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1 Overview

The eebotis equippedwith rotationcountercircuitry on eachof the drive motoroutputs. This allows the micro-

processoto measurehedistanceravelledby eachof thedriving wheelsinformationthatcanbeusedin distance
measuremerobdometry)or for precisecontrol of wheelrotationto generateaccurate¢urnsandaccuratestraight
line motion.



In this exercisethe objectie is to detectandcountthewheelrotationpulses anddisplaythe wheelcountson
theLiquid CrystalDisplay.
The countingsystemusestheinterruptsystemof the 68HC1 1timer mechanism.

2 Whed Rotation Detectors

For eachmotor, one of the gearboxgearshasholesin it that are detectedoy a photointerruptet. Thereare4
holesin thegearanda 13:1ratio betweerthegearrotationandtherotationof the outputshaft. Countingtheholes
givesa measuremenif distancetravelled by eachdrive wheel,with a resolutionof aboutsmm distancemoved
percount.

The countinformationis connectedo computelinput captuie inputssothatthe computercanmonitorwheel
count.It canthenbeusedby thecomputetto ensureghattherobotis moving in astraightline or executingasharp
turnthroughadesiredangle.

Thephotointerrupterareeachconnectedo aROTATI ON LED onthereardeckof themainframe Whenthe
motorsarerunningatslow speedthesel EDs canbeseerflashing.

Thesimplifiedcircuit for therotationdetectorcircuitsis shavn in figure 1.
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Figurel: WheelRotationDetectors

1The photointerrupteconsistsof a light-emitting diode anda phototransistowith a spacebetweerthem. If somethingblocksthe light
pathbetweerthe two the phototransistoturnsOFF. If the optical pathis transparentthe phototransistoturnsON. By detectingthe stateof
the phototransisto(ON or OFF),it is possibleto sensehe passagef a mechanicabbjectthroughthe gap.

2The exactdistancetravelled dependson the exactwheeldiameterwhich will changewith tire wearandpayload. This figure shouldbe
consideredpproximate.



3 Designing the Rotation Counters

Eachpulseof thewheelrotationcountercorrespondso 5Smmor soof movement.How mary bits shouldwe allow
in thewheelrotationcountersSoftwarecounterscomein incrementf onebyte, sothe choiceis betweers, 16
andpossibly24 bits.

Doing the measurements metersan8 bit counterwould provide a maximumcountof (28 — 1) x 0.005 =
1.275mm, or about1.2 meters.A 16 bit counterwould provide (216 — 1) x 0.005 = 327 metersor abouta third
of akilometer It is difficult to imagineeebottravelling morethanthis distancebetweernprogramresetssoa 16
bit (2 byte) counterwould seemto be sufficient’.

Many of the distancesof interestwill be associatedvith robot turns. For example,in a right-angleturn
manoeuvranewheelstopswhile the otherdrivesandturnsthe robotthrougha 90° angle. The rotatingwheel
will travel througha total distanceof 6cmor so. This correspond$o a rotationcountof (usingunits of meters)
0.06/0.005 = 12. Sotheusualcountsof interestwill bequite smallandcaneasilybe containedn two bytes.

By simply countingthe numberof wheelrotationpulseswe aremeasuringhe absolutevalueof 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 drives backwardsby 2cm. The vehicle will turn
sharplyto portin place ie, without advancingin distance.The guidanceprogramsetsthe rotationdirectionfor
eachwheelandthencountsoff rotationpulsesuntil desirednumberhave occured.

4 Software Overview

Now we will examinewhatmachineryis availableonthe 68HC11to provide the countingfunction.

The input capturesystemof the 68HC11microprocessomncludesthreelnput Capture channels) C1, | C2
andl C3. Eachinputcapturechannekontainscircuitry thatcanautomaticallytime stampanexternaleventsothat
a computerprogramcanlater determinewhenthat eventoccurred.For example,input capturecould be usedin
a68HC11systemto measurghewidth of anelectricalpulse. Thetime stampis obtainedby capturingthe count
in thefreerunningcounter describedn the Notesfor Lab 4 andChapter10, ThePink Book A block diagramof
oneof thethreeinput capturechannelsds shovn in figure 2.

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
eachtime awheelcountpulseoccurs.This reducegheinput capturesystento the elementshawn in figure 3.

Thesoftwareto countinputtransitionsis muchlik e the Timer Overflow interruptroutinestudiedin Lab 4.

