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1 The Guider Concept

Theeebotrobotis intendedto find andfollow a line onthefloor surface.Theline is a
�����

inchwideredelectrical
tapeon a backgroundof black floor tiles1. For the purposeof following this line, eebothasa guider section
mountedat theundersideof thebow area.

Thesensorsare6 CdS(CadmiumSulphide)photoresistorsthatarehigh resistancein darknessandlow resis-
tancewhenilluminated.ThesensorsarelabelledA throughF, asshown in figure1.

Thesmallcirclesarehigh-intensityredLEDs, which illuminatethefloor surfaceundereachsensor, sothere
is oneLED persensor. Thelargecirclesarethesensorsthemselves.Linesshow LED-sensorpairs.

Therelationshipbetweena typicalsensorandLED is shown in thebottomhalf of thediagram.TheLEDsare
mountedon thetopsideof theguidercircuit boardandilluminatethefloor surfacevia a holein theguidercircuit
board.This arrangementallows theCdScellsto beverycloseto thefloor surface,which improvesthesensitivity
andreducestheeffectof ambientlight. As well, theLEDs areprotectedfrom beingknockedout of alignment.

a

b

c

d

f

e

Ground

EEBOT PLATFORM

GUIDER PLATFORM

LED (one of 6)

CdS Photoresistor cell

Figure1: GuiderSensorLocations,Top View & SideView

EachCdSphotoresistoris drivenby a constantcurrentsourcesothatit generatesa voltageproportionalto its
resistance.Sincetheresistancedecreaseswith increasinglight level, sodoesthesensorvoltage.

1Black tapeona light backgroundworksequallywell
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A simplifiedschematicof theGuiderSensorsis shown in figure2 on page3.
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Figure2: GuiderSensors

TheLEDs andCdScells areselectedby the samesignals,the threegeneralpurposedigital outputsD2, D3
andD4. The74HC138decoderthatdrivestheLEDsis enabledanddisabledby thegeneralpurposedigital output
D5.

Oneof thevoltagesdevelopedacrossthesensorsis selectedby a74HC4051analoguemultiplexeranddirected
to the68HC11A/D input channelPE1.Thesamethreegeneralpurposedigital outputsD2, D3 andD4 selecting
theLED alsoselectthecorrespondingphotosensor. Noticethat3 of the8 possiblesensorinputsareunusedand
connectedto ground,sothey shouldreadzero.

In general,theLEDs will beenabledsoD5 shouldbesetto a high (logic 1, +5V) level. TheD2, D3 andD4
signalswill have somevaluebetween000 and100 (msb-nsb-lsb)to illuminateoneof theLEDs andsimultane-
ouslyselectoneof theguidersignals.Theguidersoftwarecouldscanthe5 sensorsignalsor repeatedlyreadone
sensor, whatever is required.

To detectthe backgroundillumination, the LEDs can be disabledby lowering the D5 signal. The sensor
readingswould thenindicatereadthelighting without any LED illumination. This couldbeusedasa baselineor
noisevalueandsubtractedfrom thevalueobtainedwhentheLED is activated.

(Theoriginal guiderdesignilluminatedall LEDs at once,but thatcausedproblemsin light leakingfrom one
LED into severalsensors.Furthermore,therewasno way to determinebackgroundillumination level.)
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1.0.1 Guider Transient Response

The CdSphotoresistorsrespondquickly to an increasein illumination (decreasingresistance)but ratherslowly
to decreasingillumination (increasingresistance).Consequently, for accuratemeasurementsthe photoresistor
shouldbeallowedtime to darkenbetweeneachmeasurement.Thedarkeningtime constantis in theorderof 50
milliseconds2. Consequently, themostrapidallowablescanrateto scanonesensoris 20 timespersecond.If all
five sensorsarebeingscanned,thefastestallowablescanrateincreasesbecausea givensensorcanbedarkening
while othersarebeingread.Thentheminimumscantime persensoris 10 milliseconds,or about100timesper
second.

Thedifferentialline tracker pair of cellsab actuallyrecoversfasterthana singlecell, andtheeffective time
constantis about25 milliseconds.(This is becauseoneof thepair is brighteningwhile theotherdarkens.)Sothe
line trackersignalcouldbescannedasfastas40 timespersecond,which maybeimportantfor rapidresponsein
steering.

1.0.2 Line Tracker

Sensorse andf usedfor line tracking. They arespaced0.75inchesappart,sothat they arecenteredover thetwo
edgesof electricaltapeline whentherobotis centredover theline. Thetwo sensorsarea voltagedivider, sothat
thevoltageat thecentretapis determinedby theratioof thetwo sensorresistances.Theguidancesoftwareof the
robotshouldpositiontherobotsothatthevoltageat thecentretapfrom voltagedividersensorse andf is exactly
midway between5 volts andzero,ie, 2.5 volts. Thenthe two sensorresistancesareequal,the light level on the
two cellsis equal,andthetwo cellsareequallyover theblackline andlight background.

Noticethattheabsolutevalueof theresistanceof sensorse andf is unimportant:it is theirratiothatdetermines
theoutputvoltage.Consequently, they shouldlargely ignorechangesin ambientlight level andthis doesindeed
proveto bethecase.

However, if bothsensorsareoveracompletelyblackbackgroundor acompletelywhitebackground,they will
alsogenerate2.5 volts. Consequently, someothermethodis requiredfor ensuringthat the robot is over a valid
line, andthatis thefunctionof thepatterndetector.

1.0.3 Pattern Detector

Sensorsa, b, c andd form a patterndetectorfor variousline configurations.For example,if sensorsa andc
detectadarkline while sensorsb andd detecta light background,thentherobotis probablyoveravalid line and
theinformationfrom theline trackercanbeusedfor guidance.

