the necessaryotationcountif theswingarmis in thewrong position:

if (has_moved Fwd == 0)
Turn_Count += 6;

The Turn_Countvariablenow containsthe numberof rotationsnecessaryo move the grabber
forwardsby the speci ednumberof centimetres.

This subroutineis alsoresponsiblgor updatingthe distancex and distancey global variables.
Thesevariablesare usedto storethe position of the grabberin relationto its initial position.
Sincetherobotcanonly turn by quarterturns,the directionglobalvariablecanbe usedto specify
whetherthe currentmovementis addedor subtractedrom distancex or distancey usingthe
following code(SENSORS3 returnstherotationsensors currentvalue):

if  (direction == 0)
distance_y += SENSOR_3;
else if (direction == 1)
distance_x -= SENSOR_3;
else if (direction == 2)
distance_y -= SENSOR_3;
else if (direction == 3)

distance_x += SENSOR_3;

moveTolnitialPo s()

When called, the moveTolnitialPosfunction will returnthe grabberto the point wherethe dis-
tancex anddistancey variablesarebothequalto zero.Sincethesevariablescanbereset,a point
canbe “marked” by settingthemto zero,thenreturnedto at ary time usingthis function. This
featureis usedby the searchBrick() functionto returntherobotto a known point, afterhav-
ing picked up anobjectfrom anunknawvn location.

The function rst correctsthe x positionof the robot. It doesthis by turning the robot so that
it pointstowardsthe x=0 line (eg. turn eastif distancex is negatve, turn westif directionx is
positve) usingthe following code:

if (distance_x > 0) {

[* turn  west in relation to starting direction
Quarters = (5 - direction) % 4,
turn = ();

} else {
/* turn  east in relation to starting direction */
Quarters = (3 - direction) % 4;
turn  ();

}

The functionthenmaovesthe robotforward by the distancespeci edin distancex, returningthe
robotto theinitial x position. They positionis correctedn muchthesameway.
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searchBrick()

The searchBrickKunctionallows thegrabberobotto searcha predeterminedectangulaareafor
alego brick, or ary otherobjectwhich canbedetectedy it. Thefunctionsearchea rectangleof
agivenlengthandwidth in centimetrego theright, andforward from the grabber$ position.

Thefunctionsearchetherectanglén anumberof length-waysstrips. It startsby moving forward
the distancegiven by the length variable,while trying to detectan object. Sincethis involves
preformingtwo tasksatthe sametime, we decidedhatwe would usemultiple threads A separate
thread(or “task” in NQC) is createdvhich movesthe grabberforwardsby the givenlengthvari-
able.Whenthis taskis completeit signalsthe maintaskusinga global ag. Themaintaskwaits,
eitherfor this ag to besethigh,orfor anobjectto besensedh front of therobot. In eithercasethe
fwd_strip taskis terminatedwhich stopsthe robotfrom moving forward. If anobjectis detected,
the distancemeasurementariablesareupdatedo the currentposition,asfwd _strip wasstopped
beforeit could updatethem. The objectis then picked up and the moveTolnitialP os()
functionis calledto returnthe robotto the positionatthe startof the search If thefwd_strip task
wasstoppedbecausehe endof a strip wasreachedthenthe function movesthe robot, sothatit
is pointingdown the next strip andcontinuessearchinguntil the grabberhassearchedhewhole
width of thesearcharea.
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Chapter 4

Communications

Two of the major projecttaskswere enablingthe robotsto cooperateand making the coursegeneric.
Thiswasachiered by creatinganIR communicatiorprotocolandalsoforcing thewalker andthegateto

communicateasanadditionto the coursespeci cation. It wasdecidedthatin orderto make the course
moregenericthegrabbemvould beableto receve instructionsbasednthecoursdayout. Also thatthe
grabberwould thenpassrelevant walking instructionsto the walker unit. Finally a userspeci ed key

would berelayedvia thewalker to the secondyate.

To achieve this functionality severalcommunicatiorcomponentsveredeveloped. Namely: a domain
speci ¢ language,TAL; a compilerfor this, TALC; a protocolfor communicatiorbetweenthe grab-
ber, walker andgates POWDER;and nally ajava front-endfor uploadinginstructionsto the grabber
FLANEL. Togetherthesecomponentprovide the communicationmecessaryo runthecourse.

4.1 TAL

Whenwe decidedthat the variousrobotsshouldbe re-programmableve hadtwo main options. The
rst would beto createa numberof headerles containingfunctionsandsubroutinesvhich controlthe
robots. The userprogrammingthe robot could thenincludetheseheaderles in aNQC le, thencall
thesesubroutineso commandherobotto completeanassaultourse.Thesecondptionwasto createa
simpleprogrammindanguageandcompilerwhich would be speciallycreatedo controltherobots.We
decidedon the seconbf theseoptions,to createour own languagefor a numberof reasonsFirsly, we
couldcreatealanguagevhichwould bespeci ¢ to theprogrammingpf robots,somakingthecodemore
understandableo the user This approachalsomadeit possibleto optimisecode(for example,using
globalvariablesandfunctions,seeSection3.2.5)without increasinghe compleity of the commands
neededo controltherobots.

It wasimportantthatthe languagewne createdvasassimpleto understandispossibleto let usersnot
familiar with programminguse“TeamA Language”(TAL) to control the robots. With this in mind,
we decidedthat statementshouldbe as closeas possibleto the Englishlanguagesentencesisedto
describesucha command. To enablethe compiler (TALC) to differentiatebetweenstatementsthe
endof statementarealsoindicatedwith a semicolon.This meanghata TAL le consistsof alist of
commandsFor example,the following would be usedto move 10 cmto the north,grabanobject,then
releasehatobjectat the startpoint:

move north 10;
grab;
move south 10;
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release;

For a descriptionof the possiblecommandsaindthe BakusNaur Form of TAL seethe TAL Reference
Manual(AppendixC).

Sincethis languagewill only be usedto programthe robotsin orderthatthey cancompleteanassault
course suchastheonewe createdwe felt thattherewasno needfor controlstatementsuchas*if ” or
“while” statementsThesecontolstatementsvould have addeda greatdealof powerto thelanguagéout
they arenot necessaryo controlarobotthroughary of theassaultoursesve createdandwould have
addedo thecomplity of whatwe wishedto bea simpleto understandanguage.

4.2 TALC

Whenwe decidedto createour own languagewe requireda methodof compiling this into byte-code
which could be understoody the RCX micro-controller Therewereseveralwaysin which this could
be acheved,someof which arelistedbelow:

Compiledown to the standardyte-codauisedby the RCX micro-controller Themicro-controller
usedin theRCX is basedntheHitachiH8/3292andsothebyte-codds availableontheinternet.
While it would be possibleto compileto this byte-codejt would involve a hugeamountof work
to createa compilerthatproducedcodeatthis low level.

Replacahestandardrmw areafthe RCX with aJavavirtual machinesuchasLEJOS.Thiswould
allow Java class les to beinstalledandrun onthe RCX. It would thenbe possibleto compilea
javaclass le basedonaTAL le, which couldthenbe downloadedto the robotsandrun. This
approachwould involve substantiallylesswork thancompilationto byte-code but would mean
thatthe Java virtual machinewould take up muchof the limited memoryspaceavailableon the
RCX.

CreateanNQC le from theoriginal TAL le. The NQC compilercanthenbe usedto compile
this NQC le into byte-codefor the RCX, andthendownloadthis code. This approachwould
requirelesswork on the partof the TAL compilerasthe NQC compileris utilized aspartof this
compilationprocess.

We decidedonthelastof theseoptions,to produceanNQC le fromaTAL le, mainly becausave had
alreadyproduceda NQC le which couldcontrolthe Grabberrobot,andso hadatemplatefrom which
to work. This templatecontainsa numberof functionsandsubroutinesvhich canbe calledto perform
the variousfunctionsof the robots(seesection3.2.5). This templatewasusedto producea heademnd
footer containingall of the codenecessaryo control the robot. EachTAL commandis thenimple-
mentedusinga few lines of NQC, settingup globalvariablesandcalling the functionsimplementedn
theheademandfooter

We split the compilerinto threemain sections:the parserwhich readsthe TAL le andsplitsit into
statementsiemaoving whitespaceandcommentsasit doesso; the commandconstructomwhich creates
a “Command”object,containingthe TAL andNQC representationf the givena TAL statementand
nally themaincompilerwhich dealswith thecreationof theNQC le, andif instructedthedownload-
ing of the le to therobot. It wassplitin this way to increaseéhe modularisatiorof the code,but alsoto
enablethe FLaNAL graphicalapplication(seesection5.2)to usepartsof TALC to performfunctions,
suchascreatingacommandrom asinglestatement.
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Parser

The Parsers basicfunctionis to remove whitespaceandcommentdrom the given TAL le, thensplit
the le into alist of statementfrom which acommandist canbe built.

The Parserclasscontainsa methodcalled TALCtoCommands.This methodtakesa TAL le andan
outputstreamasparameterandreturnsa CommandList.The CommandListeturnedwill containalist
of “Command”objects,createdusingthe statementgiivenin the TAL le (Seethe Commandsection
below). The outputstreamis usedto displayerrors.Errorsaredirectedto this outputstreanratherthan
standardutputsothatFLaNEL candisplayerrormessagewithin a graphicaltext box.

This methodusesa Streamdkenizerto extractthe statementfrom the TAL le. This StreamDkenizer
is passedne TAL le andisthensetupto separatéokenswith a';". ThismeanghatwhennextToken()
is calledthetokenwill containall characterbetweerthecurrentcursorpositionandthenext semicolon,
i.e. thenext TAL statementThe Stream®kenizeris thensetupto ignorecomments.

A new “Command”is createdfrom eachstatementaken from the TAL le, usingthe constructorde-
scribedbelav, andthenaddedio the CommandListo bereturned.If thereis a syntaxerrorin the state-
mentbeing passedo the Commandconstructorthena NotValidCommandExceptiowill be thrown.
The parsercatcheghis exceptionand prints an error messagetaken from the exception,to the given
PrintStream.The commandist is only returnedif thereareno errors,sothatthe compileronly creates
valid NQC les.

Command Creation

Within the TALC programa Commands an objectusedto storevariousparameter®sf a single TAL
commandr statementA Commandwill containboththe TAL andNQC representationf thefunction
it is expectedo perform,for examplea “move forward 10” commandwill containthe TAL representa-
tion asastring:

move forward 10;
aswell astheNQC representation:

CMdistance = 10;
moveFwd();

A Commands createdwith a constructomwhich is passeda TAL statement.This statements copied
into the TAL representationf the commandandis thenusedwith the staticmethodTALCtoNQC to
producethe NQC representationThis method, TALCtoNQC, is containedwithin anotherclasscalled
CommandSetPutting the stagewhich dealswith the creationof NQC from TAL in a separatelass
like this allows nev commanddgo be addedeasilywithout makingary changego the Commandtlass,
whichis dependediponby mary otherclasses.

WhenTALCtoNQC is calledit usesa StringTokenizerto split the given TAL statemeninto separate
words, while remaving ary whitespacebetweenthesewords. Thesetokensare passedasan array of
stringsto thetalcTokensDNgc method.This methodusesan“if else”ladderto comparethe rst token
with thatexpectedfor acommandandtriesto returnthecommandepresentedly thatword, e.qg:

/* return the correct type of command */
if (talcTokens[O] .e quals ("move"))
return ~ moveCommand (talcTokens);
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else if (talcTokens|[O].e qual s ("turn))
return  turnCommand (talcTokens);

else if (talcTokens|[O].e qual s ("grab™)
return  “"grab();\n";
else if (talcTokens[O].e qual s ("release"))
return  "release();\n";
else if (talcTokens|[O].e qual s ("search"))
return  searchCommand (talcTokens);
else
throw new NotValidComman dExcept io n(">> Unrecognized command: " +
talcTokens[0]) ;

As canbeseenf thecommands asimpleone,suchas“grab” or “release” thentheNQC representation
canbe returnedstraightaway. If the commands morecomple, andrequiresotherparameterssuch
asthedirectionanddistancein the move commandthenanothemethodis calledto returnthe NQC.
If the rst wordin the TAL statementelatesto noneof thesecommanddhena NotValidCommandEx-
ceptionis thrown. This exceptionis passed messagevhich stateghatthe syntaxerrorwascausedy
anunrecognizedcommandwhich canbe displayedby the programhandlingthe commandcreation,in
this casethe parser Otherapplicationscanhandlethe errorin differentways,suchasFLaNEL which
displaysthe messagén a dialoguebox (seesection5.2).

The methodswhich dealwith the morecomplex commandsarereasonablystraightforward, usingthe
arrayof tokensto gainthe parametersieccessarjo createthe NQC statementln the move command,
for example,the TAL syntaxstatesthat move shouldbe followed by the directionof travel, thenthe
distancesothedirectionshouldbe heldin talcTokens[1] andthedistancen talcTokens[2]

If any parameteraremissingthena NotValidCommandExceptiois throwvn, with a messagstatingthe
problem.

