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1 Overview

Theeebotis equippedwith rotationcountercircuitry on eachof thedrive motoroutputs.This allows themicro-
processorto measurethedistancetravelledby eachof thedriving wheels,informationthatcanbeusedin distance
measurement(odometry)or for precisecontrolof wheelrotationto generateaccurateturnsandaccuratestraight
line motion.
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In thisexercisetheobjective is to detectandcountthewheelrotationpulses,anddisplaythewheelcountson
theLiquid CrystalDisplay.

Thecountingsystemusestheinterruptsystemof the68HC11timermechanism.

2 Wheel Rotation Detectors

For eachmotor, oneof the gearboxgearshasholesin it that aredetectedby a photointerrupter1. Thereare4
holesin thegearanda13:1ratiobetweenthegearrotationandtherotationof theoutputshaft.Countingtheholes
givesa measurementof distancetravelledby eachdrive wheel,with a resolutionof about5mmdistancemoved
percount2.

Thecountinformationis connectedto computerinput capture inputssothatthecomputercanmonitorwheel
count.It canthenbeusedby thecomputerto ensurethattherobotis moving in astraightline or executingasharp
turn throughadesiredangle.

Thephotointerruptersareeachconnectedto aROTATION LED onthereardeckof themainframe.Whenthe
motorsarerunningatslow speed,theseLEDscanbeseenflashing.

Thesimplifiedcircuit for therotationdetectorcircuitsis shown in figure1.
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Figure1: WheelRotationDetectors

1Thephotointerrupterconsistsof a light-emitting diodeanda phototransistorwith a spacebetweenthem. If somethingblocksthe light
pathbetweenthetwo thephototransistorturnsOFF. If theopticalpathis transparent,thephototransistorturnsON. By detectingthestateof
thephototransistor(ON or OFF),it is possibleto sensethepassageof amechanicalobjectthroughthegap.

2Theexactdistancetravelleddependson theexactwheeldiameter, which will changewith tire wearandpayload.This figureshouldbe
consideredapproximate.
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3 Designing the Rotation Counters

Eachpulseof thewheelrotationcountercorrespondsto 5mmor soof movement.How many bitsshouldweallow
in thewheelrotationcounters?Softwarecounterscomein incrementsof onebyte,sothechoiceis between8, 16
andpossibly24 bits.

Doing themeasurementsin meters,an8 bit counterwould providea maximumcountof
���������
	��
��� �������

���������
mm,or about1.2meters.A 16 bit counterwould provide

������������	������ ������� �!���
meters,or abouta third

of a kilometer. It is difficult to imagineeebottravelling morethanthis distancebetweenprogramresets,soa 16
bit (2 byte)counterwould seemto besufficient3.

Many of the distancesof interestwill be associatedwith robot turns. For example, in a right-angleturn
manoeuvreonewheelstopswhile the otherdrivesandturnsthe robot througha " ��# angle. The rotatingwheel
will travel througha total distanceof 6cmor so. This correspondsto a rotationcountof (usingunitsof meters)�$� ��%'&(��� �����)�*�
�

. Sotheusualcountsof interestwill bequitesmallandcaneasilybecontainedin two bytes.
By simply countingthenumberof wheelrotationpulses,we aremeasuringtheabsolutevalueof thedistance

travelled. This is usually the information neededby the guidanceprogram. For example,we may want the
starboardwheel to drive forward 2cm while the port wheel drivesbackwardsby 2cm. The vehicle will turn
sharplyto port in place, ie, without advancingin distance.Theguidanceprogramsetstherotationdirectionfor
eachwheelandthencountsoff rotationpulsesuntil desirednumberhaveoccured4.

