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1 Project Overview

Thisyear, theELE538Projectis to programthe eebotmobilerobotwith a navigationsystenthatcanfind it' s way
througha mazereverse andbackit’s way out again.A possiblemazeis shavn (notto scale)in figure 1.
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. Therobotis startedatthe entrypoint andtracksdown the guidancdine.
. Therobotmustnavigatethe S turnsto demonstrat¢hatthe guidancealgorithmis working correctly
. Whenevertheencounters junction, it shouldmake a decisionwhich branchto take.

. If thebranchcomego adeadend therobotwill encounternbarrierthatactuateshefront bumper It should
thenexecutea 18(° turn, retracethe path,andtake the otherbranch. It shouldalso note thatthe branch
takenwastheincorrectone,andnotethe correctbranch.
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Figurel: RobotGuidanceChallenge

5. If therobotdoesnotencountea deadendon thatpath,it shouldremembethatthebranchit chosewasthe
correctone.

6. This processcontinuesuntil the robot reacheghe mazeforward destinationpoint. The operatortapsthe
rearbumperto indicatethis to therobot.

7. Therobotshouldthenretraceits path,backto the startingpoint, eachtime choosingthe correctbranch.In
effect, therobothaslearnedor solvedthe maze.

A possiblevariationon this is thatthe robotfirst learnsthe maze. Thenit is startedagainat the beginning
andshouldnavigatethe mazewithout errors.However, reversetraversalof the mazeshouldbe doableand
is muchmoreexciting to watch.

2 Rulesof the ChallengeProject

e Studentswill begradedonthedegreeto whichtheir programaccomplishesherobotguidanceaskandthe
featuresof their guidanceprogram.

e Theprojectwill beworth 30% of thetotal ELE538lab mark.

e Theexactlayoutis subjectto changeat the lastminute,but will includefeaturessimilar to thoseshavn in
figurel.

e OnlyL andT junctionsarepossible sothatthereareonly two choicesat eachintersection.



e Eachbranchleadseitherto an obstactleblodk that may be detectedwith the front bumper or another
intersection.(It is possibleto designthe mazeso thatthe robot could go severalintersectiongieepinto a
particularpathbeforedetectinganerror. But we'll leave thatcomplicationfor afuturechallenge.)

e Presolvingthe mazefor the robotis not permitted. It mustshow learningbehaiour by venturingdown
someincorrectbranchesndrecovering.

¢ Werecommendhatthe guidanceprograminclude

— An aliveindicator
— Readoubf batteryvoltage
— Someindicationof the currentstateof therobot

You areencouragedb includereadoutdor the sensossignals(eitherthe raw dataor thethresholdedralues
indicatedaslight anddark). It mayalsobe usefulto shaw the stateof the bumperswitches.

e Demonstrationsnustbe completedby the endingtime of the scheduledab in Week13 of theterm.

e Guidancemethodsare unrestricted. You may use bang-bangcontrol, turning the motorson and off in
responseo variousguidersignals. Or you may usethe line detectorandvariablemotor speedo provide
proportional controlof heading.

e Robotsare deemedo have lost their way whenthey collide with one of the boundarieof the challenge
area.

e Therobothardwaremustnot be modifiedin ary way.
¢ Paperdecorationsnay be mountedon therobotandheldin placewith smallpiecesof maskingtape.

e A printedcopy of the properlydocumentedissemblylanguageprogramguidance.asm  mustbe sub-
mitted at the time of the demonstration.The programwill alsobe submittedelectronicallyat the demo,
usingthe submit538nstruction. Someproportionof thefinal markwill be allocatedfor the quality of the
documentation.

e Therobotis startedby loadingits program placingit in the Startarea,andtouchingoneof the bumpers.
¢ Onceit is startedno humanassistancef therobotis permitted.It’'s onits own.

e Eachdemonstratioris allowedtwo tries.

¢ If thedemonstratioriiails andtime permits,the studenwill beallowedto revisetheir program.

¢ At thediscretionof theinstructor the instructormay requirea demonstratioron the benchthat the robot
hassomechanceof operatingoroperly

e Part marksare awardedin the caseof robotsthat can exhibit somefunctionality that is relevant to this
problem.(Seesectiord).