If the patterndetectorsensorsall detecta light background,then the robot is off line, andshouldbegin to
searchfor a line. Theline trackercannotbeused.

If thepatterndetectorsensesablackline at right anglesto thecurrentline (for example,sensorsa readslight,
sensorb readsdark,sensorc readsdark,sensord readslight, sotheline anglesoff to port), thentherobotshould
advanceuntil thedrivemotorsareover thebendin theline andthenpivot counter-clockwiseuntil thespurline is
undersensorsa andc. Similar interpretationstrategiesshouldenablethepatterndetectorto sensea T junctionor
a line thatsimply comesto anend.

Thesensorsof thepatterndetectoreachdetectabsolutelight level. A constantcurrentis passedthrougheach
sensorandthevoltagegeneratedacrossthesensoris thenproportionalto its resistance.Thesensorcurrentsare

2This wasdeterminedby aiminganLED directly at a photoresistorandpulsingit from a functiongeneratorwhile measuringthevoltage
acrossthephotoresistorwith anoscilloscope.
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eachadjustedsothatthesensorgeneratesabout1.8voltsoveralight surfaceand3 voltsoveradarksurface3. One
of thevoltagesdevelopedacrossthesensorsis selectedby ananaloguemultiplexer anddirectedto the68HC11
A/D inputchannelPE1.

Theselectionof oneof the5 sensorvoltagesis determinedfrom thethreegeneralpurposedigital outputsD2,
D3 andD4. Noticethat3 of the8 possibleanaloginputsareunusedandconnectedto groundsothey shouldread
zero.

2 Setting Up the Guider

In this section,we describehow to testtheoperationandcalibrationof theeebotline sensorsystem.

2.1 Checking the LED Pattern

A templatefor checkingtheguiderLED illuminationpatternis shown in figure3 on page7 .

1. Setup theeebotsothatit is poweredup andconnectedto a 68HC11microprocessor.

2. Loadtheprogramread-guider.s19 andrun it with aG 6070 command.(If thisdoesn’t work, check
theread-guider.lst file – thestartingaddressmayhavechanged.)

3. Make a full-sizedcopy of thetemplateof figure3. Placeit undertheeebotguider, lined up with thefront
sphereandreardriving tiresasmarkedon thetemplate.

4. Checkthatthe6 LED illumination circlesmatchup with thelargecircleson thetemplate.

5. If an LED is not alignedwith its illumination circle, advisethe lab supervisorandhe/shewill adjustthe
aimingof theLED.

2.2 The Background and Line

A numberof line andbackgroundcoloursandtexturesweretestedto determinethecombinationfor line detection
by the guider. The surfaceto be provided for the line following projectconsistsof black floor tiles, eachone
foot square,eachwith a line of red electrican’s tape,

�����
inch wide. The tiles may be assembledin different

arrangementsto createdifferentrobotcourses.

2.3 Checking Guider Operation

Hereis a quickprocedurefor checkingthattheguideris working,at leastto someextent.

1. Connecttheeebotchassisto theMPPboard68HC11developmentsystemandensurethatbotharepowered
upcorrectly. Turn on theLOGIC switchon therobotchassis.

3As part of theoperatingprocedure,theoperatorshouldchecktheA/D readingfrom eachof the patterndetectorsensorsover light and
darksurfaces,andcalibratethesoftwarethresholdsaccordingly.
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2. Load theprogramread-guider.s19 andrun it with a G 6070 command.(If address6070 doesn’t
work, checkthe read-guider.lst file – the startingaddressmay have changed.)You shouldseea
displayof thefivesensorreadingsA, B, C, DandE-F on themicrocomputerLCD.

Theguidersensorreadingsareshown in hexadecimalformat,sowe will usehexadecimalnumbers(unless
otherwisenoted)throughoutthis sectionon calibration.

3. Apply thefinger testto theguider. Make surethat the robotguideris over a light colouredsurface.With
anextendedfinger, carefullycoverup eachof thefour differentabsolutesensorsA, B, C andD in turn. As
you do so,thereadingfor thatsensorshouldincreasenoticeably, at least50 counts(onevolt). A variation
of oneor two countsis not significant– it maybedueto noisein theA/D signals.Becarefulnot to disturb
theaimingof thesensorsor LEDs.

4. For thedifferentialsteeringsensorpairE-F , coveringupsensorE shouldcausethefifth readingto decrease.
Coveringup sensorF shouldcausethe fifth readingto increase.Be carefulnot to dislodgetheshadeson
sensorsE andF: thedifferentialsensorwill not work correctlywithout them.

If this testfailson any or all of thesensors,gethelp: theguideris not functioningfor somereason.

2.4 Guider Calibration: The Line Follower

Oncetherobotis overtheline andfollowing it approximately(whichcanbedeterminedfrom theabsolutesensors
A andC), theline-followersensorE-F canbeusedto generatea correctionsignalto steertherobot.

As therobotstraysfrom theline oneof theline-followerE-F sensorswill getdarkerandtheotheronelighter,
changingtheE-F sensorreading.

SupposetheE-F sensorreadingvariesbetween28 with therobotpointingtowardthePORTsideto a value
of A8 with therobotpointingtowardtheSTARBOARDside.

Consequently, therobotshouldtry to steerso that the line sensorhasa valuehalfway betweentheextremes
of 28 andA8, ie, about68 . Valuesabove this shouldcausetherobot to steerin onedirection,andbelow this it
shouldsteerin theotherdirection. If you usethis featureto steertherobot,you would build this valueinto your
computerprogram.