The only real dif culties encounteredvhencreatingthe NQC from TAL statementsvere“move” and
“turn” commandsvhich usedanabsolutecompasslirection(suchasnorth,south ,eastor west). Turning
to anabsolutedirectionrequiresthatthe currentdirectionof the robotis known, sothatthe numberof
guartersecessario turnin thatdirectioncanbecalculatedIt would have beendif cult to keeptrackof
thedirectionof therobotwithin thecompilerascommandsrenotnecessarilgreatedn order(FLaNEL
canaddcommanddgo the centreof a CommandListunlike the parsemwhich goesthroughcommandsn
theorderthey appeain the TAL le). Insteadwe decidedto take advantageof thefactthatthegrabber
robot alreadykeepstrack of its directionusinga variablewhich containsa value correspondindo its
direction (O for north, 1 for westetc.) asdiscussedn section3.2.5. This directionvariablecould have
beenusedin an“if else”ladder within the createdNQC code,which would have selectedhe correct
numberof quarterdo turn dependingon the currentdirection,for exampleto turn north:

if (direction == 0) {
Quarters = 0;

else if (direction = 1) {
Quarters = 3;

else if (direction = 2) {
Quarters = 2;

else {
Quarters = 1;

}
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This codeis not very ef cient, andcould take up a relatively large amountof memoryif it hadto be
usedanumberof times.Insteadof this“if else”ladder it wasdiscoreredthatmodulo4 arithmeticcould
beused.For example,thefollowing line of codewill evaluatethe correctnumberof quartermeededo
turn north:

Quarters = (4 - direction) % 4,

Oncethe NQC representatiois producedijt is passedackupto the Commandonstructgrwhichthen
storesit, alongwith the TAL representationTheseCommandobjectscanbe storedin a CommandList
object,thenbeusedto eitherdisplaythe commandasalist of TAL statementsyr compiletheNQC le
onestatemenatatime.

Main Compiler

TheCompilerclasscontainsastaticmethodcompile,whichtakesthe TAL le to becompiled,aboolean
specifyingwhetherthecommandsareto be dovnloadedo therobotor not, anda PrintStreanobjectto
which errorswill beprinted.

The le is rst passedo the parserto createa CommandLisbasedon the le beingcompiled. If the
parsesuccessfullycreatesa CommandListwith no syntaxerrors,thenthe compilercreateshe NQC
le. Anew le iscreatedvhich hasthesamenameastheTAL le, exceptis sufx edwith “.ngc”. The
headeNQC le, createdrom thegrabberobotcodetemplatejs writtento thisnew le. Thecompiler
thengoesthroughthe CommandListandwritesthe NQC correspondingo eachcommandnto the nev
le. Finally, the footer is written to the endof the new le, creatinga valid NQC le which canbe
compiledandrunonthegrabberrobot.

If theboolearargument‘download” passedo the compileris true,thecompilernow startsa new exter
nal processpamelythe NQC compiler which compilesanddownloadsthis nev NQC le.

The Compilerclasscontainsa mainmethodwhich callsthecompilemethodwith the lename passeas
anamgument,andthe dovnloadbooleansetdependinguponwhetherthe “-d” switchis used.Standard
output(System.out)s passeasthe printstreamsothatary errorsaredisplayedon screen.

4.2.1 Conclusion

Overall, TALC hasbeencreatedsothatnev commandganeasilybeaddedby changinghe Command-
Setclassandchangingthe heademndfooter les. The compilercouldalsobeusedto programrobots,
otherthanthegrabberby usingdifferentheaderandfooters.For anexplanationon how to actuallyuse
TALC, seethe TALC UserManual(AppendixD).

Theoverall classdiagramfor TALC canbeseenin gure 4.1
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Figure4.1: TheTALC ClassDiagram

4.3 TALComm

4.3.1 Overview

TALComm, or TeamA's Languaggor Communicationjs a setof commandsvhich canbe sentand
receved betweenary two of the threerobotic elementson the course. They arethe Grabber Walker,
and Gates. Includedare enoughinstructionsto remotelydrive eachof thoseelements. The commu-
nicationsrequiredon the courseare: to tell the walker whenand how far to walk; to tell the walker
to relay datato the gate;andto tell the gateto openwith the datafrom the grabber Thesecommands
arebrokendown into simplerTALComm commandshensentandrecevedvia POWDERprotocolcalls.

Whena commandis receved, it is the responsibilityof the receving robotto handlethat command,
acknavledgeit andactaccordingly E.g. two differentrobotswould handlea move commanddiffer-

ently dueto their respectre mechanicsand programming. The available commandsarelisted in the
TALCommuserGuide.

Also includedin the commandmacrosare static IDs for the individual robots. Theseallow themto
identify eachothereasily without the needto implementary additionalcommandypesor handling.
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Thefollowing diagramshawvs how taskscommunicatevith TALComm:

Figure4.2: TALComm commandsentover POWDER

4.3.2 Development

In orderto supportthe communicationsvhich would take placeon the course,a setof atomiccom-
mandswerecreated Thesecommandgxist only asalist of macros.Thesemacrosmustbeincludedat
compiletime by eachprogramwhich usesthem. Eachmacrorepresentsunctionality which shouldbe
implementedr handledby ary roboton the course.Macroswerechoserasthey do notuseary of the

variablesin the RCXslimited memory They canalsobe implementedeasilyandarestoredin a single
le.

The commandslsohadto matchthosespeci edin TAL sothatthey could be producedn NQC from
TAL les. Thesequencéor compounccommandsisohadto besetoutin thesamele asthemacros.
This ensuredhateachdevice would actaccordinglyto eachcommandandnotfall out of sync.

4.3.3 Problems

The only problemfacedin creatingTAL, was the minor one of making surethat the macroscould
not possiblyinterferewith the POWDER macros. POWDERwas, however, createdto minimise this
dif culty . EachTALCommmacrowill bedifferentfrom themaincontrolmacrosn PoOWDER However
therobotIDs areallowedto overlapif necessary

4.4 PoWDER

In orderto controlthe o w of databetweerthe walker, grabberandgatesthe POWDERprotocolwas
designedndimplementedTheProtocolof Walking Droid andExplorerRobotsjs asimple o w control
protocolwhich enablesinstructionsof TALComm to be sentbetweenthe robots. The main reason
for implementingPoWDERwas to enabletwo robotsto easily and reliably communicatewith each
othervia simpleprocedurecalls. Thetwo mainproceduregmplementedy programsarePONDERrcv
andPONDERsndRLCOMM. A layerof communicationis formedby PONDER on top of which the
programmemayonly beinterestedn a single8-bit messagandaresultinteger (16-bitlocal variable).

4.4.1 Development

To developtheprotocolthelR abilitiesof theRCX hadto beunderstoodTheRCX providesaMessage()
function and a 16 byte transmitbuffer. While the transmitbuffer enableshe RCX to sendup to 16
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consecutie bytes,the Message(tommands capableof receve only onebyte at atime. This means
thatall communicationbetweerRCXsmustbeconsiderednepacletatatime.

4.4.2 Receving

The PONDERrcvprocedurewill wait until amessagés receved by the RCX. Exclusive accesgo the
Message(ommands required,i.e. this shouldbe the only procedurecommunicatingvia IR. At the
endof the procedurea single8-bit messagés returnednto the locationspeci ed. As the destinatioris
a16-bitsignedinteger, themessagevill beplacedin thelower 8 bits.

Currently the only messagegsecevableare TALComm messagedjowever this canbe expanded.The
receve proceduremplementsaswitchto enumeratseveralpossiblecommandypes.Thesearelistedin
the PonvderBindingsle. As it standsadditionaltypeswill reducethe availablemessagealueswhich
canbe sent. To x this, thesetypescanbe placedinto the statusareaandbe de ned by a preceding
“statusfollows” message.

/* Waits for a new message via POWDER/
POWDERcv(int& newMessage);

Thefollowing diagramoutlinesthe stateghroughwhich POWDERtransitions:

Deliver Message Complete?
-
Update Status
‘

Yes
PoWDER’)
Nog

No No
(NO)

/ Yes
i Yes
/
/
;
/
! No
/
A Yes

; Other Type? /\1

Figure4.3: POWDERReceve State-TansitionDiagram

4.4.3 Sending

Sendinga messagevia PONVDER requiresthe messageavhich is to be sentanda resultinteger. To
avoid the programhangingasaresultof afailedsend PONDER includesatimeoutde nedin thePaw-
derBindingsle. Theprocedurewill attemptto sendthe messagéo anotheRCX, or evena PC,which
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mustberunningthe PONDERrcvcommand.Thereturnedstatuswill be 1 for succesaindO for failure.

Currently only onefull sendingproceduras implementechsthis is all thatis requiredfor the project.
Theprocedurewill senda TALComm messagéy identifying to thereceving device thata TALComm
messagés aboutto be sent.

/* Sends a TALCommmessage via powder */
POWDERNATALCOMM(int & result, int  outMsg);

4.4.4 Error Handling

Both sendandreceve proceduresisePONDER statusmessageto handleary problems.Mostly, the
statusmessageareusedto detectandreportif communicatiorfall out of sync. Thereareno recorery
facilitiesin placeto handlewhenacommunicatiorfalls outof sync. This meanghatthecommunication
mustsimply beretried. A failedreceve resultsin a blank messagewhereasafailed sendwill returna
resultcodeof O.

445 Status

No problemsare presentin the systemto prevent communicationgrom taking place. However, the
currentprocedureslo not provide sufcient generalityto be expandedIn orderto expandthe protocol,
thefollowing changeshouldbe madeto the sendingorocedure:

POWDER_sndTALQoni nt message, int& result);
change to
POWDER_snd(int message, int type, int& result);

This would allow several different commandtypesto be sent,and removes the needfor a protocol
speci c commandA protocoltype messagevould thenbe sentbeforethe actualmessagandhandled
by the PONDER rcv call. Optionally insteadof usinga loop which teststhe resultcodeof a call, a
procedureshouldbe createdto ensuredelivery. Sucha methodwould repeatedlytry to send,but it

shoulduseatimeout.For example:

/*  Overloading not possible in NQC*
POWDER_gsnd(int message, int type, int timout, int& result);

Thereceve procedurewill wait until amessagés receved. If thereis afault, thenthereceved message
may be erroneoushowever this is handledby thereceving tasks.

Thecodewasleft in its currentstateasit worksasrequiredfor the projectsandonly TALCommis ever
sentusingit.
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Chapter 5

Assault Course

5.1 Design

5.1.1 Overview

The assaultcourseis basedaroundtwo gatesbuilt from the Lego kits, which mustbe openedby the
robots.A singleRCX controlsthe course.Openinga gaterepresents goalwhich mustbe achieved by

the robots,and passingthrougha gaterepresentanotherone. With two gatestherearethen6 goals
i.e. 3 goalsfor eachrobot, andopeninggoal andtwo passinggoals. To begin, the gatesareplacedon

the ground,andtheir positions,relatve to the grabberand walker, are uploadedto the grabberusing
FLaNEL. Also uploadedarethe distancerequiredfor the walker to travel to the gateanda “passvord”

for the secondyate. As both gatesareopenedby differentmethodspnerobotis responsibldor a par

ticular gate. Thegatesmustalsobe openedn sequencéo progressalongthecourse.

The rst gateis openedby the grabber A “key” is requiredto openthe gate,andit is the grabbers
jobto nd thekey andplaceit on a“keyhole”. The key is placedwithin a searchareaon the ground
andit's dimensionsalsouploadedo the grabber Thekey is ary regular objectwhich weighsbetween
40 and 70g, andis no morethan15cmlong, 15cmwide and40cmhigh. Oncethe grabberhasfound

the key, it mustbe placedon a keyhole sensowhich will openthe rst gate. A smallLegorig, with a

leveredpanelandatouchsensarform thekeyhole. After thegatehasbeenopenedthegrabberelaysto

the walker theinformationit requireswhich hasbeenuploadedrom FLaNEL. Thisinformationis the

straightdistancdat mustwalk to reachthe secondyate,andthe “passvord” requiredto openthegate.
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Figure5.1: Legorig with atouchsensotriggeredby key object.

Thesecondjateis locked by the controllingRCX of thecourse.lt mustbe openedy thewalker trans-
mitting the correctpassword to the RCX. In orderto reachthe secondyate,the walker mustwalk over
arampwith a gradientof no morethan20 degreesandwidth of 30cm. Oncethe gateis openedthe
walker informs the grabberand both robotsproceedto the end of the course. After both robotshave
passedhroughthesecondyate,the courseis considerecdomplete.

Variable Course Area
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: Walke_r_ Start Ramp |
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Variable Key Search Area

Figure5.2: Examplelayoutof thecourse.

5.1.2 Gates

Both gatemechanismsreidentical. They useonly one motor andonetouchsensorto operate.Each
gates motorandsensoiare connectedo the controllingRCX of the courseandareoperatedvhenthe
respecire gateis unlocked by therobots.A gateis closedor lockedwhenthelong axlebaris horizontal
andtriggeringthe touchsensar It is openor unlodked whenthe axle baris vertical andtriggeringthe
touchsensar Thetouchsensols not triggeredwhenthe gateis moving betweents open/closedtate.
Thisis achiered by usinganL shapebraclet with two discto triggerthe sensar
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Figure5.3: Gateclosingaction.