Eachof thetwo input capturechanneld C3 andl C2 is setup sothata positive transitioncauses&ninterrupt.
Uponaninterrupt,the 68HC1linterrupthardwaretransferamachinecontrol from the Main programto aninter-
rupt serviceroutine (I SR) which thenincrementor decrementshe wheelrotationcounter Thelastinstruction

SWe're assuminghat the distancewe wish to measurds the distancesincethe programwaslast started. If we wantedto keeptrack of
thetotal distancetravelled by therobot (to determinewvhenthe engineoil shouldbe changedfor example)thenwe would have to recordthe
distancecountduring power off conditions. Every time the robotwasshutdown, it would copy the distancecountto eeprom.Every time it
waspoweredup, it would usethe valuein eeprontto initialize the distancecounters.In this situation,we would requirea larger counter A
threebyte counterwould provide a maximumdistancecountof 83 kilometersbeforerolling over.

4Unfortunatelybecausehevehicletire diametetis notknown preciselyandthereis someslippageof thedriving wheels keepingtrack of
positionby measuringdirectionanddistancetravelled (knowvn asdeadredoning or odometry resultsin errorsthatgrow with time andsoon
becomeoo largeto be useful. Odometryis a usefulnavigationaltool only over smalldistances.

To navigate by odometry you would keeptrack of the directionaswell asthe distancetravelled by eachwheel. Thenthe startingpoint
would be location zero and distancesvould be measuregositive or negative from this origin. For example,whenthe port wheeldrives
forward by 2cmandthe starboardvheelbackward by 2cm the vehicleheadinghaschangedy approximately+90° andthe nettranslation
of thevehicleis zero. Theodometrynavigationroutineneedgo translatevheelrotationsinto headingandtranslatedistance.
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in theinterruptserviceroutineis RTI (ReturnFrom Interrupt), which returnscontrolbackto the MAI N program
atthepointof interruption.

Oneinterruptserviceroutinecouldbe madeto handleinterruptsfrom boththeinput captureinputs. However,
it doesnt requirean excessve amountof memoryto have a separatéSR for eachinput channelandit simplifies
the design,sowe’ll take thatapproach.Consequentlythe two channelsare duplicates:therearetwo separate
interruptserviceroutines,onefor eachrotationcounter

Eachinput channeincludesthefollowing features:

e Specificatiorof the edge polarity, the polarity of the pulseedgethatcausesheinterrupt.

A deviceflag, thatis setwhenaninput edgeoccursandclearedby the interruptserviceroutine.

An interrupt enableflag, thatenablesanddisablednterruptsfor this input capturechannel.

An interruptvector, atwo-byteaddressat thetop of memorywhich pointsto a pseudo-interrupgectot

A pseudo-interruptector, whichis a3 byte J VP instructionsendingcontrolto theinterruptserviceroutine.

Theinterrupt serviceroutinefor thatchannel.

An interruptenablesubroutingo initialize thechanneimachineryandturn onits interrupts.



e A interruptdisablesubroutineo turn off the interruptson thatchannel.

In section5 below, we discusseachof thesecomponentén detail.
Assumethatthereis a programMain which is runningin the foregroundof the computer It is directingthe
operationof therobotandupdatingthe displays.A block diagramrepresentinghis systemis shavn in figure 4.
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Notice how theinterruptserviceroutinesarecalledby theinput captureinterrupts. The ISR eachincrements
its respectie wheelcountandclearsits interruptflag.

TheMAI Nroutineloopsaroundreadingthe STARBQARD andPORT wheelcountmemorylocations corvert-
ing themfrom 16-bit binaryto adecimalASCII string,andthendisplayingtheresultson the LCD.

5 Technical Noteson the I nput Capture System

Now thedetailson eachof thefeaturesof theinterruptcapturemachinery(for eachchannebf thetwo neededor
thislab):

Input Capture Edge Control Two bits selectwhich type of inputtransitionsthe capturesystermwill respondo:

CaptureDisabled

Captureon RisingEdgeOnly

Captureon Falling EdgeOnly

Captureon EitherEdge(Risingor Falling)



In this application,we could selectCaptuie on RisingEdge or Capture on Falling Edge: in doesnt make
muchdifference We'll selectCaptuie on RisingEdge. SeeregisterTCTL2.

Input Capture Status Flag | CxF The ICxF statusflag is setto a oneeachtime the selectecedgeis detectedat
theinputpin. Thisis thedeviceflag for theinput capturechannellt mustbeclearedaspartof theinterrupt
serviceroutine. Remembertimer device flagsare clearedby writing a ONE to the flag bit. Seeregister
TFLGL.

Input CapturelInterrupt Enables Whenthis bit is a zero,the Input Capturelnterruptis disabled.Whenit is a
1, theinterruptis enabled We will enabletheinterrupt,sothateachtime thedevice flagis set,aninterrupt
occursandthemachingumpsto theinterruptserviceroutine. SeeregisterTMSK1.