If theline sensoris to beusedaspartof a negative feedbacksystem,it will benecessaryto know thesensor
gain. This is the amountby which the sensorreadingchangesdivided by the distanceover which this change
occurs. For example,if thesensorreadingchanges28 andA8 whenthe line sensormovessidewaysby 0.5cm,
thenthesensorgain(in decimalunits)is 256countspercentimetre.
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Figure3: GuiderSensorTemplate
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3 Guider Software

In this section,we describetheread-guider routine.You will needto usethis routine(possiblywith modifi-
cations)in your robotguidanceproject.

3.1 Guider API

At its mostabstractlevel, we canpicturethatthereis someroutinethatreadstheguidersensorsandputsthemin
a specificlocationin memory. Theway in which this routineis accessedby othersoftwareroutinesis known as
theApplicationProgramInterface(API) for thatroutine.(Thenamederivesfrom thecommonsituationwherea
particularroutineis partof theoperatingsystemof thecomputer. Whenanapplicationmustaccesssomefeature
of thehardware,thenit doessothroughtheAPI of thatparticularroutine.)

To improve documentation,we canrelabelthe namesto somethingmore informative thanA, B andso as
shown in thefollowing table:

Designation Name Function
E-F SENSOR_LINE Line sensor
A SENSOR_BOW Frontsensor
B SENSOR_PORT Portsensor
C SENSOR_MID Middle sensor
D SENSOR_STAR Starboardsensor

Thentheheaderfor theroutine,which definestheinterfacefor this routine(theAPI), might look like thecodeof
figure4.

*------------------------------------------- ------- ------ --
* Read Sensors
*
* This routine reads the eebot guider sensors and puts the results in RAM
* registers.
* Passed: None
* Returns: Sensor readings in:
* SENSOR_LINE
* SENSOR_BOW
* SENSOR_PORT
* SENSOR_MID
* SENSOR_STAR

Figure4: TheAPI for ReadSensors

Thecontrolsoftwaremainloopwouldperiodicallycall READ_SENSORSto updatethesensorreadings.Rou-
tinesthatusethesensorsignalscando sosimply by readingtheseRAM registers.

3.2 The A/D Converter Hardware

The68HC11A/D converterwasdescribedandappliedpreviously in Lab 3. In this application,we will usethe
A/D in a slightly differentmode.

Referringto figure 2 on page3, all the guidersignalsarebroughtinto ChannelPE1of the A/D converter
(AN1) via amultiplexeron theguiderboard.Consequently, theREAD_SENSORSroutineshoulddo threethings:
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� enabletheguiderLEDs by settingGPOUTD5 to 1

� selecttheappropriatesensor(by settingtheappropriatebit patternin GPOUT, whichselectstheappropriate
multiplexerchannelon therobotguider)and

� thenreadChannelPE1of theA/D converter.

Thebit assignmentsin theGPOUTregisterareshown in figure5. Bits 2,3 and4 controlwhich of thesensor
voltageis routedto channel1 of the 68HC11A/D converter. Whenchangingthesebits, it is importantnot to
affect themotordirectionbits,alsoin GPOUT.

GPOUT
$1100

567 01234

Port Motor Direction: 0=FWD

Guider Sensor Select

000 Sensor e-f (Line)
001 Sensor a (Bow)
010 Sensor b (Port)
011 Sensor c (Centre)
100 Sensor d (Starboard)

not used

Starbord Motor Direction: 0=FWD

101 Gnd (Zero volts)
110 Gnd (Zero volts)
111 Gnd (Zero volts)

Figure5: GeneralPurposeRegister

Now we needto considerhow to setup the A/D converter. The two registerscontrolling the A/D converter
areOPTIONandADCTL.

Only two bits in theOPTIONregisterarerelevantto theA/D converter, asshown in figure6. Thesetwo bits
aresetup in theBuffalomonitorto powerup theA/D converterandselecttheprocessorE clock. If theprogram
is latermadestand-alone(theprogramrunsfrom a processorreset,without themonitorpresent),thentheremust
beinstructionsto initialize theoptionregister. Thesafestpolicy is to setthosebits in this program,eventhough
themonitorprogramhasalreadysetthem.

OPTION
$1039

567 01234

CSEL, Clock Select Bit

0 = A/D uses system E clock

1 = A/D uses system RC clock

ADPU, A/D Power Up Bit

0 = A/D Powered Down

1 = A/D Powered Up

Figure6: OPTIONRegister
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The OPTION register needonly be loadedonce. The ADCTL register must be loadedvery time an A/D
conversionis to takeplace4. Thebit assignmentsof theADCTLregisterareshown in figure7 on page10.

ADCTL
$1030

Input channel select
0000 to 0111

MULT
0: 4 conversions on one channel

SCAN
0: Conversions on request (write to ADCTL)
1: Continuous scan

(Multiplexer)

1: 4 conversions on successive channels

not used, always reads 0

567 01234

CCF Read: Conversion complete flag

0: Results not ready

1: Results ready

Write: no effect

Figure7: A/D ControlRegister

Theappropriatevalueto storein ADCTL, working from MSBit to LSBit, canbedeterminedasfollows:

� Bit 7 cannotbechangedby writing to it, sowhatwewrite to thatpositionis unimportant:let’s choosea 0.

� Bit 6 hasno function,choose0.

� Bit 5: We wantconversionsto occuron requestby writing to ADCTLandthenwaiting for bit 7 to go high,
sobit 5 shouldbe0.

� Bit 4: We wantconversionsononechannel,sobit 4 is 0.

� Bits 3 through0: ThesebitsshouldselectchannelAD1, sothey contain0001.