5.2 FLaNEL

FLaNEL is a graphicalapplicationwhich was producedso that the robotswe createdcould easily be
reprogrammedyy a non-technicaliser to completeary numberof differentassaulcourses.This pro-
gramreliesuponthe“TAL” languageandcompilerto programthe robot, but providesa graphicaluser
interfaceto addandchangethe commandgransmittedo the robots. This applicationcanalsodisplay
the createdTAL le in anumberof differentways,including a graphicalmap of the robot's route. A

typical view of the FLaNEL applicationis shavnin gure 5.4.

This sectionof the reportdealswith productionof the FLaNEL applicationandthe variousdecisions
madeusingits creation. For informationon how to useFLaNEL seethe FLaNEL userguidein Ap-
pendixE.

5.2.1 Overview

The designof the FLaNEL applicationcodewassplit into a numberof separateomponentsThe fol-
lowing componentsvereimplementedndependentlyallowing simplerdesignandincrementatesting
of the codeblocksasthey weredeveloped:

Main Window.

Sidebarcontainingcommandist.

Internal“TAL le” windows.

File handling,suchasopen,save andnew le.

“TAL le” views (selectedusingtabsoninternalwindows).

Creationof the“GraphicalMap” view.
Thecomponentsvereimplementedn the orderlistedabore. Sincethe mainwindov wascreatedrst,

eachsuccessie componentouldbeintegratedinto themainprogram allowing the nev componentso
betestedbeforethe productionof the next sectionof codewasstarted.
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Figure5.4: A typical view of the FLaNEL application

Oncethemainwindow wasproducedthe sidebamwasimplementecandaddedo themainprogram.We
couldthenstaticallyload a commandist, allowing the sidebarfunctions,suchascommandaddition,
deletionandrearrangementp betested.Theinternal“TAL le” windows wereinitially implemented
usingonly blankinternalframes. This meantthatmorethanone le could be openedat onetime, and
we couldtestthatthe selectionof aninternalwindow resetghe sidebaysothatfunctionsareperformed
ontheTAL le representedly thiswindow. Next we addedle handling,to allow thesidebarfunctions
to bechecledonarny numberof les. Thevariousviews of theTAL le werethenaddedo theprogram,
endingwith thegraphicalmapview.

Thefollowing sectionsdescribeheimplementatiorof thesecomponentsn detail.

5.2.2 Main Window

ThemainprogramyunwhenFLaNEL is started setsupthemainwindow in whichtheothercomponents
arecreated.The programstartsby creatinga MainWindow object. This objectextendsa JFrameand
so canbe displayedasa window within the systemwhereit is beingcalled. Insidethis MainWindow,
a JDesktopBneis added,which createsan areawhereinternal frames(TAL File windows) canbe
displayed.Thesidebardescribedn sections.2.3,is placedonthemainwindow then nally amenubar
is added.Theitemswithin the menubar areimplementedisingcallsto functionsimplementedwithin
theinternalframe objects. Whena menuitem is selectedjf it is a functionwhich relatesto one TAL
le, suchassave or complile,the mainprogramcheckswhichinternalframeis currentlyselectedthen
calls the correctmethoduponthatobject. Seethe File Handlingsection5.2.5for a descriptionof the
implementatiorof thesemethodcalls.
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5.2.3 Sidebar

The sidebar allows the userto manipulatethe commandavhich will be sentto therobot. This allows
usergo createandedit TAL les in agraphicalervironment,soreducinga non-technicatisers anxiety
whenprogramminghe robotsto completean assaulcourse.The Sidebawasimplementedy extend-
ing a JPanel,andaddinga numberof objectsto this panel.

Theheartof thesidebaiis agraphicalist usedo representhelist of commandgontainedvithin agiven
TAL le. Whencreatingthe Compilerfor TAL (TALC - Section4.2) a CommandLisbbjectwaspro-
duced.Thisprovedto beanidealinternalrepresentationf aTAL le, asit containedherepresentation
of every commandn both TAL andNQC. This objectwasmodi ed sothatit implementedhe List-
Modelinterface. This meantthatit could easilybe addedo a JList object,which would displaythelist
asanorderedsetof TAL commandsandwould updatdtself whentheCommandListtself waschanged.

Threebuttonswereaddeddown the left hadsideof thelist. Thesebuttonsenablethe userto rearrange
theorderof thelist, anddeleteobjectsfrom thelist. They work by obtainingthe currentlyselectedndex
in the JList andthe operation(suchas deleteor moveup)is then performedon this index within the
CommandListthusupdatingthe displayediList. Thesebuttonsarealsosetup sothatthey aredisabled
if theoperations notavailable(i.e. theusercannotdeleteacommanduntil they selectacommandrom
theJList).

A text box andbutton, below the list of commandsallows the userto addnew commandso the list.
Theuserentersa TAL commandnto thetext boxandpresseshe“Add Commandutton. A Command
objectis createdfrom this text string usingthe samecodeusedby the parserin TALC, ensuringthat
both applicationswill createthe sameNQC codeif the CommandSeis modi ed. If the teststringis
notavalid TAL statementthe Commandconstructomwill throw aNotValidTALCommandExceptioras
it doesin TALC. This exceptionis caughtby the FLaNEL application,which thendisplaysthe syntax
errormessag@asadialoguebox, giving the userinformationon why thecommandwvasnotvalid. If the
Commands successfullicreatedit is addedo thecurrentCommandListatthe end,if nocommands
selectedn the JList, or just belav the currentlyselecteccommand.

The sidebaralsohastwo buttonswhich compileanddowvnloadthecurrentTAL le. Theseperformthe
samefunctionsasthe menuitemsof the samename andaredescribedn the File Handlingsection.

5.2.4 Internal “TAL File” windows

WhenaTAL le isopenedpranen le createdanen window is createdn thedesktopareawithin the
FLaNEL application.This allows the userto opena numberof les at onetime andchoosewhich one
to modify by selectingthe correctinternalwindow. Eachinternalwindow containsa File object,which
referenceshe TAL le whichthewindow representsEachwindow alsohasa CommandListwhichis
usedto representhe commandsontainedwithin the le. Whenaninternalwindow is selectedthis
CommandListis passedo the Sidebar This allows the Sidebarto resetthelist sothatit displaysthe
currentlyselectedrAL le.

5.2.5 File Handling

Most le handlingis performedas methodswithin the internal TAL window objects. The codewas
arrangedhis way so that, for example,if a saze was performed,it would be called on the currently
selectedwindow, and save that le but noneof the otheropen les. The following functionswere
created:

60



New

Whenthe“New” functionis performedanen window is createdallowing theuserto createanew
list of commandsthenlater save this asanewv le. The programcreatesa new window within
the FLaNEL desktopareaby creatinga new Internal&lFrameobject. The constructorfor this
internalwindow expectsaFile objectreferringto the TAL le thiswindow representsAs thisis a
nev le, no le yetexistsandsotheconstructois passea null referenceWhenthe constructor
recevesanull le it createsanemptyCommandListandtitles thewindow with “NewFile”.

Open

The“Open” functionis muchlike the“New” functionin thatit createsa new window usingthe

Internal&lFrameconstructar The differenceis that a JFileChoosedialog box is displayedto

allow the userto choosewhich le to open.This le is thenpassedo theInternalalFramecon-

structorwhich createsa CommandLisfrom this le usingthe TALC Parser(seeSectiord.2). The

parserrequiresa PrintStreanto write error messageto. This constructorcreatesa PrintStream
which writesto alog le. If the parsingof the TAL le is unsuccessfuthislog le isreadand

displayedin a new window, andthe internalframeis not created.If the TAL le is successfully
parsednto a CommandListthena new internalframeis created containingthis CommandList,
andareferencdo the TAL le whichwasopenedThetitle of thewindow is changedo thename
of the le whichthiswindow represents.

Save As

The “Save As” function allows the userto save the current le to a le anddirectoryspeci ed
by the user using a JFileChoosedialog box. The File objectstoredby the internalframeis
changedsothatit now pointsto the le passedackby the JFileChooserThetitle of thewindow
is changedsothatit displaysthenen le nameand nally thesave functionis called.

Save

The“Save” functionsaresthe commandsn the currentlyselectedvindow to the TAL le which
is storedin this InternallFrameobject. If theFile storedby this objectis null (i.e. thewindow
is anew le which hasnot yet beensared) the Save As functionis called rst sothatthereis
a le to save to. To createthe TAL le, the TAL representatiomf eachCommandfrom the
CommandLisis written to the le in order Thiscreatesa TAL le which canbe openedby the
FLaNEL application,or compiledanddownloadecdto therobotsusing TALC.

Compile

The“Compile” functionis usedto createavalid NQC le fromaTAL le. Thecommandelies
onhaving aTAL le saredto disk, soif the le hasnever beensared, a dialogbox is displayed
informing the userthatthe le mustbe saved. The applicationcreategshe NQC le by usingthe

TAL compiler(TALC). TheTAL le references passedo thecompiler alongwith aPrintScreen
whichwritesto alog le. ThisisthencompiledusingTALC, andary errormessagearewritten

tothelog le, whichis againdisplayedasa new window whencompilationis complete Referto

section4.2for furtherinformationonthecreationof aNQC le fromaTAL le.

Download

The “Download” function is similar to the “Compile” function. The only differenceis that a
booleanis setwhencalling the compiler to inform the compilerto downloadthe commandgo
therobotusingthe USB tower.
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5.2.6 TAL views

Theinternalwindows have anumberof tabsalongthetop, which allows the userto view the TAL le in
variousways. The rst of theseviewsis the“GraphicalMap” view, whichhasacomple implementation
andisdescribedn sections.2.7belon. Theothertwo views,“TAL Commandsand‘NQC Commands”,
consistof a textbox containingeitherthe TAL or NQC representatioof the le. This text wascreated
by printing outthe TAL or NQC representationf eachcommandn the CommandList.The NQC le
requiresa headerandfooterto be placedbeforeandafter the commands.The headerandfooter les
areloadedin staticallyatthe startof the program which meanghattheapplicationdoesnt have to read
from thedisk eachtime the NQC view is refreshed.

5.2.7 Graphical Map view

The“GraphicalMap” view displaysatop dowvn mapof theroutetakenby therobotsif they performthe
commandgivenin thecurrentle. This mapwascreatedusingJava2Dto drav ontoablankJRanel.

Eachcommands representedy agraphic,e.g.agreenline with anarrov representa move command.
Sincethe TAL les arerepresentetdy a CommandListvithin theapplicationwe createda GraphicList
whichwassimilarto a CommandListput containinggraphicalshapegTalcGraphimbjects)ratherthan
Commands.

The GraphicListis createdvhenthe GraphicRneis constructear whenit is refreshedlueto a change
in the CommandList.It is constructedy going throughthe CommandListand constructinga graphic
for eachcommandeg.qg. if the rst word in thecommands “move”, thena MoveG objectwill becon-
structedusingtherestof the commando decideon the distanceanddirectionof the graphic,andthen
be addedto the GraphicList. The GraphicListconstructorlsokeepstrack of the robotsdirectionafter
eachcommand.Thisallows thegraphicgo berotated sothatthey facethe correctdirection,asthey are
addedo the GraphicList.

After the GraphicListhasbeencreatedjt canbe usedto drav the mapontothe GraphicalPanel. This
is doneby overridingthe Panels dravComponenimethod which is calledby the Java virtual machine
wheneerthe Panelneeddo beredravn. This methodis changedothatinsteadof draving agraybox,
aswould be donefor a JRPanel,it draws the backgroundor the map, consistingof a white background
andanumberof horizontalandverticallinesusedto produceagrid. The pointatthecentreof the panel
is thencalculatedandthe rst graphicin the GraphicListis movedto this centralposition,which will
relateto the robot's startposition. The referencepoint is updated sothatit pointsto wherethe robot
would be placedafter performingits rst command.This new referencepointis usedto placethe next
graphic,whichin turn updateghe referencepoint for the following graphics.As the dravComponent
methodmovesthroughthe GraphicListin thisway; it builds up theroutetakenby therobotsasa graph-
ical map.

As canbe seenfrom the descriptionabove, the creationof the mapis split into two distinct parts,the
creationof the GraphicListandthe drawing of thesegraphicsat the correctpositionon screen. The
bulk of the calculationsaredoneduring the creationof the GraphicList. This is only performedin the
event of a changeto the CommandListwhich is the only time whenchangedo the GraphicListare
necessaryThe minimum possiblecalculationsare performedduring the dravComponenimethod,so
thattheredraving of the GraphicalMap is performedasquickly aspossibleif no changesaremadeto
the CommandList.
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5.2.8 ClassDiagram

Figure5.5onthefollowing pageshaws the classdiagramfor the FLaNEL applicationasawhole.
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Figure5.5: The FLANEL ClassDiagram
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Chapter 6

Problems& Solutions

6.1 Mechanical

6.1.1 The Walker Structural Problem

AlthoughLego providesa highly versatileplatformfor easyconstructiorof robots,it hascertainlimita-
tionsin termsof its weightbearingcapability

Thesstructureof the Walker robotmeantthat,at mostpointsduringtherobot's motion,asingleaxlehad
to supportthe entireweight of the robot at eachjoint of theleg. The standardblasticLego crossaxle
wastoo weakto do this,andwould bend,causingherobotto comeapartunderits own weight.
WhentheWalkertakesastep,it mustpushits entireweightupwardsagainsgravity. Thisresultsin large
forcesactingagainstherobot's structuraintegrity, aswell asahighreverseforcebeingtransferredrom
thelegsto the gearing,actingagainsthe motorsdriving them. The forceswereso greatthatthe robot
would literally pull itself to piecesratherthantake a step.