1A possibleexceptionto this rule may be requiredif we find thatroom lighting interfereswith robot guidance.In thatcase,it may be
necessaryo provide skirtson the guidersection.However, this is not expectedo bea problem.



3 Solvingthe Maze

Herearesomethoughtson solvingthe maze.

Therobotcandetectanintersectiorbecaus¢heguiderpatterndetectorsvill sensehattheoutriggersensors
B and/orD areactivatedin additionto the centresensor# andC.

Whentherobotis startedjt maybeinitialized with the knowledgethatit is facingEast.It shouldbeableto
deduceanew headingbasednit’s currentdirectionandthedirectionof theturn. For example,if it makes
arightturnatintersection, it is now going South.

Eachtime it detectsanintersectionjt shouldnotethatit hasfounda new intersectiongiving it a number
Therobotmustmustthenmake a decisionwhich pathto follow. During the explorationphasethis choice
can be maderandomly The mazeis designedso that there are never more than 2 possibilitiesat ary
intersection.Therobotshouldnotewhatdirectionit haschoserto pursue.

The datastructureto containthis information could be a numberedist in which the list entry number
representshe intersectiomumberandthe dataenteredrepresentshe directionchosen.Thereare 7 or so
intersectionsandfour possibledirections: North, South,Eastand West. So a 7 byte list would hold the
MazeSolutiondata.

If the robot next comesto a deadend, the front bumperwill be actuated.In that case,the robot should
executea 18(r turn andretraceits pathbackto the previousintersection.It shouldthennotethe corrected
decisionat thatintersectiorandfollow the correctbranch.

If therobotnext comesto anintersectionthe previousdecisionwascorrectandtherobotcancontinue.

For example, supposeherobotentergshe mazeshown in figure 1 andencounterintersectior# 1. It detects
the branchingpathto the Southandunderstandshatit hasa choiceof continuingEastor turning South.
Randomlyit chosego continueEast(whichis incorrect).

It thenencountershe objectblock thatterminatesa branchandrealizesthatit hasmadea mistale. It must
retraceits pathby turning18(° anddriving West. Whenit reachesntersectior#1 again,it knowsthatit has
to take the otherbranchwhichis to the South.Becausét is now facingWest,thisis a left turn. Therobot
would enterSouthasthe correcteddestinatiorat intersectior#1 in the MazeSolutionlist.

Sotheremustbe a datastructurethattells the robotif we are going East,a right turn facesus South It
would have 4 x 3 entries,asshowvn in thefollowing table:

| CurrentDirection | RightTurn | StraightAhead | Left Turn |

North East North West
West North West South
etc

Similarily, thereshouldbe anotherdatastructurethattells the robot if we are going Eastand wantto go
Southat the next intersection thatis aright turn.

(Alternatively, you might codeinto the programan understandinghat directionssequenceNorth, East,
South,West,North. .. astherobotrotatesclockwise,ie, executegight turns.)



e This processof exploring the mazeand documentingthe correctdecisionat eachintersectioncontinues
until therobotreacheshe Forward Destinationpoint. The operatottriggerstherearbumper

e Therobotnow retracests path. Becauset hasrecordedhe correctdecisionat eachintersectionijt should
be possiblefor it to retraceits pathbackto the entry point of the mazewithouterror.

4 DevelopmentStrategy

This is not the kind of programthat one sits down andwrites from startto finish in oneburst of actiity. It is
simply too complicated.

The problemmustbe decomposedhto simplersub-problemsandthesesub-problemsurther decomposed,
until eachof the sub-problemss doableby a humanoidprogrammer You canthenwrite andtestthe codefor
this problem.Oncethe codeis dehugged,it hasmovedyou systematicallyowardafinal goal. This alsoprovides
achievementghatwill generatgartmarks.

Herearesomepossiblesub-projectshatcontributeto thewhole.

1. Getasmallprogramgoingthatactuateghealive indicator, shawvs the statusof the guider, shavs the status
of the bumperswitches.

2. Modify the programcansothatthe eebotmotorscanbe startedandstoppedunderbumpercontrol.

3. Addin guidercontrol,sotherobotwill tracktheline andnavigatethefirst S turn. This will beworth part
marks.

4. Add the 180° rotationroutineso that actuatingthe front bumpercauseghe robotto do an about-turnand
retracet’s path. Thiswill beworth partmarks.