Consequently, the conversationwith the A/D hardwarewill consistsof writing 00000001 to ADCTLandthen
loopingwhile waiting for bit 7 to gohigh. In singleconversionmode,theA/D takes32cyclesperconversionand
performs4 conversionson theselectedchannel,soacompleteconversionwill take

�	�
����
������
machinecycles

to complete.
Now wecanwrite pseudocodefor READ_SENSORS, asshown in figure8.
Thecompletelisting for read-guider is shown in section5.

4 Assignment: Read Guider

Demonstrateoperationof theprovidedprogramread-guider-2.asm . Bepreparedto answertechnicalques-
tionson thehardwareandprogrammingof theguider.

4Assumingthatwearein singleconversionscanmode,which is themostappropriatemodefor thisapplication.
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Initialize a pointer PTR into the RAM at the start of the Sensor Array storage
Loop Store %00000001 to the ADCTL

Repeat
Read ADCTL

Until Bit 7 of ADCTL == 1
Store the contents of ADR1 at the pointer PTR
If the pointer is at the last entry in Sensor Array, then exit
Else increment the pointer and loop again.

Figure8: ReadSensorsPseudocode
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5 The read-guider Code
*------------------------------------------------- -------- -
* ’Read Guider’ Demo Routine

* Reads the eebot guider sensors and displays the values
* on the Liquid Crystal Display.

* Peter Hiscocks
* 14 October, 2001

* Version 2:
* 15 November 2001

* Modified from version 1 to support selection of the individual LED
* associated with a sensor, to reduce crosstalk from unselected sensor
* LEDs.
* The guider hardware was modified with the addition of a 74HC138 decoder that
* drives the individual LEDs, so that only the LED associated with a given
* sensor is ON when that sensor is being read.
* This requires that the software be modified to enable the decoder with bit 5
* in GPOUT($1100).
* The CdS cells are very slow in responding to changes in light, so a 20
* millisecond delay is inserted between selecting a particular sensor and
* reading its value.
* Substantial improvement:
* Draws less battery current for longer life
* Creates less heat in the 5V logic regulator
* Much greater contrast between dark and light readings

* Assembling on other machines
* ----------------------------
* The assembler as11 varies in behaviour between different machines. On the
* Solaris machines at Ryerson, for example, the assembler generates errors
* for variables longer than 13 characters. If you assemble this program to
* generate an .s19 file, check the .lst file carefully for error messages
* and, if necessary, shorten the variable names that are problematic.

* Overview:
* --------
* This program is intended as a test routine for the guider sensors of the
* eebot robot and contains routines that will be useful in the robot
* guidance project.
* The guider consists of four absolute brightness sensors and one
* differential brightness pair of sensors. They are arranged at the nose of
* the robot in the following pattern (viewed from above):

* A
* B C D
* E-F

* The sensors are cadmium sulphide (CdS) photoresistive cells, for which the
* resistance increases with decreasing light level. The absolute cells
* A,B,C and D are driven from a constant current source, and the voltage
* across the cell measured via the 68HC11 A/D converter channel PE1. Thus
* the sensor reading increases as the sensor becomes darker (over a black
* line, for example).

* The differential sensor E-F is a voltage divider with the two CdS cells E
* and F separated 0.75 inches, which is the width of electrical tape. It is
* intended to be used to track the edges of the electrical tape ’line’ once
* the absolute cells have ’found’ a black line. Cell E is at the top of the
* divider, so as the reading from this sensor increases, cell E is becoming
* lighter, ie, cell E is straying onto the white background.
* Simultaneously, cell F is becoming darker as it moves over the black
* tape, and its resistance is increasing, aiding the same effect. The
* differential action should ignore ambient light.
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* The program reads the sensor values, hopefully without disturbing any
* other settings on the robot. The values are displayed in hexadecimal on
* the LCD. On the LCD display, the pattern is as described in the routine
* ’DISPLAY_SENSORS’.

* The 4 absolute sensors should show readings equivalent to approximately 2
* volts when over a light surface and 4 volts when covered by a finger. The
* range from light background to black tape background is typically 1.5 volts
* over a light background to 2.4 volts over black tape.
* We have yet to quantify the readings from the differential sensor E-F.

* Using the program:
* -----------------
* Connect the eebot chassis to a MPP 68HC11 computer board as usual. Load
* ’read-guider.s19’ into the microcomputer. Run the routine ’MAIN’. The
* display should show the five sensor readings. Placing a finger over
* one of the sensors to block its illumination should cause the reading to
* increase significantly. Be extremely careful not to bend the sensors or
* LED illuminators when doing this.

* A/D Converter Equates:
*----------------------
OPTION EQU $1039 ; A/D Power and Clock select
* This register is initialized by the Buffalo monitor, so it doesn’t need
* any manipulation unless the reset vector starts the program directly.
* 7 6 5 4 3 2 1 0
* --- --- --- --- --- --- --- ---
* | | | | | | | | |
* --- --- --- --- --- --- --- ---
* ˆ ˆ
* | |
* | +----CSEL: 0 = A/D use system E clock
* | 0 = A/D use internal RC clock
* |
* +--------ADPU: 0 = A/D powered down
* 1 = A/D powered up

ADCTL EQU $1030 ; A/D Control Register
* This register is used to access the A/D converter in this program.
* 7 6 5 4 3 2 1 0
* --- --- --- --- --- --- --- ---
* | | | | | | | | |
* --- --- --- --- --- --- --- ---
* ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ
* | | | | | | | |
* | | | | +---+---+---+--- Channel Select (W)
* | | | |
* | | | +-- MULT (W) : 0 = Four conversions on selected channel
* | | | 1 = Four successive conversions starting
* | | | with selected channel
* | | |
* | | +-- SCAN (W): 0 = One conversion cycle per write to ADCTL
* | | 1 = Continuous scans
* | |
* | +-- not used
* |
* +--- CCF (R): 0 = A/D busy
* 1 = A/D ready, conversion complete
*
* (W) Write bit, (R) Read bit
*
* The A/D converter automatically puts the results in these registers.
ADR1 EQU $1031 ; A/D Result Register (battery voltage)
ADR2 EQU $1032 ; A/D Result Register (guider reading)
ADR3 EQU $1033 ; A/D Result Register (bow bumper)
ADR4 EQU $1034 ; A/D Result Register (stern bumper)