Solution

All majorloadbearingplasticcrossaxlesontherobotwerereplacedvith M5 steelthreadedods.Gears
thatwereontheseaxleshadaroundholeboredin their centre thenwereslid into placeonthethreaded
rodsbeforethey weresecuredvith Cyanoacrylatadhesre.

Lego bricks that were coming apartfrom the force of the motors, acting againstgravity, were fused
togethemusingPolystyrenecement.This substanceauseshe plasticto melt slightly, sothattwo pieces
bondedtogetherwith the cementessentiallypecomeone pieceof plastic. The motorswere now ef-
fectively cagedin a single,solid Lego brick thatdid not disintegrateunderthe forcesof the Walker's
motion.

6.2 Electronic

6.2.1 The Accelerating Motors Problem

The balanceelectronicsrequiresupply voltagesof +12V, -12V anda 0V reference.This voltagewas
providedby aregulatedpower supplyunit duringthecircuit's construction A nen problemarosehow-
ever, whenthecircuit wasmovedto batterypower.

The original batterypower supply circuit comprisedof two on/of switches,eachof which wascon-
nectecbetweera supplyterminalof thebalance®?CBanda 9V PP9batteryin serieswith two 1.5V AA
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batteries.By connectinghe negative terminalof onebatterynetwork, andthe positive terminalof the
other to theQV referencanputof thebalancd?CB,therequired+12V and-12V suppliesvereprovided
to thebalancePCB.

Thenow batterypoweredbalancecircuit appearedo work asbefore,accordingo theoscilloscopeBut
whenthe circuit was connectedo motorsa bizarremalfunctionoccurred. Whenaer a motor began
to stall, it would suddenlyacceleratedraving far morevoltagethanthe power ampli er shouldhave
beensupplyingit. This was occurringbecausehe power supply circuit was not regulated,and the
powerampli ers coulddrav agreatersupplyvoltagefrom thebatteriesf the motorstartedo stall. The
increasecturrentat the outputof a pover ampli er, throughthe reducedmpedanceof the connected
motorwould increasehevoltageacrosshefeedbackesistorincreasinghevoltageat theinputsof the
ampli er andcausingthe outputvoltageto ramp. Wheneer therewastoo muchresistancdéor a motor
to move underits currentpower, thecircuit would drainthebatteriedo provide increasegower, like an
anti-stallsystemon anoff roadvehicle.

Solution

To x thiserror, the power supplycircuit wasredesignedFour 9V PP9batteriesvereconnectedo pro-
vide suppliesof +18V, -18V anda 0V referenceThe +18V supplywasconnectedo anLM317 voltage
regulatorconnectedo resistorsandoutputtingaregulated+12V output. The-18V supplywasconnected
to asimilar circuit usinganLM337 voltageregulatorto output-12V, regulated.This new voltagesupply
circuit, completewith transplantean/off switchessolvedtheacceleratingnotorsproblem.

6.2.2 The Battery Problem

The nished power supplyusesA PP9batterieswhicharerelatively largeandheary. Combinedwith the

6 AA batteriesusedto powerthelLego RCX, the headunit of therobotis ratherheavy. This hascaused
robustnesproblemswith the mechanicalegs of the robot, which have dif culty lifting andsupporting
suchaheary weightof batteries.

Thereis alsothe associate@roblemof batterylife. PP9batteriesarenot designedo drive motors,and
areexpensve. The costto run the walker robotcould be prohibitively highin its currentpower supply
con guration.

ProposedSolution

A bettersupplycircuit would perhapse to useonequite large lead- acid batteryto provide aninput
voltageto a network of regulationcircuits. Thesewould provide the +12V/-12\, andthe +9V supplies
to the balancecircuit and RCX respecirely. This could be accomplishedisingthe currentregulation
circuit for the balancePCB connectedn parallelto anothelLM317 - basedregulatorcircuit providing

+9V. Researchwvould have to bedoneinto viablelead- acidbatteries.

6.3 Organisation

Therewere few organisationaproblemsalongthe courseof the project. The main problemwasthat
of trying to ensurethateachmemberof the teamgainedexperiencen coding,building andelectronic
aspect®f the project. It wasencouragedby our supervisoithatmembersshouldwork on aspectshey

felt lessfamiliar with andwould like to gain experiencewith. Memberswereasled asinfrequentlyas
possibleto work on tasksthey felt they would not bene t from or would not be ableto completein a

66



satishctoryway.

A furtherproblemwhich arosefrom this was,thatwhena membemwaslooking to work on a partof the
projectwhich would afford themgoodexperiencetheir previous contrilutions on anothersystemwas
requiredto be eitherrepairedor extended.This presentedlif cult manageriabiecisionsaboutwhether
to give thememberthe experiencepr to completethetherelatedtaskin lesstime.

The solutionwasto comparethe currentprogresf the projectin termsof the next deadline with the
taskspreviously performedby eachmember If amemberfelt thatthey needednorepractisein anarea
whichthey hadlittle experienceof, they would only bechangedf time allowed. Cornversely whenthere
wereno deadlinespr a deadlinehadrecentlypassedtheneachmembergole wasreviewed andthey

wereaslked whetherthey would preferto changeto anothertask. All decisionsvere monitoredby the
projectsupervisgrandwerecorrectedf required.

6.4 External Factors

Duringtheentirecourseof the project,thereweremattersexternalto theteamandthe university which
hadto be resohed or completedto ensuresmoothrunning, or at the very leastcontinuation,of the
project. Mostly, they wereissuesof componensupplyandlab access.They aredetailedbelov asa
problemandresolution:

6.4.1 Project Bench

In orderto producethe circuit, a projectbenchin thelevel 7 electroniclab of the Rankinebuilding was
required.A benchhadto berequestedrom staf atthe ECSstores.Sincetwo differentprojects,level
3 TDP (TeamDesignProject)andlevel 4 nal yearprojects,bothrunin level 7, benchesarein short
supply After anallocationerror, we weremoved from the projectlab out into the mainteachingarea.
After thebenchwasallocatedoroperly equipmenhadto berequestedrom thestores.Thisincludedan
oscilloscopeac/dcpower supply signalgeneratoanda runaboutocker with combinationlock. Once
theequipmentvasin placethe combinationfor the lock wasmadeavailableto therestof theteam.

It wasintendedthatthe benchcould be usedby all ESE projectteams,howvever only one otherteam
requiredsuchfacilitiesandthis wasonly for a brief time.

6.4.2 Lab Access

Due to the workload of level three ESE, the teamhadlittle free time during the day to work on the
project. To solwe this, all level 3 computingsciencestudentsare ableto obtaina PAC key fob, which
enablegshemto enterthe Boyd Orr building, andeventheLillybank of ces, outof hours.With this key,
studentsireableto gainacces®naroomby roombasis.The majority of level threestudentsincluding
all ESEstudentsacquiredafob key. All but oneof theteammemberavereableto work duringtheday
on the weelendsin the lab, so an extensionof accesdo the Lego lab on level four wasrequestednd
appliedfor all ESEstudentsfobs.

Labsin the Rankinebuilding, however, canonly be accesseduring the normalopeninghoursof 9-5.
Computingfacilitieson level 3 wererequiredfor the useof ORCAD andlabson level 7 for the project
bench.This problemcould not be worked around,andso work wasscheduledvith theseaccesgimes
in mind. Also, whereaghe Boyd Orr building canbe accessedluring holiday periods,the Rankine
building couldnot. This meantthatwork on the circuitry hadto be completebeforethe Eastebreak.
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6.4.3 BalanceChip Supply

In theelectronicengineerindabsatthe Rankinebuilding, awide rangeof commoncomponentss avail-
ableto all projectstudentsOthermorespecialisedcomponentsanbeorderedthroughthedepartment,
from severalmajorsuppliers.However, the centralchip of the balancecircuit, the balancesensoiitself,
couldnotbesuppliedby ary of thesemeans.To acquirethechip, themanuacturereghemseles,Analog
Devices,hadto be contactedria their website. Threechipswerethendelivered,two of which werethe
normalspeci cationandonewasthe higherindustrialspeci cationchip, which is capableof operation
within alargertemperatureange.

6.4.4 Circuit Designand Production Assistance

An initial designfor the circuit was producedby the teamasa rst version, howvever asthe design
wascompletelyrederelopedandimproved, muchassistancbadto berequestedrom thetechniciansn
the electronicdabs. This includeddesignhelp anddelugging of the circuit. At the endof the design
processa layout, calleda footprint, for the nal PCB hadto be producedn a widely useddesigntool
calledOrCAD. This designis thengivento thetechniciansn orderto have the PCBetchedanddrilled.

6.4.5 Motor Shortage

Building two main robotsand an obstaclecourserequireda large amountof partsfrom the available
Lego kits. The mostwidely usedpart, betweerall teams ,wasobviously the Lego Motor. In all, eight
motorswereusedto drive the projects mechanicsDuring the project,a shortageof motorsdeveloped,
soall teamswereunableto continueto build robotswithout eitherrequestingnoremotors,or nding
a way to reducemotor usage.As we werewarnedprior to the projectaboutthe availability of parts,
from the startwe used wherever possible designghatrequiredthelestamountof motorspossible.To
solve the shortagethe teamscametogetherto producea list of the parts,including motors,which they
requiredor hadspare.More motorswerethenrequestedhroughthe departmentin the end,we were
ableto reclaimtwo motorsfrom anexisting teamrobotandsothe extra motorswe hadrequestedvere
notused.

6.4.6 Rotation SensorShortage

Along with a shortageof motors,the specialrotationsensoralsoranout. Thesesensorareextremely
usefulin providing positioningaccurag andsowereusedby mostteams.Without them,mary designs
producedby all teamswould be muchhardey if notimpossible to implement.However, thesesensors
arenot provided aspartof the standard_ego Mindstormsboxed sets,but areavailable separatelyfrom
Lego in a differentkit, notindividually. As the they could not be orderedseparatelythe department
wasunableto acquirefurther sensorso anothersourcehadto be found. The ESE coursedirectorDr.
MacAuley wasableto loanseveral sensorgo the ESEteamsfor the remaindeiof the project. We were
thenableto obtainthe oneextra sensomvhich we requiredfor thewalker.
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Chapter 7

Conclusion

7.1 Aim

Theaimof theprojectwasto rst createasystemwhichwould demonstratéheskills theteammembers
have learnedon the degreecourse.Onewhich wouldinvolve notonly the useof programmingandelec-

tronicknowledge,but alsotheintegrationof thetwo. Secondlywe would build asystemwhichrequired
the interactionandcooperatiorof two robots. The secondaim wascreatedn orderto demonstrateur

ability to createcommunicatiorsystems.

Theteamwishedto demonstrat¢hatthey wereableto build a Lego robot, programit to performtasks,
andthenextendit's functionality by creatingandaddingelectroniccircuitry. We would alsoenableto
two robotsto communicatevia their IR transcerersin orderto cooperate From our engineeringsub-
jects,we wantedto createan electroniccontrol systemcapableof balancinga simple biped. Control
of the systemitself would thenbe codedinto the robot's software. Fromour programmingcourseswe
wantedto createa methodfor the robotsto communicateintegrationof the electronicsystem,anim-
plementatiorof a searchingalgorithm,andaway of generalisinghetasksof therobots.We would then
needto createanIR protocol,a front-endfor specifyingcourseparameteto therobots,anda searching
method.

The courseon whichtherobotswould operatevould be ableto berecon guredin dimensionsandgate
position. This demonstratethe generalisatiorof the robots' functions. The orderof openingthe gates
couldalsobechangedproviding they couldbeopenedwith thesimplefunctionsprovidedby therobots.

The mainideabehindthe project, wasthatit is not an exampleof engineeringa solutionmodelto a
real-world problem.This requiresspeci ¢ goalsandrestrictionssuchasaccurag andcost,whichwere
notlaid down. Insteadthe teams projectwould be createdasan investigationinto the problemsfaced
whencreatingbipedalrobotsandenablingrobotsto communicatendcooperate.

7.2 Evaluation

Uponendingthis project,we have notbeenableto producea completeand nal course.However, great
effort hasgoneinto researchinganddevelopingeachrobot on the courseandthereis only onecritical
componenmissingfrom the course. We have not achieved a practicalworking walker. Althoughthe
walker doesnot yet functionasintendedthe individual componentproducedaresatisctory andit is
afailure of integrationthathasstoppedherobot's completeoperation.The remainingcomponentsre
functionalfor the course.They alsomostly provide a basisfor amoregenericmodel,or ableto beused
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themselesin amoregenericway. Fromthebeginning,theintentionto make thesecomponentgeneric,
hasresultedn their ability to beeasilyextended.