5. Add in intersectiondetectionlogic, so the robotcanindicatewhenit hasdetectedanintersectionandthe
typeof intersection(You could puta messag®en the LCD eachtime anintersectioris detected.)

6. Add in steeringcontrollogic sothattherobotmay be instructedto take the left, right or straightbranchin
anintersection At this pointyou shouldbeableto

¢ follow theline andnavigatethe S turn.

e detectanintersectiorandnavigateonebranchor the other
e detectanobjectblock andexecutea 180° rotation.

Thisis significantprogress.

7. Createadatastructurethattherobotcanreadanduseto determinghecorrectdecisionateachintersection.
Loadthis up with themazeinformationandseeif therobotcannavigatethe mazeonceit hasbeenlearned.
Thiswill beworth partmarks.

8. Developtheatrtificial intelligencesystenthatcanlearnfrom themazeandputtheinformationin thenaviga-
tion datastructure.Developit in suchawaythatit canbeeasilybendt-testedvith readoutsindbreakpoints.

Thefirst stepis to constructthe algorithmthatwill searchthe maze. This shouldbe written out aspseu-
docodeandthencarefully checledagainsthe mazelayoutto seeif it actscorrectly

The secondstepis to designthe variousdatastructureghat supportthe program.Someof thesestructures
areread-only otherswill requirewriting informationto themwhile the systemis in operation.Carefully
considethow to accessheinformationin thesedatastructures.



5 Structure of the Program

This is a complex software system. It will requireinterrupts,passingof parameter¢o subroutinesandtime-
critical operationsThefinal programwill belengthyandincludemary subroutinesThisis deliberateioneof the
objectivesof this courseis to challengeyou with a major software projectthatrequiressignificantplanningand
designin additionto the productionof assemblyanguagecode.

As you develop the design,you musthave in mind the final structureof the program. It shouldincludethe
following sectionspreferablyin thesameorderin your codelisting aspresentedhere:

e Equategqdefinitions)of microprocessoregisterssuchasTCNTLO

e Workingstoragearea(thedatasegment) with definitionsof variable§RAM locations)usingFCB "FCC",FCD
andRMBstatementsThis shouldhave its own ORGirective.

¢ Thecodesgmentwith its own ORGlirective. Thisis thecomputeprogram startingwith theinitialization
routines. In this sectionof the code, eachinitialization routine shouldbe called with a JSR statement.
Deviceinterruptsandvectorsshouldbeinitialized here.

e Thelastinstructionin theinitialization codeis the CLI statementwhich turnson globalinterrupts.

¢ Following theinitialization routinesis the mainloop. This startswith a label (Main is a suitablechoice)
andendswith aJMP Main instruction.Themainloopincludessubroutinecallsto thevariousoperational
routines.For example,it would includeonesubroutinecall to updatethe displayandanotherto checkthe
navigationstatemachine.

For aprogramof this size,theinitialization codeandmainloop shouldeasilyfit ontoonepage.lt simplifies
dehuggingto minimize the size of thesecodesectionsbecauset is easyto determinewherebreakpoints
shouldbeinsertedandthe precisesequencef codeevents.

e Therestof the codecontaineghe systemsubroutines Eachsubroutineshouldbe visibly setoff by some
visualdevice suchasextra spaceor arow of charactersEachsubroutinenusthave a headetthatincludes
atitle, descriptionof the routinefunction, whatis passednto the routine,andwhatit returns. The orga-
nizationof theroutinesshouldbe suchthatsimilar routinesaregroupedtogetherandthe simplestroutines
arelastin thelisting. The assembleshoulddeterminethe addressof eachsubroutine:do not use ORG
statement this section.If therearedefinitionsthatnaturallygo with a particularsubroutineandno other
routine,thenyou may wish to includethe EQUequatestatementsvith the subroutine.Otherwise put the
equatesitthetop of the program.

Variablesthatareusedby subroutineshouldbe groupedwith all the othervariablesfRMBstatementgtc)
atthetop of thelisting. Why not putthemwith the subroutineBecauseultimately, thecodemaybemove
to EEPROM or someotherform of hon-wlatile memoryandthe read-writeregistersmustbe movedto or
stayin someareaof RAM. Sothe codeandtheworking RAM areasshouldbe keptseparat@nddistinct.