* General Purpose Output Register

13



*--------------------------------
* This register selects which sensor is routed to PE1 of the A/D converter
*
GPOUT EQU $1100 ; General Purpose Output Register
* 7 6 5 4 3 2 1 0
* --- --- --- --- --- --- --- ---
* | | | | | | | | |
* --- --- --- --- --- --- --- ---
* ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ
* | | | | | | | |
* | | | | | | | +--- Port Motor Direction (0 = FWD)
* | | | | | | |
* | | | | | | +--- Starboard Motor Direction (0 = FWD)
* | | | | | |
* | | | +---+---+-- Sensor Select
* | | | 000 Sensor Line
* | | | 001 Sensor Bow
* | | | 010 Sensor Port
* | | | 011 Sensor Mid
* | | | 100 Sensor Starboard
* | | |
* | | +-- Sensor LED enable (1 = ON)
* | |
* +---+- not used

* Liquid Crystal Display Equates
*-------------------------------
CLEAR_HOME EQU $01 ; Clear and home the cursor
HOME EQU $02 ; Home the cursor
INTERFACE EQU $38 ; 8 bit interface, two line display
CURSOR_OFF EQU $0C ; Display on, cursor off
SHIFT_OFF EQU $06 ; Address increments, no character shift
LCD_SEC_LINE EQU 64 ; Starting address of second line of LCD (note decimal value!)

* LCD Addresses
LCD_BASE EQU $1400 ; Base address of the LCD
LCD_CONTROL EQU LCD_BASE ; Control Register address
LCD_DATA EQU LCD_BASE+1 ; Data Register address

* Other codes
NULL EQU 00 ; The string ’null terminator’
CR EQU $0D ; ’Carriage Return’ character
SPACE EQU ’ ’; The ’space’ character

ORG$6000
* Storage Registers
*-------------------
SENSOR_LINE FCB $01 ; Storage for guider sensor readings
SENSOR_BOW FCB $23 ; Initialized to test values
SENSOR_PORT FCB $45
SENSOR_MID FCB $67
SENSOR_STBD FCB $89

SENSOR_NUMRMB 1 ; The currently selected sensor

GPOUT_SHADOWRMB 1 ; Copy of GPOUT

DISPLAY_BUFFER EQU * ; Display shadow registers
* ORG$6010 ; Enable during debugging only
* ; to put the following registers at a
* ; convenient location in RAM.
TOP_LINE RMB 20 ; Top line of display
FCB NULL ; terminated by null

* ORG$6030 ; Enable during debugging only
BOT_LINE RMB 20 ; Bottom line of display
FCB NULL ; terminated by null
CLEAR_LINE FCC ’ ’
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FCB 0 ;

ORG$6070 ; Start of program text
*------------------------------------------------- -------- -
* Display Sensors

MAIN JSR G_LEDS_ON; Enable the guider LEDs
JSR READ_SENSORS ; Read the 5 guider sensors
JSR G_LEDS_OFF; Disable the guider LEDs
JSR DISPLAY_SENSORS; and write them to the LCD
JSR LCD_DELAY ; Delay to avoid display artifacts
JMP MAIN ; Loop forever

*------------------------------------------------- -------- -
* Read Sensors
*
* This routine reads the eebot guider sensors and puts the results in RAM
* registers.

* Note: Do not confuse the analog multiplexer on the Guider board with the
* multiplexer in the 68HC11. The guider board mux must be set to the
* appropriate channel using the SELECT_SENSORroutine. The 68HC11 always
* reads the selected sensor on the 68HC11 A/D channel PE1.

* The A/D conversion mode used in this routine is to read the first four A/D
* channels PE0,1,2,3 into HC11 registers ADR1,2,3,4. The only result used
* in this routine is the value from PE1, read from ADR2. However, other
* routines may wish to use the results in ADR1, 3 and 4.
* Consequently, Scan=0, Mult=1 and Channel=0000 for the A/D control word.

* Passed: None
* Returns: Sensor readings in:
* SENSOR_LINE (0) (Sensor e/f)
* SENSOR_BOW(1) (Sensor a)
* SENSOR_PORT(2) (Sensor b)
* SENSOR_MID(3) (Sensor c)
* SENSOR_STBD(4) (Sensor d)
* Note:
* The sensor number is shown in brackets
*
* Algorithm:
* Initialize the sensor number to 0
* Initialize a pointer into the RAM at the start of the Sensor Array storage
* Loop Store %00010000 to the ADCTL (to select PE1 and start a conversion)
* Repeat
* Read ADCTL
* Until Bit 7 of ADCTL == 1 (at which time the conversion is complete)
* Store the contents of ADR1 at the pointer
* If the pointer is at the last entry in Sensor Array, then
* Exit
* Else
* Increment the sensor number
* Increment the pointer
* Loop again.