For practicalsituations,there are componentswvhich could alreadybe usedin a more genericervi-

ronment. The grabbercanbe reprogrammedo provide differentfunctionality giventhe currentcode.
FLaNEL canbeusedwith separatéemplategrom differing languagesThebalancecircuit canbeused
asagenericcoresystemin ary robotrequiringsimilar balancecontrolto theteams walker. POWDER
canbe easilyimplementedbn differentRCXsto provide to provide the samecalls asare availablein

the currentproject. Althoughimplementatiorof thesecomponentss possibleoutsidethe project,it is

unlikely thatthis would be the case.The componentveredesignedo functionon the courserst, and
thendesignedo be extendable Therewasinsufcient time andcauseto developthesecomponentsor

externaluse.

From participatingin the project, eachmemberhasbecomeaware of the problemswhich would be

faced,in industry whendevelopingsimilar devicesprofessionally Suchproblemsascircuit noise,me-

chanicalstrengthandpower consumptionhave beenshavn to be the main obstaclesvhich determine
developmentiime. Therequiredresearcthasshavn thatmostof our work only toucheghe surfaceof

the disciplinesinvolved. From theseworks we have chosento consideronly a minimum of operation
soasnot to further complicatedesignsandincreasedevelopmenttime or prototypemodels. We have

alsolearnedthe dif culties of embarkingon a projectwith few restrictionsotherthantime andbudget.
Without a rigid speci cation,suchasexistsin commercialor industrialprojects,goalscanchangeand
unforeseeiarrierscanbereached.

Toolsusedduring the projectvariedin the contritution to easingdevelopment.Commerciatools used
werelimited to the ORCAD suiteof software. ORCAD wasusedin the designandlayoutof thecircuit
boardusedin the balancingsystem. ORCAD Expresseasedhe schematiccreationby providing an
excellentinterfaceandextremeeaseof learning.However, ORCAD Layoutprovidedsomelearningand
heuristicbarriers,which causeda delayin routing the circuitry on the nal PCB. The remainingtools
wereopensourceprojectsfreely available. Themaineditorused gnuemacswasatool which provided
great e xibility whenit'susedwasmasteredTheability to usethistool remotely via Linux ssh,greatly
improved the teamsability to work off-campus. Working remotelyinvolved the useof several tools:
PuUTTY, ansshclientwhich runsunderwindowsto provide a securaemoteshell; CYGWIN, awindows
basedlinux-style shell which enableghe useof the X11 tool; X11, a tool usedto provide remoteX
Windows for graphicalapplicationgun on machinesnternalto the departmentETP - Thedepartments
ftp accessllowed teammembergo accessheir les from ary location,over the Internet. This com-
binationof remotetools easedestrictionimposedon memberdy commitmentsoutsideof University
Suchcommitmentsestrictedaccesdo campusandability to trade les betweenthe team. RCS,the
Revision Control System providedin Linux, provided versioncontrol capabilities.RCSalsoprovided
a systemby which only one memberwasableto work on codingat a time, to maintaina consistent
work- ow.

Thechoiceof programmindanguage the projectpresentedjainsaswell asdravbacks.To program
the RCX units,a C variantcalledNQC wasused.Althoughthis languagéhada muchsmalleroverhead,
in termsof memoryrequiredon the RCX, usinga differentlanguagecould have provided a morepow-
erful API, reducingdevelopmentiime. Suchalanguagecould have beenLeJOS animplementatiorof
the Java runtimefor Lego. Saving space however, proved to be a key gainasthe producedcodewas
lengthy yet simplein useof thelanguage.

Threetools were usedfor presentatiorof the project. LeoCAD is a simple Lego modelling program,
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with allowed complex mechanicaldeasto be easilypresentedLego mechanicgouldbe easilydravn
andtheandexplodedview provided. All Lego diagramsn thereportwerecreatedvith thistool. XFig,
aLinux vectordraving program providedaquick methodfor producingdiagramsn thereport.Finally,
[ATeXwasusedto producethe wordingandstructureof thereport. This allowed quick andeasyformat
changesandprovided staticdisplayformatsimplementedy differentmembers.

Evenwith the providedtools, the projectwasstill not completed.The critical factorin the course the
walker, wasthe mostambitiousundertakingn the project. This onerobotrequiredthe clearmajority
of theteamseffort. If the projectwererestrictedo eitheronly thewalker, or a coursewithout a walker,
thentherewould have beena greaterchanceof completesuccessThis follows from the succes®f the
remainingsoftwareandrobots.

OursupervisarDr. PeterDickman,providedexcellentsupporto ensurghegreatestevel of successve
couldachiere. Theteamwasimpressedy his attention,not only to the progressof eachmemberand
the projectasawhole,but alsocourserelatedstressesndworkloadsimposedon us. He alsomonitored
ourwellbeingduringthe project,andgave relevantandhelpful advice from experiencepn copingwith

externaldemandsindstudypressure.

Apartfrom this supportthe projectmembersvorkedwell asateam.Memberswvereableandwilling to
helpeachotherwhenrequired.They alsomaintaineda high level of knowledgeabouttheir pastcontri-
butions.Despiteproblemsexternalto theprojectanduniversity memberkeptalevel of professionalism
andensuredhatwork wascompleted.Thehigh level of successn theprojectcanbeattributed,in part,
to thesmoothrunningof theteam.

7.3 Curr ent Status

Thecourses currentlyoperationalhowever thewalker mustbereplacedvith anextrarobot,ProxyBot.
Thisextrarobotis aplaceholderdevelopedoy oneof theteammembersto provide similar functionality
to that of thewalker. ProxyBotcontainssomeof the samecodingasthe walker, enablingit to receve
instructionsfrom the grabberand carry them out. Other coursecomponentsrein varying stagesof
completion.

7.3.1 CompleteComponents

FLaNEL

Theprogramis functionalasrequiredfor thecourse.Therearenoknown bugs. It is ableto beexpanded.

TAL/T ALC/T ALComm

Thesecomponentsrefunctionalfor the course.They areableto be expanded.

Grabber

The grabberis functionalon the course. Thereare slight problemswith accurag, but this shouldnot
affectits operationon the course.
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Slider

Theslideris functional. Thereis a slight compoundingpowver usageproblem,but this is inherentto the
design.The problemcannot be remediedy redesigninghe sliderasa minimum of partsareused.A
resolutionmustcomefrom a differentpower supplyusedfor the entirewalker.

Course

The mechanicatomponent®n the course andthe softwarewhich runsit, is operationabndthereare
no known bugs.

7.3.2 Incomplete Components
BalanceCir cuit

Thebalancecircuit waspreviously in acompletelyworking state.It operatedasrequiredandintegrated
with the slidermechanismUnfortunately therewasanaccidentwith it previousto the demonstration.
The damagecausedvassmall but irreparablein the time available. Oneof the power op-ampson the
undersideof thecircuit boardwasbroken off, completelydisablingoneof theaxes. To repairthis,anew
op-ampmustbe solderecbntotheboard.

PoWDER

PoWDERcurrentlyhasabug, by whichif atransmissioris interruptedor missedthenthenext message
mustbesenttwice. Onceto clearthestate.Whenoperatingnormallyonthecoursewithoutinterruptions
andwith robotsreadyandin range operationis not affected.

Walker

As awholesystemthewalker is unableto walk. Dueto power problemgtheentiresystemcouldnotbe
runtogether As aresultof this, the systemcould not be tried andtested.Individually, the components
operateasrequired. The chassids robust and providesthe basewalking motion. The balancecircuit,
from designandignoring the damagecanoperatethe slider The slider operateson boththe walkers
axisandon its own axis. After the slider andcircuit werecompletedthe two componentsveretested
on top of the available walker prototype. They operatedcorrectly togetheron both axesandin both
directions.

7.4 Future Work

Most component®on the projectwere createdto provide speci ¢ functionality for the course. How-
ever, they were designedwith the aim that they could be generalisedr improved later Due to time
constraintsthesecomponentsvere producedn a way thatlimits generalisationIt wasseenasmore
importantto producethecomponent# atimely manner Theremainingcomponentsverenotdesigned
to be extended put doesnot necessarilyneanthey cannotbeimproved.

7.4.1 Grabber

A key de ciency with the grabberis the limitation of the mechanisnusedto pick up objectsfrom the
ground. An improvementto the grabberthen,would be re ning or remodellingthis systemto give a
greatervariety of objects,in eitherweightor dimensionwhich canberetrieved. The movementof the
grabbeiis restrictedo at surfacessuchasa oor. Redesigninghewheelsandarmsof therobot,could
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leadto anability to go up slopedsurfaces. This would, for instanceallow the robotto move between
level surfacesvia aramp.Overall, accurayg of therobot's movements reduceddy thegearinginvolved.
A changen thegearsysteminvolved, to reducemechanicalslack’, would improve this.

7.4.2 PoWDER

In it's currentstate the POWDERiImplementatioris not genericandis not easilyexpandable The rst
modi cationsto this shouldberecodingto allow for amoregenericprovision of sendandreceve func-
tions. An outlinefor this is availablein the PoOWDERstatussection(4.4.5). An outline of developing
thePOWDERiIimplementationis to rst increasegeneralityandthenfunctionality Improving thefunc-
tionality would be to provide more e xible calls, including customtimeoutsor robotDs for example.
Returningmoredatafrom the calls could be implementedproviding suchinformationastransmission
time or a polling method. Finally, ary type of desirableencryptioncould be integratedinto the layer
Although,thiswould perhapsebestimplementedasandadditionallayerto maintaincohesion.

7.4.3 TALComm

TALComm is easyto expand. It it left to the demandsf ary future applicationto determineextra
commandsNo furtherfunctionalitywould be easilyprovidedfrom aredesign.

7.5 TAL / TALC

Possibleexpansiongo TALC wouldbeto compileTAL les usingeitherseparateustomtemplateles,
or enablingTALC to compileto a differentof multiple languages.

7.5.1 FLaNEL

A desirableexpansionto FLaNEL would allow instructionsto be addedvia a WYSIWYG (What You
Seels WhatYou Get)interface. Thiswould allow programgo bedravn directly ontothemapandthen
checled via the currentcommandist editor Suchan expansionwould likely requirea large effort to
implement.

7.5.2 Walker Chassis

Adding the ability to turn, would hugelyincreasethe the walker's e xibility. Currently the walker

would only be capableof walking in a straightline. As a modelthis is sufcient, however for ary

practicalimplementationthiswould probablybeundesirableUnifying the power supplyonthewalker,

andseparatingt from the RCX, would provide a solutionto the currentpover consumptiorproblems.
As the RCX is intendedto supplyat most3 motorsand 3 sensorsa separatgower supplyshouldbe
implementedntothewalker chassisThis shouldprovide sufcient power to thewalker motors,slider
motors,andbalancecircuitry.

7.5.3 BalanceSystem

Futurework onthecircuit shouldincludetheredesigrthe circuitimplementinghe duty cycled(digital)
outputsavailableontheaccelerometerhip. Accordingto thedatasheet(se@ppendixK) reconstructing
analogueoutputsusingthis methodonly requirespassie componentsuchasresistorsand capacitors.
The nal resultwould bealesscomplec andmorecompactircuit design.
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The nal circuit we createdvasvery fragile andunrohust. The designandimplementatiorof a protec-
tive casewould reducethe effect of ary accidentghatmayoccur

Thepowerop-ampghatweimplementedvereextremely imsy andproneto breakageFurtherresearch
into power op-ampsandtheirlayoutwould increasdhe possibility of creatinga robustcircuit.

Full integrationof the systeminto the walker software could be achiered by useof the accelerometes'
digital outputs.Usingthedigital outputswould, asintendedby their design,simplify integrationof the
circuit to a separatenicro-controller The currentanalogueoutputscanalsobe used.Analogueoutputs
couldbelinkedsimplyto the RCX via anadaptorconnectiorto the RCX sensoinputs. Valuescanthen
bereadin raw modeby theRCX.

7.5.4 Course

Onthecurrentcoursepncethegatesareopenedthey donotcloseshould for example thekey fall from
the keyhole. No changeo the gatesthemselesis required,only the controlling software. To increase
the goalson the course suchfurther restraintsshouldbe included. For the gates,a maximumtime to
passthrough,or adependencon the key stayingon the keyhole, couldberealised.Giventhe previous
improvementdo therobots,alargeror evenmultilevel coursecouldbe created.

7.6 Summary of Achievements

We have createdsereralcomponentsvhich canbelistedasthemajorlearningandbuilding achierements
of theproject. Firstly, the balancecontrolcircuitry providedthoseinvolved with anin-depthlook atthe
problemsassociateavith creatinga reasonablypreciseelectroniccircuit. Also, a basicunderstanding
of implementinga closedloop control systemwasgained.ProducingTAL gave experienceof working
with domainspeci c languagesFollowing from this, TALC requiredcreatinga parseito generatdNQC

les from the TAL codeinstructions.PoWDERdemonstratethe implementatiorof a layerednetwork
protocolwhich ideally provideslayeredservices,.e. delivery andreceipt. From building the walker
chassismuchhasbeenlearnedaboutthe compleities involved in creatinga well balancedandrobust
mechanismThis mechanisimusthold arelatvely largeweightandbeableto move it's balancesasily
Theresearchinto roboticlegsincludedreadingresearchmaterialfrom MIT' s Leg Lab, andunderstand-
ing the basicconceptsnvolved.