If you stick to the organizationsuggestedere, this can be done quite easily becausehereis one ORG
statementor the RAM working storageareaandone ORGstatementor the code.Moving the codeis then
primarily a matterof changingts ORGstatement.



6 Hints on Developing a Lar ge Software Project

e Beware of Name Conflicts. Becausehis is a big programandwe do not have a linking loadef available
to us,everylabelis globalin scopeand mustbedistinct Consequentlyyouwill needto be very carefulto
uselabelsthataredifferentfrom eachother Soalabelnamelike LOOPIs veryrisky - it'slikely to beused
someavhereelsein the program.

A goodapproactto thisis to prefaceeachlabelnameof this typewith a somecharactershatareuniqueto
the subroutine For example,in adisplayroutineyouwould usethelabel DISP_EXIT ratherthanEXIT .

Theassembleasll generates crossrefeencelisting of all variablesusedin the program.Thisis useful
in determiningwhatvariablenamesyou have used.

e Back up files. At the endof eachsessionpr afterimportantchangesindbug fixes,be extremely careful
thatyou have bacled up your files andhave printedlistings of your work. It is unlikely thatthe network
will loseyourwork — files arebacked up extensively — but it is possiblethatyou mayinadwertentlyin the
heatof battledeletesomeimportantfile.

You shouldhave onedirectorycalledsomethindik e developmenivhereyou do developmentwork. This
is wherecodeis written, modifiedandtested A seconddirectorycalledtestedcode(or somethingsimilar)
shouldcontainthe mostrecentworking versionof the software’. It is importantthatyou not modify files
in the testedcodedirectory If you can't getsomethingto work andyou feel thatthe harwareis bad,for
example,you shouldbe ableto returnto a previous versionof the program,onethatwasworking in the
past,andtestthat.

e Number Versions It is goodpracticeto give eachversionof the programits own revision number It is
quitefrighteningto have two versionsof the project,bothwith the samename andnot know which oneis
themostrecent.If thecodechangesit getsa new revision number This alsotells you how mary versions
you constructedwhich canbeentertaining.

e Instrument your code Theprograminstrumentatiorconsistof aroutine(mary of whichyouhave already
written) thatdisplaysthe behaiour of the programto helpwith deluggingandto reassuréheoperatorthat
the programis functioningcorrectly

For example,if you wantto checkthat a particularroutineis being calledat the correcttime, you could

write one charactetto the LCD on entry to the routineanda secondcharacteon leaving the subroutine.
Or you could pulsethealive indicator If thealive LED flashesor stayson continuouslythe subroutings

beingexercised.

Instrumentations enormouslyhelpful in identifying situationslike The programwasin state3 and when
it enteedthe motorcontmol routineit crashed Thisimmediatelynarravs down the problemarea.Without
instrumentationpnehassituationdik e, It wasworkingandthenit stoppedwhichis not muchinformation
atall.

e Testearly, testoften. Thereis noway a projectof this magnitudewill work properlythefirsttimeit is run.
It will requireddeluggingatevery level from the simplestsubroutineup to themainloop. A goodstratey
for a programof this sizeis to designtop down,codebottomup. Thatis,

2A linking loaderallows eachsubroutineto be assembledeparatelyandthevariablenamesareprivateto thatsubroutine Nameconflicts
arethenmuchlesslikely.
3If you know RCS(Revision Contmol Systemor SCCS(Souce CodeControl Systemiyou maywish to usethemon this project.



— Designthe overall architectureof the program(main loop, interrupts,subroutines)o that the big
pictureis in mind.

— Startwith thelow-level routinesthatinterfacewith the hardwareandtestthemthoroughly

— Oncesufficient low-level routinesare constructedandtested placetheminto the overall structurein
suchaway thata simple,basicprogramcanoperate.In the worst case this canbe demonstratedb
thelab supervisoffor partmarks.In thebestcasejt will shav thatthebasicdesignconcepis correct.
For example youmight startwith arobotprogramthatrunsthewheelmotorsuntil thebumperdetects
acollision.

— Add onefeature,at ary level of this working program. For example,you might addthe subroutine
to readthe guiderat the bottomlevel, andthenmodify the mainloop to readthe guidervaluesand
displaythem. Carefully testthis modification.