READ_SENSORSCLR SENSOR_NUM; Select sensor number 0
LDX #SENSOR_LINE ; Point at the start of the sensor array

RS_MAIN_LOOPLDAA SENSOR_NUM; Select the correct sensor input
JSR SELECT_SENSOR; on the hardware
JSR DELAY_20_MS ; Delay to allow the sensor to stabilize

LDAA #%00010000 ; Start A/D conversion on PE0 through PE3
STAA ADCTL
RS_AD_LOOPLDAA ADCTL ; Repeat until A/D signals done
BPL RS_AD_LOOP

LDAA ADR2 ; A/D conversion is complete in ADR2
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STAA 0,X ; so copy it to the sensor register
CPX #SENSOR_STBD; If this is the last reading
BEQ RS_EXIT ; Then exit

INC SENSOR_NUM ; Else, increment the sensor number
INX ; and the pointer into the sensor array
BRA RS_MAIN_LOOP; and do it again

RS_EXIT RTS

*------------------------------------------------- --------
* Select Sensor

* This routine selects the sensor number passed in ACCA. The motor direction
* bits 0, 1 and the unused bits 5,6,7 in the same machine register GPOUTare
* not affected.
* Bits 2,3,4 are connected to a 74HC4051 analog mux on the guider board,
* which selects the guider sensor to be connected to PE1.

* Passed: Sensor Number in ACCA
* Returns: Nothing
* Side Effects: ACCA is changed

* Algorithm:
* First, clear the sensor bits 2,3,4 in the shadow register to zeros
* by ANDing it with the mask 11100011. The zeros in the mask clear
* the corresponding bits in the shadow register. The 1’s have no effect.
* Next, move the sensor selection number left two positions to align it
* with the correct bit positions for sensor selection.
* Clear all the bits around the (shifted) sensor number by ANDing it with
* the mask 00011100. The zeros in the mask clear everything except
* the sensor number.
* Now we can combine the sensor number with the GPOUTshadow register using
* logical OR. The effect is that only bits 2,3,4 are changed in the shadow
* register, and these bits now correspond to the sensor number.
* Finally, save the shadow register to the hardware.

SELECT_SENSOR PSHA ; Save the sensor number for the moment

LDAA GPOUT_SHADOW; Clear the sensor selection bits to zeros
ANDA #%11100011 ;
STAA GPOUT_SHADOW; and save it back into the shadow reg

PULA ; Get the sensor number
ASLA ; Shift the selection number left, twice
ASLA ;
ANDA #%00011100 ; Clear irrelevant bit positions

ORAA GPOUT_SHADOW; OR it into the sensor bit positions
STAA GPOUT_SHADOW; Keep an up-to-date copy in the shadow reg
STAA GPOUT; Update the hardware
RTS
*
*------------------------------------------------- -------- ----
* Display Sensor Readings

* Passed: Sensor values in RAM locations SENSOR_LINE through SENSOR_STBD.
* Returns: Nothing
* Side: Everything

* This routine writes the sensor values to the LCD. It uses the ’shadow
* buffer’ approach. The display buffer is built by the display controller
* routine and then copied in its entirety to the actual LCD display.
* Although simpler approaches will work in this application, we take that
* approach to make the code more re-useable.
* It’s important that the display controller not write over other
* information on the display, so writing the display has to be centralized
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* with a controller routine like this one.
* In a more complex program with additional things to display on the LCD,
* this routine would be extended to read other variables and place
* them on the display. It might even read some ’display select’ variable to
* determine what should be on the display.

* For the purposes of this routine, we’ll put the sensor values on the LCD
* in such a way that they (sort of) mimic the position of the sensors, so
* the display looks like this:
* 01234567890123456789
* ___FF_______________
* PP_MM_SS_LL_________

* Where FF is the front sensor, PP is port, MM is mid, SS is starboard and
* LL is the line sensor.

* The corresponding addresses in the LCD buffer are defined in the following
* equates (In all cases, the display position is the MSDigit).

DP_FRONT_SENSOREQU TOP_LINE+3
DP_PORT_SENSOREQU BOT_LINE+0
DP_MID_SENSOREQU BOT_LINE+3
DP_STBD_SENSOREQU BOT_LINE+6
DP_LINE_SENSOREQU BOT_LINE+9

DISPLAY_SENSORSJSR CLR_LCD_BUFF; Write ’space’ characters to the buffer

LDAA SENSOR_BOW; Get the FRONT sensor value
JSR BIN2ASC ; Convert to ascii string in D
LDX #DP_FRONT_SENSOR; Point to the LCD buffer position
STD 0,X ; and write the 2 ascii digits there

LDAA SENSOR_PORT ; Repeat for the PORT value
JSR BIN2ASC
LDX #DP_PORT_SENSOR
STD 0,X

LDAA SENSOR_MID ; Repeat for the MID value
JSR BIN2ASC
LDX #DP_MID_SENSOR
STD 0,X

LDAA SENSOR_STBD ; Repeat for the STARBOARDvalue
JSR BIN2ASC
LDX #DP_STBD_SENSOR
STD 0,X

LDAA SENSOR_LINE ; Repeat for the LINE value
JSR BIN2ASC
LDX #DP_LINE_SENSOR
STD 0,X

JSR LCD_CLR_HOME; Clear the display, home the cursor

LDX #TOP_LINE ; Now copy the buffer top line to the LCD
JSR LCD_WRT_STR

LDAA #LCD_SEC_LINE ; Position the LCD cursor on the second line
JSR LCD_POS_CRSR

LDX #BOT_LINE ; Copy the buffer bottom line to the LCD
JSR LCD_WRT_STR

RTS

*------------------------------------------------- -------- ------- -------- -
* Clear Display Buffer
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* This routine writes ’space’ characters (ascii 20) into the LCD display
* buffer in order to prepare it for the building of a new display buffer.
* This need only be done once at the start of the program. Thereafter the
* display routine should maintain the buffer properly.