In all, thework on the projecthasgiventheteamexperienceof usingresearchmaterialsfo gainknowl-
edgeand understandingrom previous works. Componentsuchas TAL, TALC, FLaNEL andthe
walker chassiswere createdwithout participationon the relevant coursesavailablein the department.
ThesecourseshamelyPLDI3 for the compiler GMM3 for the Java2D experienceand a mechanical
engineeringliscipline,would have provided a betterstartingpoint for creatingthesesystems.nstead,
therequiredknovledgewasgainedwhereappropriateandput to usein developingsuccessfupartsof
theproject. Theprojecthasprovidedall memberawith relevantexperiencebeforeour internshipshegin
in June.
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Appendix A

Summary Project Log

A.1 Alexnewton Alexander

Month

Activities

November

Familiarisationwith legolabequipment.
Backgroundeadingon Lego Mindstorms.

Readprevious ESEprojectreports.

Researclon possibleprojectideas.
Investigatedsearchingalgorithm and path nding algo-
rithms.

December

Discussedhe circuit designwith chris.
Built prototypesearcherobot.
Designandpartiallyimplementedhesearchinglgorithm.

January

Wrotethe projectspeci cation.

Reluilt thesearcherobotwith additionalfeatures.
Searchinglgorithmwasfully implemented.
Searchin@lgorithmwastestedandit workedperfectly but
it cannotdo thebacktracking.

Wroteindividual technicalreport.

February

Startedto work onthewalker softwaredesign.
Discussedhewalker softwaredesignwith supervisar
Startedmplementinghewalker software.

March

Implementedhe walking motion task of the walker soft-
ware.

The statemachinéaskwasgiving problemandl couldnot
x edit.

Discussedhereportstructure.

Wrotetheintroductionfor the project.

April

Implementedhe statemachingaskandit worksperfectly
Walker softwarewasimplemented.
Testedthewaklker software.
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A.2 EmmaMcGahon

Month

Activities

November

Familiarisationwith legolabequipment.
Backgroundeadingon Lego Mindstorms.
Readprevious ESEprojectreports.
Researclon possibleprojectideas.

December

Designedandbuilt 1stprototypesearcherobot.
Researclon searchingalgorithmsfor the searcherobot.

January

Researclonthe ADXL202E.

Re nedthenawe circuit design.

Researclon how to ignorethe offsetvoltageproducedoy
the ADXL202E.

Worked with Bob designing the footprint for the
ADXL202E.

Familiarisationof OrCAD for circuit design.

Helpedre ne theprojectidea.

February

Completedhe sensorstageof thecircuit.
Built andtestedvariouscircuit designs

March/April

Researcton high outputcurrentop-amps.
Gotthesensostageto work with a 12V supply

Got the buffering and correctionstageof the circuit to
work.

Helpedto build anddelug the gainstageof the circuit.
Helpedwith thedesignof afootprintfor anL165 op-amp.
Designedhe nal circuitin OrCAD.

Decidedonthe nal layoutof thecircuit.
GotaPCBprintedfor thecircuit.

Finalisedmy projectintroduction.

Helpedto producethe nal report.
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A.3 RossMcllr oy

Month

Activities

November

Familiarisationwith legolabequipment.
Backgroundeadingon Lego Mindstorms.

Readprevious ESEprojectreports.

Researclon possibleprojectideas.
Researclvarioustools andlanguagesvalableto program
RCX.

December

ResearchingrabbeDesign.
Built prototypeGrabber
Researche8liding mechanism.
Built PrototypeSlider

January

ResearchetR transmissiorandencodingon RCX.

Fixed problemswith rmw are download on the USB
tower.

Researchedhethoddor connectingoalancechip ontocir-
cuit, usingsoclet or suracemounting.
ResearcheGrabbeDrive system.

Re ned GrabberPrototype.

Helpedre ne theprojectidea.

February

Researchedndprototypedsensofor Grabberrobot.
Implementedsensoiontograbberandusedcodeto testit.
CompletedGrabberRobot.
ImplementedSearchingAlgorithm into the Grabber
Implementeddistanceanddirectionmeasuremerinto the
Grabbemobot.

CompletedBasiccodetemplatefor Grabbermrobot.

March

StartedcreatingTAL.

Researchedhethodsfor compiling TAL into codefor the
RCX.

Createdhe TAL compiler TALC.

Modi ed TALC sothatit couldbe usedto programGrab-
ber

TestedGrabbemwhencodedusingTAL.
HelpedTroubleshooproblemswith the balancecircuit.
StartedWork on FLaNEL.

CreatedMain window, sidevindow and le handlingfor
FLaNEL.

Finalisedmy projectintroduction.

Startedworking on my sectionsof thereport

April

CreatedlAL andNQC viewsin FLaNEL application.
Researchedava2Dfor graphicalmapview.
Implementedsraphicalmapview in FLaNEL.
CompleteandtestedrLaNEL application.
ImplementedPoWDERand TALComm into TAL, TALC
andFLaNEL.

Completedmy sectionsof the Report.
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A.4 Chris Margach

Month

Activities

November

Familiarisationwith legolabequipment.
Backgroundeadingon Lego Mindstorms.

Readprevious ESEprojectreports.

Researclon possibleprojectideas.
Decidedteammemberoles.

Asked Rossto investigatgprogramminganguages.
Decidedon rst projectideasandlanguage- Walker and
SearchemMQC.
Acquiredprojectbench Jocker andequipmentn engineer
ing department.
Investigateccomponensupplyrulesandmethods.

December

Asked Emmato investigatepossiblesearchingalgorithms
for searcher Also feasibility of path nding on the RCX.
Rossto startgrabberprototyping. Bob to startLeg proto-
typing.

Investigatedpossibility of acquiring accelerometechip
throughengineeringlepartmentvith projectbudget.
Investigatedeg mechanic®nline.
Discussedontroloptionswith Prof. O'Reily in engineer
ing department.

Createdrst nawe controlsystemideaandcircuit design.
Investigatedeasibility of advancedadditionsto RCX such
as IPAQ handheld, creatinga wirelesscommsboard or
usingVision Commandeequipment.

January

Re nedprojectgoalsandasledAlex to createspeci cation
for website.

Asked Bobto assistEmmawith circuit production.
Organisedvebspaceandcreatedeamsite.

Re ned Alex's speci cationanduploaded.
Wroteindividual technicaldescription.

Reirvestigatedeg mechanicsFocusedn previousbipeds
createdn lego.

InvestigatedRCX communicatiorcapabilities.

February

Contactedall teamsto requestist of partsrequireddueto
asensorlndmotorshortage.

Communicatedvith Dr. Murray-Smithto requestaddi-
tional lego equipmentor all teams.
Createdthenimproved, rst walker softwaredesign.
Createdrst testprogramgo investigateRCX IR commu-
nications.

StartedPoWDER.

Createdrst TALComm commandsetto usewith PoW
DER.
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Month
March

Activities

Re ned TALComm commandsetto handleall coursere-
quirements.

Implemented?oWDERprotocol.

Createdrst reportstructurewith RossandAlex.
Starteddetailingpreviouswork for report.
Createdckeyholefor course.
Discussedalancesystemdesignfailure contingencies.

April

CreatedcandprogrammedProxyBotto beaplaceholdefor
walker.

Successfullyancoursewith grabberandproxybotfor rst
time with Ross.

Redesignea@ndrehuilt coursegates.
Programmedoursecontrol RCX.

A.5 Robert Moir

Month

Activities

November

Familiarisationwith legolabequipment.
Backgroundeadingon Lego Mindstorms.
Readprevious ESEprojectreports.
Researclon possibleprojectideas.

December

Designedandbuilt 1st-4thprototypedor walkerrobotlegs.
Researcheduidanceandcontrolsystemdor robots.
SourcedADXL202E accelerometethip.

January

Researchethe ADXL202E.

Re nedthenawe circuit design.

Researclon how to ignorethe offsetvoltageproducedoy
the ADXL202E.

Worked with Emma to design the footprint for the
ADXL202E.

Familiarisationof OrCAD for circuit design.

Helpedre ne theprojectidea.

Designedcandbuilt 5th prototypefor walker robotlegs.

February

Completedhe sensorstageof thecircuit.
Built andtestedvariouscircuit designs

March/April

Researclon high outputcurrentop-amps.
Gotthesensorstageto work with a 12V supply
Workedwith Rossto designandbuild theregulatedpower
supplyfor thebalancecircuit.

Got the buffering and correctionstageof the circuit to
work.

Helpedto build anddelug the gainstageof the circuit.
Decidedonthe nal layoutof thecircuit.
GotaPCBprintedfor thecircuit.

Designedhuilt, andstrengthenechal walkerrobotlegs.
Finalisedmy projectintroduction.

Helpedto producethe nal report.
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Appendix B

Contrib utions Summary

B.1 Alexnewton Alexander

Robot Built aprototyperobotwhichis capableof moving onary surfaceareaandableto grabanddrop
smallobjects.

Searching Algorithm Investigatedavailablesearchingalgorithmsandfound several usefulalgorithm;
roadmapapproachandgrid format. Finaly decidedto usethe circularlinear motion algorithm.
Implementedhealgorithmmentionedn the previousline andtested.

Balancecircuitry Discussedheinitial balancecircuit designwith chris.

Walker Software Implementedhe walker softwareusingprogramminganguagecalledNQC.

B.2 EmmaMcGahon

Project Ideas Researchednddevelopedthreepossibleprojectideas:

Robotic re nder andextinguisher
A robotthatinteractswith a userto play agamesuchas,scissorgaperrock.
A robotthatcantraverseatrackanddetectary faultsonit.

Researchedndprepared feasibility reporton a possibleprojectthatinvolved a teamof robots

working togetherto build a wall. This particularprojectwasfeasiblebut unpopularwithin the
group.

Project Management Assistedwith all projectmanagemertasks.

Robots Built the rst prototypefor thesearcherobot. The rst attempicouldmove forward,backward,
right andleft but usedtwo motorsto steer Oneof thesemotorswasslightly morepowerful than
the otherso the robotdrifted slightly to the right. To make the robotmoreaccuratethe second
prototypeonly usedonemotorto steer Thisrobotexperiencecdho drift but wasextremelyslow.

Searching Algorithms Performedresearcton searchingalgorithms. The threealgorithmsfound in-
clude:

Randomsearch.Therobotmovesin ary directionuntil it nds the objectit is looking for.
This methodprovidesno guaranteghatthe entireareathatshouldbe searcheds searched.
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Zig zagsearch.Therobotcontinuouslysearchesnelengthof the areato be searchedfter
anotherin azig zagpatternuntil the objecthasbeenfound.

CircularsearchTherobotsearcheasmallcircularareamovesalittle thensearcheanother
circulararea.This patternrepeatsuntil the objectis found.

Preparedhe rst NQC programfor the zig-zagmethod.

Balancecircuitry Performedresearcton the accelerometechip(ADXL202E). Foundcircuit designs
on the Internetthat usedthe ADXL20O2E chip. Usedthesecircuit designsto re ne and alter
our initial circuit design. Completedthe sensorstageof the circuit with assistancérom a lab
technician.Implementedandtestedvariouscircuit designswhile continuallyre ning the circuit
design. Finalizedthe buffer stageof the circuit design. Createdthe nal circuit designusing
OrCAD express.Decidedonthe nal circuit layoutusingOrCAD layoutplus.

Coursegates Designedandbuilt the rst gatemechanismsisedonthecourse.

B.3 RossMcllr oy

ToolsReseach Researchetbols andlanguagesisedto programRCX andhelpedteamform anin-
formeddesisionon the correctlanguageo use.

Slider prototype Createdheinitial designandprototypefor the slidermechanism.

Grabber Drive system Researchedndprototypedvariousdrive systemsanddirectionaltransmission
systemgo createanaccuratalrive systentor the Grabber

Grabber System Researche@nd prototypedvarious systemsallowing for a grabbingsystemto be
implementedisingonemotor.

Grabber SensorSystem Implementedvarioussystemgo allow the grabberto sensean objectusing
light sensors.

Grabber Code Createdhe codewhich allows to grabberto nd it's way arounda course searchor a
brick andreturnto a speci edpoint.

BalanceCircuit Solderedhemainelectroniccomponentso thebalancecircuit. Troubleshootegrob-
lemswith thecircuit includingmisplacedracksandpower recti cation.

TAL Designedhe TAL languageandresearcheanethodswhich could programthe robot usingthis
language.

TALC Designedandimplementedhe compilerusedto produceNQC codefrom a TAL le.

FLaNEL Designedandimplementedhe FLaNEL front-endgraphicalapplicationwhich canbe used
to constructandmodify TAL les.