— Continuethis procesof incrementaldevelopmentindtestuntil the projectmeetsrequirements.

7 Subsystems

To accomplisttheprojecttask,theeebotwill requireanumberof subsystemmtegratedinto acompleteprogram.
Theseinclude:

¢ Navigation Manager Software routinesthat managethe navigation of the robot, for example,during
searchmodefor theguidetrack.

¢ GuidanceRoutine Routinethatinterpretsguiderreadingsandcommandghe motorsappropriatelywhen
following the guidetrack.

e SensorScanner Readghe photodetectosensorandthresholdghereadingso determinevhenatrackis
in view.

e Motor SpeedControl Controlstherelative speed®f the motorsto steertherobotandexecuteturns.
e Rotation Counters Usedwhenexecutingaccuratgurningmanoeres.

e Bumper Detectors Detectwhentherobothascollidedwith anobject.

8 Hints

As aresultof the studentblood, sweat,tears,successeandfailuresin doingthis projectin the 2001academic
year, we offer up thefollowing hints. Thesearehintsthatstudentgprovidedin their final reporton the project.

¢ | shouldhavestartedearlier. | undeestimatedhe difficulty of doingthis projectandran out of time This
projectcannotbe donein aweekor two. The mostsuccessfuprogramswerethe onesthat startedbefore
the GrandPanicin the lab, andthe studenthadlots of time to dehug theinevitable problems.

e Readtheguiderfrequently Thisis a negative feedbacksystemanddelaysintroduceinstability into sucha
system.Consequentlthe microprocessoshouldchecktheguiderfrequently which turnsoutto be several
timespersecond A numberof studentdhadbuilt a softwaredelayinto their LCD displayroutine,andthis
distractedhe microprocessofrom the guidanceasksothatit missedcertainimportantguiderevents.



With carefuldesignof the software,it shouldbe possibleto updatethedisplayoccasionallywhile checking
theguiderfrequently

e Beware of the 'galloping state’ problem Eachtime the processomakes a transitionfrom one stateto
another the statemachinemustverify thatit hasleft the previous statecompletely The statemachine
mustcheckfor ary intermediatestatebeforeproceedingo the next major state.Otherwise you will geta
situationwherethe statemachineapparenthjumpsfrom state4 to state6 without properlydetectingstate
5. It actuallygoesthroughstate5, but doessotoo quickly for the conditionsto be detected.This bug is
mucheasierto delugif the machinereportsits currentstateonthe LCD display

For example, this might be a problemwhenthe microprocessodetectsan intersection. The first time it
detectgthe intersectionthe micro notesit asintersectior#1. But thenthe micro immediatelydetectshe
samentersectioragain(rememberthemicrois executingtensof thousandsf instructionspersecondand
thinksit hasfoundanotherintersection#2.

The programmustsearchfor anintersection(that’s #1) and then the end of the intersection #1 before
startingto look for the next intersectionwhichis #2. A statemachineapproacho thisis very helpful.

e Learnto usebreakpoints.The software breakpointis the mostpowerful dehuggingtool thatyou have in
assembljanguage.lt canbe usedto determinewhatthe machinewasdoing whenthingswentwrong, or
if a particularbranchof codeis beingexecutedatall. Surprisinglymary studentglid not really understand
how to usebreakpointsandsowastedmary hoursin trial-and-errorattemptgo fix bugs. This programis
toobig andcomplicatedor trial-and-error to beeffectivein findingproblems.You mustbe systematicand
youwill needto usebreakpoints.

e TesttheHardware If someparticularaspecbf therobotis notdoingwhatit should,thefirst thing to check
is thatthe hardwareis working properly Yeah,it's a painif the hardwareis broken,andit’s not your fault.
But identifying a hardwarefault is a part of this discipline,soyou shouldbe ableto doit. Not to fix the
hardware,but to identify the problemandreportit to thelab supervisor

— For example,we found that somehardware problemsweretracedto the benchpower beingdiscon-
nectedat the floor outlet. Disconnecthe ribbon cablefrom therobotandif all the LEDs go out, the
power wasleakingthroughthelogic signalsratherthancomingthroughthe power adaptor

— Whentestingthe robot, ensurethat the adaptoris pluggedinto the correctsoclet in the robot— the
oneatthebow (front).