4 Software Overview

Now we will examinewhatmachineryis availableon the68HC11to providethecountingfunction.
The input capturesystemof the 68HC11microprocessorincludesthreeInput Capture channels,IC1, IC2

andIC3. Eachinputcapturechannelcontainscircuitry thatcanautomaticallytimestampanexternaleventsothat
a computerprogramcanlaterdeterminewhenthateventoccurred.For example,input capturecouldbeusedin
a 68HC11systemto measurethewidth of anelectricalpulse.Thetime stampis obtainedby capturingthecount
in thefreerunningcounter, describedin theNotesfor Lab4 andChapter10,ThePinkBook. A blockdiagramof
oneof thethreeinput capturechannelsis shown in figure2.

In our case,we only needto detectandcounteachtransitionon the input capturepin, so the time-stamping
sectionof the input capturesystemis not used. The input capturesystemis usedonly to generatean interrupt
eachtimea wheelcountpulseoccurs.This reducestheinput capturesystemto theelementsshown in figure3.

Thesoftwareto countinput transitionsis muchlike theTimer Overflow interruptroutinestudiedin Lab4.
Eachof thetwo inputcapturechannelsIC3 andIC2 is setupsothatapositive transitioncausesaninterrupt.

Uponaninterrupt,the68HC11interrupthardwaretransfersmachinecontrol from theMain programto aninter-
rupt serviceroutine(ISR) which thenincrementsor decrementsthewheelrotationcounter. Thelast instruction

3We’re assumingthat thedistancewe wish to measureis the distancesincethe programwaslaststarted.If we wantedto keeptrackof
thetotal distancetravelledby therobot(to determinewhentheengineoil shouldbechanged,for example)thenwe would have to recordthe
distancecountduringpower off conditions.Every time therobotwasshutdown, it would copy thedistancecountto eeprom.Every time it
waspoweredup, it would usethevaluein eepromto initialize thedistancecounters.In this situation,we would requirea largercounter. A
threebytecounterwould provide amaximumdistancecountof 83kilometersbeforerolling over.

4Unfortunately, becausethevehicletire diameteris notknown preciselyandthereis someslippageof thedriving wheels,keepingtrackof
positionby measuringdirectionanddistancetravelled(known asdeadreckoningor odometry) resultsin errorsthatgrow with time andsoon
becometoo largeto beuseful.Odometryis ausefulnavigationaltool only oversmalldistances.

To navigateby odometry, you would keeptrack of the directionaswell asthe distancetravelled by eachwheel. Thenthe startingpoint
would be locationzeroanddistanceswould be measuredpositive or negative from this origin. For example,whenthe port wheeldrives
forwardby 2cmandthestarboardwheelbackwardby 2cmthevehicleheadinghaschangedby approximately+-,/.10 andthenet translation
of thevehicleis zero.Theodometrynavigationroutineneedsto translatewheelrotationsinto headingandtranslateddistance.
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Figure2: InputCaptureSystem,OneChannel
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Figure3: WheelCountInterrupt,OneChannel

in theinterruptserviceroutineis RTI (ReturnFromInterrupt), which returnscontrolbackto theMAIN program
at thepointof interruption.

Oneinterruptserviceroutinecouldbemadeto handleinterruptsfrom boththeinputcaptureinputs.However,
it doesn’t requireanexcessive amountof memoryto havea separateISR for eachinput channelandit simplifies
the design,so we’ll take that approach.Consequently, the two channelsareduplicates:therearetwo separate
interruptserviceroutines,onefor eachrotationcounter.

Eachinput channelincludesthefollowing features:

2 Specificationof theedgepolarity, thepolarityof thepulseedgethatcausestheinterrupt.

2 A deviceflag, thatis setwhenaninput edgeoccursandclearedby theinterruptserviceroutine.

2 An interruptenableflag, thatenablesanddisablesinterruptsfor this input capturechannel.

2 An interrupt vector, a two-byteaddressat thetop of memorywhich pointsto a pseudo-interruptvector.

2 A pseudo-interruptvector, whichis a3 byteJMP instructionsendingcontrolto theinterruptserviceroutine.

2 The interrupt serviceroutinefor thatchannel.

2 An interruptenablesubroutineto initialize thechannelmachineryandturnon its interrupts.
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2 A interruptdisablesubroutineto turn off theinterruptson thatchannel.