CLR_LCD_BUFF LDX #CLEAR_LINE
LDY #TOP_LINE
JSR STRCPY

CLB_SECOND LDX #CLEAR_LINE
LDY #BOT_LINE

JSR STRCPY

CLB_EXIT RTS

*------------------------------------------------- -------- ------- -------- -
* String Copy

* Copies a null-terminated string (including the null) from one location to
* another

* Passed: X contains starting address of null-terminated string
* Y contains first address of destination

STRCPY PSHX ; Protect the registers used
PSHY
PSHA
STRCPY_LOOPLDAA 0,X ; Get a source character
STAA 0,Y ; Copy it to the destination
BEQ STRCPY_EXIT ; If it was the null, then exit
INX ; Else increment the pointers
INY
BRA STRCPY_LOOP; and do it again
STRCPY_EXIT PULA ; Restore the registers
PULY
PULX
RTS

*------------------------------------------------- -------- ------- -------- -
* Binary to ASCII

* Converts an 8 bit binary value in ACCA to the equivalent ASCII character 2
* character string in accumulator D
* Uses a table-driven method rather than various tricks.

* Passed: Binary value in ACCA
* Returns: ASCII Character string in D
* Side Fx: ACCB is destroyed

HEX_TABLE FCC ’0123456789ABCDEF’; Table for converting values

BIN2ASC PSHA ; Save a copy of the input number on the stack
TAB ; and copy it into ACCB
ANDB #%00001111 ; Strip off the upper nibble of ACCB
CLRA ; D now contains 000n where n is the LSnibble
ADDD #HEX_TABLE ; Set up for indexed load
XGDX
LDAA 0,X ; Get the LSnibble character

PULB ; Retrieve the input number into ACCB
PSHA ; and push the LSnibble character in its place
RORB; Move the upper nibble of the input number
RORB; into the lower nibble position.
RORB
RORB
ANDB #%00001111 ; Strip off the upper nibble
CLRA ; D now contains 000n where n is the MSnibble

ADDD #HEX_TABLE ; Set up for indexed load
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XGDX
LDAA 0,X ; Get the MSnibble character into ACCA

PULB ; Retrieve the LSnibble character into ACCB

RTS

*------------------------------------------------- -------- ------- -------- ---
* Routines to control the Liquid Crystal Display

*------------------------------------------------- -------- ------- -------- -------- ---
* Initialize the LCD

* This routine should be executed once on reset. The sequence of events was
* determined from the Hitachi manual for the LCD controller.

LCD_INIT LDAA #INTERFACE ; Write a control byte (see equates)
STAA LCD_CONTROL

JSR LCD_DELAY ; Delay for at least 4.1 milliseconds

LDAA #INTERFACE ; Do it again (that’s what the manual says!)
STAA LCD_CONTROL

JSR LCD_DELAY ; Delay at least 100 microseconds

LDAA #INTERFACE ; Do it again (third time lucky!)
STAA LCD_CONTROL

LDAA #CURSOR_OFF; Write a control byte (see equates)
JSR LCD_WRT_CTRL

LDAA #SHIFT_OFF ; Write a control byte (see equates)
JSR LCD_WRT_CTRL

LDAA #CLEAR_HOME; Clear the display, home the cursor
JSR LCD_WRT_CTRL

RTS ; The display now works correctly.
*------------------------------------------------- -------- ------- -------- ---
* Write a Control Byte to the LCD

* This routine waits until the LCD is ready to receive information and then
* writes the passed byte to the control register.

* A note on checking the LCD flag bit:
* When the LCD is busy, the MSBit of the control register reads as a 1, so
* the byte is considered negative. (Remember, for 2’s complement numbers,
* the MSBit is a 1 when the number is negative.) In the routine, the BMI
* instruction causes the machine to re-read the control register until the
* MSBit is 0, ie, the byte reads as a positive number. This only works
* because the flag is in the MSBit position. If it were in some other
* position, it would be necessary to mask out the bit and then check the
* result with BNE or BEQ.

* Passed: Control byte in ACCA
* Returns: Nothing
* Side Effects: None

LCD_WRT_CTRLPSHB ; Save the B register
LCD_WCON_LOOPLDAB LCD_CONTROL; Wait until the LCD is ready
BMI LCD_WCON_LOOP ; ie, the flag is cleared
STAA LCD_CONTROL; Write the control byte
PULB ; Restore the B register
RTS

*------------------------------------------------- -------- ------- -------- ---
* Write a Data Byte to the LCD
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* This routine waits until the LCD is ready to receive information and then
* writes the passed byte to the data register (ie, to show the character on
* the display). The character is printed at the current position of the
* display cursor, and the cursor incremented. (That mode was set up in the
* initialization.)

* Passed: Data byte in ACCA
* Returns: Nothing
* Side Effects: None

LCD_WRT_CHARPSHB ; Save the B register
LCD_WCHAR_LOOPLDAB LCD_CONTROL; Wait until the LCD is ready
BMI LCD_WCHAR_LOOP ; ie, the flag is cleared
STAA LCD_DATA ; Write the data byte
PULB ; Restore the B register
RTS

*------------------------------------------------- -------- ------- -------- ---
* Write a String to the LCD

* This routine writes a null-terminated string to the LCD, starting at the
* current position of the cursor.
* Control characters such as ’carriage return’ and ’line feed’ are written
* as raw characters to the display. There is no attempt to process them
* properly.

* Passed: Pointer to first character in string, in X index register
* Returns: Nothing
* Side Effects: The X index register is changed.

LCD_WRT_STR PSHA ; Protect ACCA
WLS_LOOPLDAA 0,X ; Get the character at the string
CMPA#NULL ; If it’s the null terminator,
BEQ WLS_EXIT ; then exit

JSR LCD_WRT_CHAR ; Else write it to the display
INX ; Increment the string pointer
BRA WLS_LOOP; and do it again
WLS_EXIT PULA ; Restore ACCA
RTS
*------------------------------------------------- -------- ------- -------- ---
* Position the Cursor

* This routine positions the display cursor in preparation for the writing
* of a character or string.
* For a 20x2 display:
* The first line of the display runs from 0 .. 19.
* The second line runs from 64 .. 83.