Input Capturelnterrupt Vector Thisis a two-byte addresghatwould normally point to the interruptservice
routine. It's locatedat $FFEA for interrupt! C3 and $FFEC for interruptl C2. (Seefigure 5.3 of The
Pink Book.) However, becaus¢he monitor programis presenttheresetvectorpointsto the corresponding
pseudo-ector whichis locatedin RAM andmustbe setup by theinterruptinitialization instructions.(See
section7 for more detail on pseudo-interruptén general.) The pseudo-ectoris 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 interruptvector pointeddirectly at the interruptservice
routineanda pseudo-interruptectorwould notbe necessary

Yourinterruptinitialization routinedoesnot have to dealwith the Input CapturelnterruptVector— it deals
with the Pseudo-¥ctordescribechext — but you shouldbe awareof it' s purposeandfunction.

Input CapturelInterrupt Pseudo-Vector Thisis athree-bytdocationthatcontainsaJMP | SR_ROUTI NE in-
struction,wherel SR_ROUTI NE is thetwo-byteaddres®f the InterruptServiceRoutine. Seefigure5 on
page9. Theroutineto initialize aninterruptmustputthe pseudo-ectorin thistable.

Interrupt Service Routine In thisapplicationthefunctionof thelSRis simplyto clearthedevice flag andthen
increment(or decrementdependingon the wheelrotationdirection)a wheelrotationcounter Sothe ISR
mustcheckthe shadev registerthat containgdirectioninformationfor its motor, andmake anincrementor
decrementlecisionbasecdn thatbit.

6 Assignment

You areto build a programthat demonstratethe wheelrotation counterson eebot This includesboth a Fore-
groundProgramandtwo interrupt-drvenWheelCountingRoutines

6.1 Foreground Program

Theforegroundroutineinitializestheinterruptmachineryfor input captureinterruptsiC3 andIC2, andary other
variablessuchasthe rotationcountersandmotor controlregisters.Whenall thisis in place,it enablegheglobal
interruptsignalusingthe CLI instruction.

Thenthe MAI N routineentersthe Main Loop whereit readsthe two, two-byterotationcountersanddisplays
the STARBOARD and PORT rotation countson the LCDisplay. The display routine shouldinclude a software
delaysothatthedisplayis notwritten too frequently



Therotationcountshouldbein decimalformatandleadingzerosmaybe shovn. Thestarboardotationcount
shouldbeonthetop line of the displayandthe portrotationcounton the bottomline.

Theinitialization routineshouldstartbothmotors,andwe shouldthenseethe rotationcountsincreasing.

Do not attempt to slow either motor by physically touching the eebot wheels or gearbox gears. The
gear box has consider able torque and trying to slow down a motor will break something expensive.

Theforegroundprogramwill call subroutineghat

e Corvertahexadecimahumberto binarycodeddecimal

e CorvertaBCD numberto aprintableASCII string

e Write astringtotheLCD

¢ Positionthe LCD cursoratthe startof thefirst or secondine

Thesesubroutinesvereprovidedor developedin previousexercisesandshouldbein your library directory

6.2 Whed Counting Routines

You will needtwo completeinterruptdrivenrotationcounters.The goodnews is thattheseroutinesare almost
identical:in mostcasesthey referto differentbitsin the sameregisters.Thewheelcountingroutineswill include

e initialization routine(routineto enableinterrupt)
¢ interruptserviceroutine
e routineto disableinterrupt.

Theroutineto disableinterruptwill only beusedfor deluggingpurposes.

6.3 Debugging Hints

Thefollowing sequencef eventsmay helpyou delug the routines.We’ll assumeyou’re working on the PORT
rotationcounter

Check theInitialization

1. Carefully and systematicallymake sureevery timer systemregister bit that needsto be setor clearedis
initialized correctlyby thisroutine.

2. Usethemonitor CALL instructionto runtheinterruptinitialization routine.

3. Checkthatinitialization routinecorrectlyinstallsthe the pseudo-ector3 byte jump instructionat location
$00E2 or $00E5. (seefigure’s).

4. Youwon't necessariljpe ableto checkthatthe timer registerbits aresetcorrectlyby the interruptinitial-
izationsoftwarebecauseeturningto the monitormayresetsomeof thebits.



Check thel SR

1.

Write the interrupt serviceroutine as a subroutine(ie, endswith an RTS instruction) and verify that it
executesvithout crashingthe machine.Checkthateverytime it is CALLedfrom the monitorit increments
or decrementtherotationcountemregistercorrectlybasednthebitsin themotordirectionshadav registet

Setthe LSByte of therotationcounterto FF andthe MSByteto 00. Call the subroutineagain. The LSbyte
shouldbe00 andthe MSByte01. Checkthatoverflow of the LSByte causeshe MSByteto beincremented
correctly

Checkthattheroutineclearsthe Input Captureflag bit. Whenall this workscorrectlychangethefinal RTS
instructionto anRTI instructionin preparatiorfor its useasaninterruptserviceroutine.