Graphical Map Researchedava2Dasamethodto createagraphicaimapof thisroute.l thendesigned
andimplementedhe codeusedto createthesegraphicalmaps.

TAL - POWDER/TALComm integration Integratedthe TALComm commandssentthrough PoW
DER, into the TAL languagesothatcommunicationdbetweerrobotsconbe programmedising
TAL.

User Manuals Creationof theusermanualdor TAL, TALC andFLaNEL.
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Final Report Wrote the sectionsof the nal reportwhich relatedto the partsof the projectwhich |
implement.

B.4 Chris Margach

Organisationof teamresouices Communicate@ndmetwith staf in bothdepartment$o arrangehe
projectbench,equipmentjocker, componensupplytermsandmethodsandLego motorsupply
for all ESEteams.

Project management Decidedthetaskbreakdavn andschedulingof all majorareasof the projectand
assignedanembergo taskswith supervisiorfrom Dr. Dickman.

Balancecircuitry Initial groundwork to createhedesignof thebalancecontrolsystemand(discarded)
circuitry, anddiscussiorwith engineeringprofessar

PoWDER Designedandimplemented?oWDERprotocolandNQC codeto berunonall RCXsin the
project.

TALComm De ned andcreatedhe TALCommcommandist implementednall RCXsin theproject.
Slider Redesignedndreluilt thesliderof thewalker balancingunit.
Course Gates Redesigne@ndrehuilt the gatemechanismsisedon the course.

RCX controller for course Designedandimplementedhe programmingof the control RCX for the
course.

Keyhole Createdhekeyholeto be usedon thecourseby gatel.
Walker Software Outline Outlinedwalker softwarestructureto beimplemented.

ProxyBot Desginedandprogrammedhewalker's placeholderobotto beusedin the nal demonstra-
tion.

B.5 Robert Moir

Project Ideas Researchetbbotswith two legs,robotswith n legs,androbotsthatwork asateam.

Designldeas Cameupwith basicdesignoutlinefor walkerrobotlegsandbalanceircuitry. Researched
alternatve control and guidancesystemdor robots,including laserguidanceand radio control
systems.

Accelerometer Chips SourcedhreeADXL202E accelerometechips€30 perunit) at no cost.
Walker Robot Legs Designedbuilt andtestedwalker robotlegs.
Walker BalanceCircuit Helpedto design build andtestwalker balancingelectronics.

BalanceCir cuit Power Supply Designed,built and testedbalancecircuit's regulated power supply
board.

Final Project Report Wrotesomesectionsof the nal projectreport.
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Appendix C

TeamA Language(TAL) Reference
Manual

TheTeamA LanguaggTAL) canbe usedto programthe grabbemrobotto completeany numberof as-
saultcoursesThelanguagecanalsobe usedto allow thegrabbelto communicatavith any robotwhich

supportsTALComm commandssuchasthe walker robot, so that they canbe involved in the assault
course.

A TAL program le is built up of a numberof statementserminatedby a semicolon.Eachstatement
containsa commandwhich can be usedto control the robot, or initiate communicatiorwith another
robot. Thefollowing commandsrecurrentlyimplemented:

move <direction> <distance>

Thiscommands usedto move thegrabbema certaindistancan the givendirection. Thedirection
canbeanabsolutecompasslirection(north, southetc.) wheretheinitial directionof therobotat
the startof the programis takento be north. The directioncanalsobe relative to the grabbers
currentdirection(forward,right, backwardetc). Thedistancgo bemovedis enterecasthenumber
of centimetreyouwishto move therobot. Thefollowing block of codewill mave therobot25cm
to theright of its currentdirection:

move right  25;

turn  <direction>

This commands usedto turn therobotin a certaindirection. The directioncanbe an absolute
compasdirection (north, southetc.) wherethe initial direction of the robot at the startof the
programis takento be north. Thedirectioncanalsoberelative to the grabbers currentdirection
(forward, right, backward etc). The following block of codewill turntherobotto the directionit
wasfacingwhenthe programwasstarted:

turn north;

grab
Thiscommands usedo tell therobotto grabwhateveris currentlyunderits grabbingmechanism.

release

This commandis usedto tell the robotto releasewhatever it is currently holding at its current
position.
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search <length> by <width>

This commanadwill initiate a searchof the speci ed areagiven by the length and width inte-

gers.Thegrabbersearchesarectangleof distancelength” above its currentpositionby distance
“width” to theleft of its currentposition. Whenthegrabbernds andgrabssomethingn thisarea
or reachesheendof the searcharea,t movesbackto theinitial position,facingsouthin relation

to its startingposition. The following codewill instructthe grabberrobotto searcha rectangle
measurin@0cmforwardform its currentpositionand40cmto theleft of its positionfor anobject
to be picked up:

search 20 by 40;

tell <robot> <TALCommCommand>

This commandis usedto allow the grabberrobotto communicatewith ary otherrobotwhich
supportsTALComm Commands At presenthe only robotwith which the grabbercancommu-
nicateis the walker. The walker cancurrentlyonly acceptone TALComm commandwhich is
the move forward command.This commands speci ed by writting forward ~ <distance>
where<distance> s anintegerspecifyingthenumberof centimetersvhich thewalker should
move by. Thefollowing examplewill tell thewalkerto move forwardsfor 30cm:

tell walker forward 30;

A TAL le canalsocontaincomments.Thesecommentsareconstructedn a similarway to C or Java
comments.A singleline commentis startedwith a doubleforward slash(//) andterminatedby a new
line. Multi-line commentsrestartedoy a“/*” andterminatedoy a“*/”.

BackusNaur Form

Below is thede nition of TAL in BackusNaurForm (BNF):

<TAL Program File> <statement> {<statement>}

<statement> = <command> ";"

<command> = <movecommand> | <turncommand> | <grabcommand> |
<releasecomman d> | <searchcommand> | <commscommand>

<movecommand> = move <direction> <distance>

<turncommand> = turn <direction>

<grabcommand> = grab

<releasecommand > = release

<searchcommand> = search <distance> by <distance>
<commscommand> = tell <robot> <TALCommcommand>
<robot> = walker
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<TALCommcommand> := <TALCommmove>

<TALCommmove> = forward <distance>
<direction> 2= north | south | east | west | forward |
backward | right | left
<distance> = <number> {<number>}
<number> ::: IIOII I Illll | ll2ll | II3II | II4II |
II5II | II6II | II7II | Il8ll | II9II
Note: comments can be added to TAL, prefixing single line comments with "//"
and multiline comments started  with "/*" and ended with "/".
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Appendix D

TeamA LanguageCompiler (TALC) User
Manual

A le which containsTAL commandscan be compiledinto NQC, then dowvnloadedto the grabber
robot's RCX usingthe“TeamA LanguageCompiler” (TALC).

To downloadtheseles to the RCX, the NQC compilermustbe installedon the computerbeingused.
Thepathervironmentalvariablemustalsoincudeanentryto thedirectorycontainingtheNQC program.

Thegeneraktommandusedto compilea TAL le is:
talc [d] filename

The lenameis thesourceTAL le to becompiled(usuallysufx edwith “.tal”). Thiswill becompiled
intoanNQC le with thesamenamebut sufx edby “.nqc”.

If the*-d” switchis usedthenthecommandwill bedownloadedo theRCX usingthe USB IR tower.
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Appendix E

FLaNEL User Manual

E.1 Intr oduction

FLaNEL s agraphicalapplicationwhich canbeusedto createmodify, compileanddownloadTAL les
usedin the control of therobotscreatedas partof teamA's Electronicand Software Engineeringeam
project. This manualwill explain how this applicationcanbe usedandexplainsthe variousfunctions
which areavailableto theuser

E.2 Overview

FigureE.1shavs atypical view of themaindisplaywindow within the FLaNEL application.

FigureE.1: A typical view of the FLaNEL application
Themainwindow canbesplit into threemainareas:
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Menu Bar

Themenubaris visible alongthe top of the mainwindow. It containsmenuswhich canbeused
to performvariousfunctionswithin theapplication.(SectionE.3)

TAL le display area

Thelarge areain the centreleft of the applicationis usedto displaythe TAL les openedn the
currentsessionTheseles canbedisplayedn a numberof differentformats.(SectionE.4)
SideBar

The SideBar runsdown theright sideof the mainwindow. This barshavs anorderedist of the
commandgpresentn theTAL le currentlyselectedn the le displayarea.Thesecommandsan
berearrangedaddedo, or deletedfrom this within this sidebar (SectionE.5)

E.3 Menu Bar

The menubar runsalongthe top of the mainwindow. Therearethreemenus;File which dealswith
variouscommandsapplicationcommandsuchasopeningandsaving les; Toolswhichhascommands
for compilinganddownloading les; andHelpwhich allows an“AboutBox” to bedisplayed.

E.3.1 File Menu

TheFile menuis shavnin gure E.2. It containghefollowing commandsimostof which areconcerned
with le handling:

FigureE.2: TheFile Menu

New

Whenthe“New” menuitemis selectedit will createanew window within themaindisplayarea.
Thisallowstheuserto createanewn TAL le, but notethatno le is createduntil theuserchooses
to savethisnew le.
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Open

When“Open” is selecteda new dialoguebox is displayedwhich allows the userto choosea
TAL le to beopenedsee gure E.3(a)). Initially, only les which have the extention“.tal” are
displayed.TeamA LanguagdTAL) les areusuallysavedwith a“.tal” extention,andsoshould
be visable,but if ary other le is to be openedthe “Files of Type” combobox canbe usedto
displayary le type(see gure E.3(b)).

(a) WhenOpenis selectedhefollowing dialogue (b) The?®Filesof Type°combobox canbeusedso
box allows usersto choosewhich ®le to open. thatall ®lesareshavn, or only .tal ®le.

FigureE.3: The Opendialoguebox.

Oncea le is selectedijt canbe openedusingthe“Open” button. Thiswill createa new window
within themaindisplayarearepresentinghe openedle (seeSectionE.4).

FigureE.4: An Error Log displayingthe syntaxerrorswithin this newly openedlAL le.

If the le whichis openeds notavalid TAL le, thenanerrorlog dialogueboxwill bedisplayed,

asshavnin gure E.4. Thiserrorlog will shav thevariousreasonsvhich preventthis le being
valid.
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Save As

The “Save As” menuitem, when selecteddisplaysa save dialoguebox (see gure E.5). This
dialoguebox allows the userto choosewhereto sase the le, andwhatto call this le. Notethat
it is standardconventionto namethis le with a“.tal” extention.

FigureE.5: Thefollowing dialoguebox s displayedwhenthe“Save As” menuitemis selected.

Whenthe“Save” buttonis pressedhe currentlyselectedvindow within the maindisplayareais
savedasaTAL le. Thetitle of thecurrentlyselectedvindow is thenupdatedo re ect thename
of this le.

Save

The“Save” menuitem performsin muchthe sameway asthe“Save As” menuitem. The differ-
enceis thatthe userdoesnot have the optionto choosewhereto save this le, the le is savedto
thelastsaved position,or to the le from which it wasopened.If the currentlyselectedvindow
is new andhasnot beenopenedthe Save menuitem opensa save dialoguebox andperformsin
thesameway asthe“Save As” menuitem.

Exit

The“Exit” menuitemallows theuserto exit theapplication.Thecrossin thetopright of themain
applicationwindow alsoperformsthis function.

E.3.2 ToolsMenu

TheToolsmenuis shavn in gure E.6. It containghefollowing two commands:

FigureE.6: TheToolsMenu

Compile

The “Compile” menuitem canbe usedto producea valid NQC le from the currentlyselected
TAL window in the maindisplayarea. This NQC le will be placedin the directorywherethe
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TAL le waslastsaved.If the TAL le hasnotbeensaved,adialogueboxwill alerttheuserthat
the le shouldbe savedbeforecompiling.

Download

The“Download”menuitemis usedo dowvnloadthecommandgontainedn thecurrentlyselected
TAL le to thegrabbemrobot. Thiscommandrst recompilegshe TAL le in the sameway asif
the CompilebuttonwaspressedThe USB IR tower is thenusedto downloadthesecommandgo
the grabberRCX. It mustbe ensuredhatthe grabberRCX is on, andthe IR tower is facingthe
RCX'sIR port. If ary errorsoccurin thedownloadingprocessthenanerrorlog will bedisplayed,
similarto theoneshowvnin gure E.7.

FigureE.7: An errorlog is displayedf the le cannotbe downloaded

E.3.3 Help Menu

TheHelp menuis shavn in gure E.8. At presenit only containsanoptionto displayan“About Box”
for the program:

FigureE.8: TheHelp Menu

About

Thismenuitemwill displayadialoguebox ( gure E.9)containingnformationabouttheFLaNEL
application.
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FigureE.9: The FLaNEL “About Box”

E.4 TAL ®le display area

Themaindisplayareais thelarge blueareaattheleft handsideof the mainapplicationwindow. Within
this area,new internalframesaredisplayedcorrespondindo the currentlyopenedlTAL les (See g-
ureE.10(a)).ThecurrentlyselectedAL le is shavn with abluebaralongthetop of its window. These
windows canbe moved by draggingthe blue barat thetop of thewindow. They canalsoberesizedby
draggingat the sidesof thewindows. Therearethreebuttonsat the top of thesewindows which canbe
usedto minimize,maximizeor closethewindow (See gure E.10(b)).