* The control instruction to position the cursor has the format
* 1aaaaaaa
* where aaaaaaa is a 7 bit address.

* Passed: 7 bit cursor Address in ACCA
* Returns: Nothing
* Side Effects: None

LCD_POS_CRSR ORAA #%10000000 ; Set the high bit of the control word
JSR LCD_WRT_CTRL ; and set the cursor address
RTS

*------------------------------------------------- -------- ------- -------- ------
* Home Cursor, Clear Display

* Clears the display and homes the cursor.

* Passed: Nothing
* Returns: Nothing
* SideFX: Nothing (except CCR, of course)
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LCD_CLR_HOMEPSHA
LDAA #CLEAR_HOME; Clear the display, home the cursor
JSR LCD_WRT_CTRL
PULA
RTS

*------------------------------------------------- -------- ------- -------- ---
* LCD Delay Routine

* A very simple delay routine that delays for 2ˆ16 counts. At a 1
* microsecond clock, this is 3 microseconds for the DEX and 3 microseconds for
* the BNE instruction. So the total delay is about 1/3 second per call to
* this routine. It’s only executed twice at startup, so the delay is not
* critical as long as it’s large enough.

* Passed: Nothing
* Returns: Nothing
* Side effects: None

LCD_DELAY PSHX ; Protect the X register
LDX #$FFFF ; Initialize the loop counter
LCD_DLY_LOOPDEX ; If the counter is not zero
BNE LCD_DLY_LOOP; then loop again
PULX ; Restore the X register
RTS ; Else return

*------------------------------------------------- -------- ------- -------- ---
* 20 Millisecond Delay

* This routine delays for approximately 20 milliseconds to allow a CdS
* sensor to stabilize after the corresponding LED has been turned on.
* The processor clock is assumed to be 1 microsecond.

* Passed: Nothing
* Returns: Nothing
* Sides: Nothing

DELAY_20_MS PSHX ; Protect the X register
LDX #$1046 ; Initialize the loop counter

DLY_20_LOOP DEX ; If the counter is not zero
BNE DLY_20_LOOP ; then loop again
PULX ; Restore the X register
RTS ; Else return

*------------------------------------------------- -------- ------- -------- ---
* Guider LEDs ON

* This routine enables the guider LEDs so that readings of the sensor
* correspond to the ’illuminated’ situation.

* Passed: Nothing
* Returns: Nothing
* Side: GPOUTbit 5 is changed

G_LEDS_ONPSHA ; Protect A
LDAA GPOUT_SHADOW
ORAA #%00100000 ; Set bit 5
STAA GPOUT_SHADOW
STAA GPOUT
PULA ; Restore A
RTS

*------------------------------------------------- -------- ------- -------- ---
* Guider LEDs OFF

* This routine disables the guider LEDs. Readings of the sensor
* correspond to the ’ambient lighting’ situation.
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* Passed: Nothing
* Returns: Nothing
* Side: GPOUTbit 5 is changed

G_LEDS_OFF PSHA ; Protect A
LDAA GPOUT_SHADOW

ANDA #%11011111 ; Clear bit 5
STAA GPOUT_SHADOW
STAA GPOUT

PULA ; Restore A
RTS
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6 Appendix: Signal Averaging

If aparticularsignalis corruptedby randomnoise,thevarianceof thenoisemaybereducedby collectingaseries
of samplesandthenaveragingthemtogether. Eachtimethenumberof samplesis doubled,therandomcomponent
is reducedby 3db(a factorof 0.707).Consequently, 4 samplesdecreasethenoiseby a factorof 6db,or 0.5.This
strategy maybeappliedto thevaluesreadby anA/D channelin orderto reducethenoiseon thereading.

For this to apply, thesamplesmustbeuncorrelated, thatis, randomwith respectto eachother. To seewhy this
is necessary, considerthata(desired)DC signalis appliedto anA/D input. To this is addedaveryslow-changing
(undesired)noisesignal. TheA/D clock is 1� secondandaccordingto thedatabookeachconversiontakes32
cyclessoeachconversiontakes32� seconds.If thenoisesignaldoesnot changesignificantlyin this 32� second
interval betweensamplesit will not averageto zero.

As well, a periodicsignalwhich is synchronouswith the sampleswill alsonot averageto zero. (Think of
anAC noisesignalwherethepeakof eachcycle coincideswith thesamplingof thewaveform: this will always
returnthesamevalue,sotheaveragewill notgoto zero.)In essence,this is aproblemin digital signalprocessing,
in which thesamplinginterval affectsthefrequenciesfiltered. Without knowing thepropertiesof a noisesignal,
we can’t predicthow effective it will beto average4 sensorreadings.However, it’s easyto do in software,it will
not cannotworsenthenoiselevel andmight improveit.

Whenthe 68HC11A/D converter is setup to readonechannel,it doesfour successive readsandconver-
sionsandputsthe resultsin the four HC11 registersAN0 throughAN3. It is thena simplematterof summing
the four readingsanddividing the result by 4 to obtainan average. (You may wish to add this featureto the
READ_SENSORSroutine.)

Beforeusingsoftwareaveragingto reducenoise,electronicmethodsshouldbeusedto ensurethat thesignal
into theA/D is asnoise-freeaspossible.For example,it maybenecessaryto shieldasignalfrom electromagnetic
coupling,move theanaloggroundconnection,or useelectronicfiltering on thesignalto removenoise.Software
averagingis not a goodsubstitutefor thesemeasures.
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