7 Appendix: Interruptsand The Buffalo Monitor

Whenwe attemptto usethe HC11linterruptvectorsunderthe Buffalo monitor, we areimmediatelypresenteavith
aproblem.

The 16 bit resetvectormustlive in someconstaniocationwherethe hardwarecanfind it every time the
computeresetsin thecaseof the68HC11thatlocationis atthetop of memory in location$FFFE $FFFE

The resetvector mustresidein permanenmemorybecausdt mustalways be therewhenthe processor
restartsPermaneniemory onthe MPP board,meansEPROM. Sothe systemEPROM mustresideat the
top of memoryto containtheresetvector

EachHCl1linterruptvectormusteachpointto aninterruptserviceroutine.

Liketheresetvector, theinterruptvectorsresidein fixedlocationsat the top of memoryandthuscannotbe
changediuringthe developmentprocesswithoutreburningthe EPROM.

During thedevelopmenfprocessthelocationsof theinterruptsubroutinesill change.

We have a problembecausehe interrupt vectorsmust be containedin EPROM but mustalso be able to
changesothatthey alwayspoint atthe correspondingnterruptserviceroutine. The solutionusedby the Buffalo
monitorto reconcilethesetwo requirementss to have theinterruptvectorspointto ablock of RAM memory the
Interrupt Vector JumpTable. The InterruptJumpTableresidesn the 68HC11linternalRAM betweerocations
$00C4and$00FF Eachinterruptvectorpointsto a threebyte jump absoluteinstructionin this table. Thus,on
an interrupt, the processotreadsthe correspondingnterruptvector (in EPROM, at the top of memory). This
sendghe processoto the correspondingump instructionin the jump table. Thejump instructionthensendshe
processoto theinterruptserviceroutine.

Becausahesgump instructions(calledpseudo-vect®) arein RAM ratherthanEPROM, they canbe easily
changedo pointto the startof aninterruptserviceroutine,whereverit livesin memory

Therearethreedifferentaspect®f this to keepin mind:

If youareusinganinterrupt,your programmustputathreebyteabsolutgumpinstructionin theappropriate
InterruptVectorJumpTableentry, to point atthe correspondingnterruptserviceroutine.

It now takesthree more machinecyclesto executethe jump instructionand get to the interrupt service
routine,not usuallyamajor consideration.



e The InterruptVector Jump Table takes up some60 bytesof the processoiinternal RAM. This could be
a problemfor an applicationtrying to useinternal RAM without addingexternal RAM. Naturally, Ugly
ThingsHappenif your programwrites over this tableandyou areusinginterrupts.

After reset,the Buffalo monitor initializes the 20 entriesof the Interrupt Vector Jump Table to point to a
monitor routinecalled STOPI T. If aninterruptoccursandthe entryin the InterruptVectorJumpTable hasnot
beenchangedromitsinitial value,STOPI T bringstheprogramto ahalt. Thisis preferableo having theprogram
branchto somerandomaddres®r executesomerandominstruction.

TheRAM addressefor theInterruptVectorJumpTableareshovnin figure 5.

| Interrupt Function | Jump Table Address |
Clock Monitor $00FD-00FF
ComputerOperatingProperly $00FA-00FC
lllegal Opcode $00F7-00F9
Softwarelnterrupt(SWI) $00F4-00F6
XIRQ (ExternallnterruptRequest) $00F1-00F3
IRQ (InterruptRequest) $O00EE-00FO0
RealTime Interrupt $00EB-00ED
Timer Input Comparel $00E8-00EA
Timer Input Compare2 $00E5-00E7
Timer Input Compare3 $00E2-00E4
Timer OutputComparel $00DF-00E1
Timer OutputCompare2 $00DC-00DE
Timer OutputCompare3 $00D9-00DB
Timer OutputComparet $00D6-00D8
Timer OutputCompares $00D3-00D5
Timer Overflow $00D0-00D2
PulseAccumulatorOverflow $00CD-00CF
PulseAccumulatorinput Edge $00CA-00CC
SerialPeriferalinterface(SPI) $00C7-00C9
SerialCommunicationsnterface(SCI) $00C4-00C6

Figure5: Buffalo Monitor InterruptVectorJumpTable

For example,if you installedanille gal opcode’interrupthandlerat $49A3, you would install the JMP op
code$7Eatlocation$00F7in thetableandtheword $49A3atlocation$00F8.

Notice thatthe SoftwareInterruptis usedby the Buffalo Monitor aspart of the breakpointmechanismsois
not availablefor any otheruse.