(a) The maindisplayareawherenen ®les areopenedas (b) Thewindow controlsfor each
windows. box.

FigureE.10: DisplayArea

Whena TAL le is openedpr anew le is createdanew window is createdwithin this displayarea.
Thiswindow allowsthe TAL le to beviewedin anumberof ways.TheTAL le view canbechanged
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usingthetabsatthetop of thewindow. Thefollowing views areavailable:

Graphical Map

The“GraphicalMap” view givesagraphicalrepresentatioof theroutetakenby therobotsif they
performthecommandgivenin the TAL le (Seegure E.11).

FigureE.11: The GraphicalMap view

This view shavs a top down view, with the grabbers startpositionshavn in the centreof the
window andthe grabbers initial positionbeingupwards. The mapis split by a gray grid, where
thedistancebetweerlinesrepreseniOcm,allowing distanceof movementto be measured.

Thegrabbermrobot's routeis shavn by a greenline. A searchcommands shavn by arectangular
greenbox, within which thegrabberobotwill searchor anobject. Othercommandgo thegrab-
ber, suchasturn, releaseandgrab,areshavn by bluesymbols.

Commandswvhich usethe grabberto transmitcommanddo otherrobotsare shavn in red. For
example thecommandvhichtellsthewalker to move forwardby a certainamountis represented
by aredline shaving the movementof thewalker, with awalkericon below thisline.

TAL Commands

The “TAL Commands'view displaysthe currentTAL le asit would appeawhensaved (see
gure E.12).
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FigureE.12: The TAL Commandwiew

NQC Commands

The “NQC Commands'view displayswhatwill be producedoy the currentTAL le whenit is
compiledinto anNQC le (seegure E.13).

FigureE.13: The NQC Commandwiew

E.5 SideBar

The SideBar runsdown theright-handsideof themainwindow ( gure E.14).Thissidebarcanbeused
to modify thelist of commandsontainedwithin the currentlyselectedlrAL le.

Whenthe window representatioof a TAL le is selectedwithin the main display area,the side bar
changeso representhis TAL le. All changesnadeusingthesidebarwill bere ectedin thiscurrently
selectedvindow.

The sidebardisplaysa list of commandsvhich arecontainedn the selectedlAL le. Thislist canbe
rearrangedy selectinga commandandmaving it up anddown usingthe arravs at the sideof thelist.
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FigureE.14: The SideBar

In betweerthesearronsis abuttonwith aredcross.This button,whenpressedwill deletethecurrently
selecteccommandrom thelist of commands.

New commandsan be addedto the list usingthe text box below thelist ( gure E.15(a)). The “Add

Command’buttonwill addthe commandcontainedn thetext box into thelist of commandsimmedi-
atelyafterthecurrentlyselecteccommandIf nocommands selectedn thelist, thenthenew command
is addedattheendof thelist. If thecommandeingaddeds notavalid TAL commandthenadialogue
boxwill displaytheerror, asshavnin gure E.15(b).

(a) Commandscan be addedby (b) An incorrectly structured
enteringa commandandpressing commandwill createa dialogue
8Add Command®°. box shawving what the syntax

erroris.

FigureE.15: Adding Commands.

Thesidebarcontainsafurthertwo buttons,CompileandDownload. Theseperformin exactly thesame
way asthe menuitemsin thetools menuwith the samename(seeSectionE.3.2).
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Appendix F

Powder ReferenceManual

F.1 Using POWDER

In its currentstate PoOWDERofferstwo “public” procedureso provide sendingandreceving function-
ality. They are:

/* Sends a TALcommcomand */
POWDER_sndTALQoni nt msg, int& result);

/* Receives a message */
POWDER_rcv(int& msg);

POWDER_sndTALComm will sendthe integer is suppliedasa TALComm message.lt shouldonly
be usedto sendmacrosde ned in the TALCommBindings.nqgcle. Notethatdueto limitations of the
RCX IR communicatiorfacilities, only an 8-bit integeris sent.If theintegeris larger, e.g. 16-bitlocal
variablesthenonly thelower 8 bits will besent.

If acallto POWDER_sndTALComm is successfulthenthe variablepointedto by resultwill be 1, oth-
erwise0.

Calling POWDERrcv will causeadelayin thattask,until a messagés receved. To work aroundthis,
thecall maybeplacedin a separatéaskwhich deliverstheresultto a globalvariable.A call to receve
may returnan erroneousesultthe commsshouldfall out of sync. In the project,this would be handled
by the softwarereceving the commandsndsois notsigni cant.
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Appendix G

TeamA Languagefor Communications
(TALComm) ReferenceManual

TALCommmacroscanbeusedin ary programby includingthe TALCommBindings.nqgén thenqc le
of theprogram.Eachcommandvaluecanthenbereferencedy the macroname.

TALComm commandsnustbeimplementediniquelyon eachrobotor device. Thecommandsresim-
pleenoughto facilitatethe commandandcontrolof therobotsontheoriginalcourse.n orderto de ne a
new TALComm commandimply editthe TALCommBindings.nqcle andenteraRCX messagealue
(8 bit unsignednteger)for thecommandMessageumbersanustbeauniquenumberdessthan255and
unusedn bothTALCommBindings.ngandPoWDERBindings.nqcAn example:

#define TALCOMM_NEWCOMIAG6 /* 00011111 in binary */
Atomic commandsre:

TALCOMM ACK Usedasasuccessag.

TALCOMM ERR Usedasafailure ag.

TALCOMM STOP Stopcurrentmotion.

TALCOMM CLOSE Closegate,dooretc.

TALCOMM QUERYID RequesthelD of arobot.

TALCOMM STARTCOMMAND Optionalinitialisationmessage.
TALCOMM ENDCOMMAND Optionalterminationmessage.

Eachcompoundcommandshouldfollow a setsequencéo enablerobotsto communicatecommands
reliably Thecurrentcommandsredescribedelovy andmustusethegivensequences:

1. TALCOMM MOVE - Usedto instructa device to startmoving. Thisis normallyforward. The
valuecanbeusedto represenary typeor resolutionof distance E.g. inches,second®tc.

2. 1 x 8-bit unsignednteger

1. TALCOMM MULTIMO VE - Allows amove commando be sentwith avaluehigherthan255.
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2. N 8-bit unsignedntegers(whereN*255j=32768)
3. TALCOMM ACK

4. Note:thevalue32768canbeusedfor ary resolutione.g. centimetresinches second®tc.

1. TALCOMM RIDFOLLO WS - Usedto indicatethat a device wishesto identify its type by
sendinganID number

2. ROBOT ID X

3. Note: X shouldbe oneof thede ned RobotIDs in TALCommBindings.nqc

1. TALCOMM RELAYFOLLO WS- Transmitsal bytemessagéhatis to beheldandthenrelayed
to ROBOT ID X.

2. ROBOT ID X

3. 1x 8-bitunsignednteger

TALCOMM OPEN - Instructsa device to openits gateor dooretc.
ROBOT ID X

1x 8-bit unsignednteger

P w0 dpoPE

Note: The nal integeris usedasa“passvord” for openingthe gate.

The following NQC exampleusesthe currentPoWDERimplementatiorto relay a messagéo the gate
throughthewalker.

#define THEPASSWORDG66

POWDER_sndTALQonGT ALCONYI_STARTCOMMND, te mp);
/* optional success check would be here */
POWDER_rcv(temp);

/* Check it is ok to send commands */

if(temp==TALCOM M_AX){
POWDER_sndTALCom(TALCOMA_QJERVID );
POWDER_rcv(temp) ;

/* Check we are sending to the correct robot */

iftemp==ROBOT_I D _WAKER({
POWDER_sndTAL&™M(TALCQMM RELAYFOLLOWSte mp);
POWDER_sndTAL@M(ROBOT_ | D_GATE);
POWDER_sndTAL&™M(THEPASSW®D,te mp);
POWDER_rcv(temp) ;

[*  Was the command accepted? */
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if(temp==TALCO MMACK){
POWDER_sndTALGoNT ALCOMA_ENDCOMMND, te mp);
PlaySound(SOUND _FAST_UP);

}else{
f* Could try again... */
POWDER_sndTALGoNT ALCOMA_ENDCOMMND, te mp);
PlaySound(SOUND _L OWBEEP);

telse{
POWDER_sndTAL&M(TALCQVM END®OMIANDt emp);
PlaySound(SOUN D_LOWBEEP);

}

POWDER_sndTALCom(TALCOMV_ENDCQMANDte mp);
PlaySound(SOUND_ LOW BEEP);

}else{
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Appendix H

BalanceCir cuit ReferenceManual

H.1 Connectingthe power supply

1.
2.

Find thecircuit marked “Balancecontrolcircuit”.

Onthiscircuit is a labelstating,“Connectpower supplyhere”. Find this labelthenturn over the
circuit board.You shouldseethe power supplyconnectar

. Find thecircuit marked“Power supply”.
. Make surethe switchon the power supplycircuit is in the off position.

. Theoutputfrom the power supplycircuit consistf 3 wires; blue,blackandyellow. Connecthis

outputto the Balancecontrolcircuit makingsurethatthe bluewire is closesto the copperdot.

H.2 Connectingthe Lego Motors

1.

2.

Locatethe outputconnectorsnarked “Motor Connection”.

Connect Lego motorsto theseoutputports.

H.3 Start operating

1.
2.

Finally, turn onthe power supplycircuit, move the switchto the ON position.

The circuit shouldnow be operating. If the Lego motorsare not turning in the directionyou
expect,reversethe connectiongo the Lego motors.
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Appendix |

Overall User Manual

[.1 Intr oduction

The RACE assaultcoursecanbe setup onary at, level surfacelarge enoughfor the two robots,the
gatesandary obstacleshatthe Grabberobotcanbe programmedo avoid.

[.2 Equipment
Thefollowing equipmenis requiredto setup the RACE assaultourse.

Walker Robot

GrabberRobot

GateleeperUnit

Shallav Steps(e.gbooks)upto 2cmin height

Rigid Flat Surface(e.g. woodenplank) large enoughto make a slopeof gradient< = 20 degrees
from top of stepsto groundlevel

Two Lego GateUnits

KeyholeUnit to activate rst gate(Switchrig unit)
Obstacles(e.ghooks)thattherobotscannotcross
TapeMeasureandRight Angle(e.g.setsquare)

An objectwhich can be picked up by the grabberand usedas a key (e.g. threelLego wheels
connectedogether)

Chalkor othermeansof markingout areason the obstaclecourse oor
USB Lego MindstormsTower
PCwith NQC andLego Mindstormssoftwareinstalled

TALC andPoWDERInstalledon this PC,andoptionally FLaNEL to programtherobots.
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1.3 CourselLayout
The coursemaybelaid out asthe userwishes providedthatthefollowing rulesareadheredo.

Theremustbe a clear straightpath, in the walker robot's direction of travel from its starting
position,up the stepsanddown the slopefrom thetop of the steps.

TheLego brick “key” mustbe accessibleo the Grabberrobotfrom its startingpositionwithout
the openingof ary gates.lt mustalsobe heary enoughto activatethe detectingdevice, but also
beableto be pickedup by the Grabberobot(about50g).

The Keyhole (Brick detectingdevice) mustbe accessibldo the Grabberrobotfrom its starting
positionwithout the openingof ary gates.

TheGrabberobotmusthave roomto maneueredthroughthe gatesoncethey areopen.

The GateleeperRCX mustbe positionedso asto be ableto communicatevith the walker robot
from thetop of the steps.

The GateleepeRCX mustalsobeableto signalthe Grabberobotwhenthe secondyateis open,
providedthatthe Grabbeiis in front of the secondjate.

Distancedetweercourseelementshouldbein wholenumbersof centimetres.

.4 Procedure

.4.1 StepOne

Setup the courseaccordingto the layout rules, using the tape measureandright angleto accurately
measuralistances.

1.4.2 StepTwo

Usethe chalkto markthe startingpositionsof the two robots,andto mark out an areafor the Grabber
to searchfor the Lego brick.

1.4.3 StepThree

PlacetheLego brick anywherewithin the boundarie®f the searcharea.

1.4.4 StepFour

Usethe FLaNEL graphicalinterfaceto programtherobotsto navigatethecourse.

1.4.5 StepFive
Switchonall theRCX's.

1.4.6 StepSix

Downloadthe compileddatato the grabberobotsRCX usingthe USB tower.
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1.4.7 StepSeven

Placetherobotsat their startingpositions facingthe directionsyou have programmed.

1.4.8 StepEight

Switchon the Walker's balancecircuitry.

1.4.9 StepNine
Press'run” onthe GateleepeRCX, thenthe Walker RCX and nally the GrabbeRCX.
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Appendix J

Codelistings
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J.1 RobotsNQC Code
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J.2 PoWDER/TALComm Code
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J.3 TALC Code
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J.4 FLaNEL Code
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Appendix K

Data Sheets
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Appendix L

OrCAD Footprint Tutorial
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