— It is possibleto turn eithermotor ON andmake it run in eitherdirection, directly from the monitor
program.

— It is possibleto readthe A/D corverterwith afew instructionsto the monitor. This allows checking
theguiderhardware.

e The questionof the differencebetweenEQU, FCB and RMB is often not well understoodso hereis a
clarification:

— EQU (equate)s usedto definesomethinglasin FOO EQU 24) thatis thenstoredin (becomegpart
of) theinstructionwith a statemenlike LDAA #FOQ Thereareotherwaysto useEQU aswell, such
asBAR EQU FOO+1Q which would make BAR equalto 34.



— FCB (ForceConstanByte)is usedto definesomethingandallocatestoragespacefor it. For example,
you couldcreatealookuptablewith aseriesof FCB statementseg:lookup FCB 01 02 03 04.
FCB statementsreatedatathatis partof the completedporogram.in this case you coulduseindexed
addressingnto this datastructureto retrieve adatavalue.

— RMB (resere memorybyte)simply resenesanareaof memory sothe next instructionis assigned
locationsomedistanceurtheron. For examplefor the codesequence:

ORG 6000
FOO RMB $10

LDAA FOO

LDAA FOO+2

The programwould begin at $6000. The value of FOO would be $6000. Therewould be $10 (16)

locationsresened, startingat $6000and endingat $600F Their contentsare uninitialize, ie, could
beanything. The LDAA statementvould be assembledt addres$6010.The statement DAA FOO
would loadthecontentof locationFOOinto theaccumulatoA. ThestatemenLDAA FOO+2would

load the contentsof location 6002 into the accumulatorA. So if you load somethingfrom one of

these$10registers,you cant predictwhatwill bein theaccumulatar Soyou would probablystore
somethingnto thesdocationsbeforeloadingit.

e Theguiderwasa problem. In the original design,the guidersignalswere maminal becausga) the light
from one LED would leak into anotherphotoresistoi(the crosstalkproblem), and (b) the photoresistor
detectorswverenot closeenoughto the road surface. Most studentsovercamethe difficulties and got the
guiderto work successfullybut it consumednoretime andeffort thanit shouldhave.

For the 2002academig/ear, a completelynew guiderhasbeenconstructecandinstalled(at greatexpense
andeffort, by theway), andwe expecttheoperatiorto bemuchmorereliable.In thenew designthesignal
deltabetweenlight anddark levelsis typically morethanonevolt. The operationis improvedby having
oneLED light atatime, undercontrol of the microprocessqisothereis no crosstalk. The LEDs arenow
mountedon the top of the guider board,which makesit possibleto move the guider closerto the road
surface.Thisimprovesthe signalfrom the photoresistors.

Thesehardwarechangesequirecompletelynew softwareto operateheguider By thetime you arework-
ing onthe project,you shouldhave aworking guiderroutinethatyou developedor wasprovidedby thelab
instructor

9 Documentationand Submission

Whenyou have finishedyour project,whetherit workscompletelyor not, you mustsubmit

e The source(.asmfile, properly commentedand formattedwith the Unix pr utility. The sourcefile is
submittedelectronicallyusingthe usualmethod.

¢ A two pagesummaryof your resultson paperwhichis givento yourlabinstructor Thetwo pagesummary
shouldinclude:

— A descriptionof your completedproject(ie, themainblocksof code)andwhatit wasableto accom-
plish
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— A list of the main problemsyou encountereéindhow you dealtwith them. For example,you might
have had difficulty gettingthe softwareto work becauseyou neededto usea different methodof
organization.| am particularlyinterestedn hearingan insights,with respectto managinga major
software project, that you may have acquiredwhile doing this project. For example, would you
approachanotherprojectthe sameway, or would you doit differently?Whatworkedwell anddid not
work? Whatareaswvereparticularlydifficult to constructor debug?

Thereportdoesnotneedto befang. However, it mustincludeyour name studentnumber andlab section
numberat thetop of thedocumentThe pagesnustbe numberedandstaplectogether

Thisreportandyour softwaredocumentationvill be gradedandtogetherthey will countfor 5% of the 538
lab mark.
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