In section5 below, wediscusseachof thesecomponentsin detail.
Assumethat thereis a programMain which is runningin the foregroundof thecomputer. It is directingthe

operationof therobotandupdatingthedisplays.A blockdiagramrepresentingthis systemis shown in figure4.
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Figure4: WheelRotationDetectors

Noticehow theinterruptserviceroutinesarecalledby theinput captureinterrupts.TheISR eachincrements
its respectivewheelcountandclearsits interruptflag.

TheMAIN routineloopsaroundreadingtheSTARBOARD andPORT wheelcountmemorylocations,convert-
ing themfrom 16-bit binaryto a decimalASCII string,andthendisplayingtheresultson theLCD.

5 Technical Notes on the Input Capture System

Now thedetailsoneachof thefeaturesof theinterruptcapturemachinery(for eachchannelof thetwo neededfor
this lab):

Input Capture Edge Control Two bitsselectwhich typeof input transitionsthecapturesystemwill respondto:

CaptureDisabled
Captureon RisingEdgeOnly
Captureon Falling EdgeOnly
Captureon EitherEdge(Risingor Falling)
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In this application,we couldselectCapture on RisingEdge or Capture on Falling Edge: in doesn’t make
muchdifference.We’ll selectCaptureonRisingEdge. SeeregisterTCTL2.

Input Capture Status Flag ICxF TheICxF statusflag is setto a oneeachtime theselectededgeis detectedat
theinputpin. This is thedeviceflag for theinputcapturechannel.It mustbeclearedaspartof theinterrupt
serviceroutine. Remember, timer device flagsareclearedby writing a ONE to the flag bit. Seeregister
TFLG1.

Input Capture Interrupt Enables Whenthis bit is a zero,theInput CaptureInterruptis disabled.Whenit is a
1, theinterruptis enabled.We will enabletheinterrupt,sothateachtime thedeviceflag is set,aninterrupt
occursandthemachinejumpsto theinterruptserviceroutine.SeeregisterTMSK1.

Input Capture Interrupt Vector This is a two-byteaddressthat would normallypoint to the interruptservice
routine. It’s locatedat $FFEA for interruptIC3 and$FFEC for interruptIC2. (Seefigure 5.3 of The
PinkBook.) However, becausethemonitorprogramis present,theresetvectorpointsto thecorresponding
pseudo-vector, which is locatedin RAM andmustbesetupby theinterruptinitialization instructions.(See
section7 for moredetail on pseudo-interruptsin general.) The pseudo-vectoris a jump instructionthat
directscontrolto theinterruptserviceroutine.

If we eliminatedthe Buffalo Monitor andinstalledour programinto EPROM to be executeddirectly on
reset,we would modify the programso that the interruptvectorpointeddirectly at the interruptservice
routineanda pseudo-interruptvectorwould not benecessary.

Your interruptinitialization routinedoesnot have to dealwith theInput CaptureInterruptVector– it deals
with thePseudo-Vectordescribednext – but youshouldbeawareof it’s purposeandfunction.

Input Capture Interrupt Pseudo-Vector This is a three-bytelocationthatcontainsaJMP ISR_ROUTINE in-
struction,whereISR_ROUTINE is thetwo-byteaddressof theInterruptServiceRoutine.Seefigure5 on
page9. Theroutineto initialize aninterruptmustput thepseudo-vectorin this table.

Interrupt Service Routine In thisapplication,thefunctionof theISR is simply to clearthedeviceflagandthen
increment(or decrement,dependingon thewheelrotationdirection)a wheelrotationcounter. SotheISR
mustchecktheshadow registerthatcontainsdirectioninformationfor its motor, andmakeanincrementor
decrementdecisionbasedon thatbit.

6 Assignment

You areto build a programthat demonstratesthe wheelrotationcounterson eebot. This includesboth a Fore-
groundProgramandtwo interrupt-drivenWheelCountingRoutines.

6.1 Foreground Program

Theforegroundroutineinitializestheinterruptmachineryfor inputcaptureinterruptsIC3 andIC2, andany other
variablessuchastherotationcountersandmotorcontrolregisters.Whenall this is in place,it enablestheglobal
interruptsignalusingtheCLI instruction.

ThentheMAIN routineenterstheMain Loopwhereit readsthetwo, two-byterotationcounters,anddisplays
theSTARBOARD andPORT rotationcountson the LCDisplay. The display routineshouldincludea software
delaysothatthedisplayis not written too frequently.
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Therotationcountshouldbein decimalformatandleadingzerosmaybeshown. Thestarboardrotationcount
shouldbeon thetop line of thedisplayandtheport rotationcounton thebottomline.

Theinitialization routineshouldstartbothmotors,andweshouldthenseetherotationcountsincreasing.
Do not attempt to slow either motor by physically touching the eebot wheels or gearbox gears. The

gearbox has considerable torque and trying to slow down a motor will break something expensive.
Theforegroundprogramwill call subroutinesthat

2 Converta hexadecimalnumberto binarycodeddecimal

2 Converta BCD numberto a printableASCII string

2 Write a stringto theLCD

2 PositiontheLCD cursorat thestartof thefirst or secondline

Thesesubroutineswereprovidedor developedin previousexercisesandshouldbein your library directory.

6.2 Wheel Counting Routines

You will needtwo completeinterruptdrivenrotationcounters.Thegoodnews is that theseroutinesarealmost
identical:in mostcases,they referto differentbits in thesameregisters.Thewheelcountingroutineswill include

2 initialization routine(routineto enableinterrupt)

2 interruptserviceroutine

2 routineto disableinterrupt.

Theroutineto disableinterruptwill only beusedfor debuggingpurposes.

6.3 Debugging Hints

Thefollowing sequenceof eventsmayhelpyou debug theroutines.We’ll assumeyou’re working on thePORT
rotationcounter.

Check the Initialization

1. Carefully andsystematicallymake sureevery timer systemregisterbit that needsto be setor clearedis
initializedcorrectlyby this routine.

2. UsethemonitorCALL instructionto run theinterruptinitialization routine.

3. Checkthat initialization routinecorrectlyinstallsthethepseudo-vector3 bytejump instructionat location
$00E2 or $00E5. (seefigure5).

4. You won’t necessarilybeableto checkthat thetimer registerbits aresetcorrectlyby the interruptinitial-
izationsoftwarebecausereturningto themonitormayresetsomeof thebits.
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Check the ISR

1. Write the interrupt serviceroutine as a subroutine(ie, endswith an RTS instruction)and verify that it
executeswithoutcrashingthemachine.Checkthatevery time it is CALLedfrom themonitorit increments
or decrementstherotationcounterregistercorrectlybasedonthebitsin themotordirectionshadow register.

2. SettheLSByteof therotationcounterto FF andtheMSByteto 00. Call thesubroutineagain.TheLSbyte
shouldbe00andtheMSByte01. Checkthatoverflow of theLSBytecausestheMSByteto beincremented
correctly.

3. CheckthattheroutineclearstheInputCaptureflagbit. Whenall this workscorrectlychangethefinal RTS
instructionto anRTI instructionin preparationfor its useasaninterruptserviceroutine.

7 Appendix: Interrupts and The Buffalo Monitor

Whenweattemptto usetheHC11interruptvectorsundertheBuffalomonitor, weareimmediatelypresentedwith
a problem.

2 The16 bit resetvectormustlive in someconstantlocationwherethe hardwarecanfind it every time the
computerresets.In thecaseof the68HC11thatlocationis at thetopof memory, in location$FFFE,$FFFF.

2 The resetvectormust residein permanentmemorybecauseit mustalwaysbe therewhen the processor
restarts.Permanentmemory, on theMPPboard,meansEPROM. SothesystemEPROM mustresideat the
topof memoryto containtheresetvector.

2 EachHC11interruptvectormusteachpoint to aninterruptserviceroutine.

2 Like theresetvector, theinterruptvectorsresidein fixedlocationsat thetopof memoryandthuscannotbe
changedduringthedevelopmentprocesswithout reburningtheEPROM.

2 During thedevelopmentprocess,thelocationsof theinterruptsubroutineswill change.

We have a problembecausethe interrupt vectorsmust be containedin EPROM but must also be able to
changesothatthey alwayspoint at thecorrespondinginterruptserviceroutine.Thesolutionusedby theBuffalo
monitorto reconcilethesetwo requirementsis to havetheinterruptvectorspoint to ablockof RAM memory, the
Interrupt VectorJumpTable. TheInterruptJumpTableresidesin the68HC11internalRAM betweenlocations
$00C4and$00FF. Eachinterruptvectorpointsto a threebyte jumpabsoluteinstruction in this table. Thus,on
an interrupt, the processorreadsthe correspondinginterruptvector (in EPROM, at the top of memory). This
sendstheprocessorto thecorrespondingjump instructionin thejump table.Thejump instructionthensendsthe
processorto theinterruptserviceroutine.

Becausethesejump instructions(calledpseudo-vectors) arein RAM ratherthanEPROM, they canbeeasily
changedto point to thestartof aninterruptserviceroutine,wherever it livesin memory.

Therearethreedifferentaspectsof this to keepin mind:

2 If youareusinganinterrupt,yourprogrammustputathreebyteabsolutejumpinstructionin theappropriate
InterruptVectorJumpTableentry, to point at thecorrespondinginterruptserviceroutine.

2 It now takes threemoremachinecycles to executethe jump instructionandget to the interrupt service
routine,not usuallyamajorconsideration.
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2 The InterruptVectorJumpTable takesup some60 bytesof the processorinternalRAM. This could be
a problemfor an applicationtrying to useinternalRAM without addingexternalRAM. Naturally, Ugly
ThingsHappenif yourprogramwritesover this tableandyou areusinginterrupts.

After reset,the Buffalo monitor initializes the 20 entriesof the Interrupt Vector JumpTable to point to a
monitor routinecalledSTOPIT. If an interruptoccursandthe entry in the InterruptVectorJumpTablehasnot
beenchangedfrom its initial value,STOPIT bringstheprogramto ahalt. This is preferableto having theprogram
branchto somerandomaddressor executesomerandominstruction.

TheRAM addressesfor theInterruptVectorJumpTableareshown in figure5.

Interrupt Function Jump Table Address

ClockMonitor $00FD-00FF
ComputerOperatingProperly $00FA-00FC
IllegalOpcode $00F7-00F9
SoftwareInterrupt(SWI) $00F4-00F6
XIRQ (ExternalInterruptRequest) $00F1-00F3
IRQ (InterruptRequest) $00EE-00F0
RealTime Interrupt $00EB-00ED
Timer InputCompare1 $00E8-00EA
Timer InputCompare2 $00E5-00E7
Timer InputCompare3 $00E2-00E4
Timer OutputCompare1 $00DF-00E1
Timer OutputCompare2 $00DC-00DE
Timer OutputCompare3 $00D9-00DB
Timer OutputCompare4 $00D6-00D8
Timer OutputCompare5 $00D3-00D5
Timer Overflow $00D0-00D2
PulseAccumulatorOverflow $00CD-00CF
PulseAccumulatorInputEdge $00CA-00CC
SerialPeriferalInterface(SPI) $00C7-00C9
SerialCommunicationsInterface(SCI) $00C4-00C6

Figure5: BuffaloMonitor InterruptVectorJumpTable

For example,if you installedan ’ille gal opcode’interrupthandlerat $49A3, you would install the JMP op
code$7Eat location$00F7in thetableandtheword $49A3at location$00F8.

Noticethat theSoftwareInterruptis usedby theBuffalo Monitor aspartof thebreakpointmechanism,so is
not availablefor any otheruse.
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