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1 Intr oduction

Tom andJerry, asthey areusuallycalled,area robotic 'cat andmouse'pair thatwerebuilt to
behave in waysmodeledfrom living catsandmice.Bothareimplementedasroboticvehiclesthat
areableto movearoundwithin their environments,aswell asinteractwith eachotherandmodify
behavior basedon their currentsurroundings.Themouseactsasa passive agent,simply moving
andwanderingthroughthe environmentwith no sensoryfeedback,to give the cat somethingto
chase.Thecat,on theotherhandis theactiveagentwho tracksandchasesthis mousearoundthe
environment,with a layeringof multiplebehaviors thatareableto takeeffectatappropriatetimes.

We hadmany goalswhenwe beganworking on this projectandtheideafor it. First,neitherof
ushadeverbuilt a robotandthiswastheperfectopportunityto doso.Webothwantedto getsome
experiencewith building, programming,testingandinteractingwith a robot.

Second,muchof theclassis focusedon thedif�culties andissuesthatarisewhenonebuilds a
physicalrobot,asopposedto working strictly with simulation.In simulationit is usuallythecase
that theenvironmentis not modeledperfectlyandphysicalproblemsthatmayarisein building a
robotareignoredor overlooked.To testanddemonstratesomeof theseideasexploredwewanted
to build a robotof ourown.

Finally, the classis calledEmbodiedIntelligence,so it seems�tting to make somethingthat
is embodiedratherthan simulated. In the classwe looked at variousdesignarchitectures,and
building a robotwould let usdiscover theprosandconsof differentdesignaspectson ourown.

1.1 BasicDesignOverview

Both thecatandmousearebuilt primarily from legopartsandusestandardlegomotorsastheir
sourceof locomotion.Theprocessorin thecatis aHandyBoard,aboarddevelopedby theMedia
Lab. This boardis programmedwith Not QuiteC, a variationof C that is bothmuchsimplerthan
C anddesignedto allow aneasyinterfaceto bothmotorsandsensorsattachedto theboard.The
mousecontainsa Cricket, a very simpleprocessoralsodevelopedat theMedia Lab. This board
is programmedin Logo, a languagespeci�cally built for theCrickets. As with theHandyBoard,
this languagecontainsmechanismsfor easyinteractionwith thesensorsandmotorsthatmaybe
attached.

Thecathastwo bumpsensors,activatedby front left andfront right 'whiskers', andthreelight
sensorsmountedat thefront of thevehicle,facingleft, right, andforwards.Thebumpsensorsgive
a booleanpressed/ not pressedvalue,while thelight sensorsreturnintegervaluesbetween0 and
255.Themouse,asmentioned,is strictly passiveandhasno feedbackin theform of sensors.

We have chosento uselight asthe form in which thecat is ableto trackandchasethemouse.
Themousehasa halogenbulb mountedon top of it which emanateslight in all directions.When
runningtheexperimentswe simply turnedoff thelights in theroomsothatthelight shiningfrom
themousewastheonly light visibleto thecat.Wechoseto uselight ratherthaninfraredfor mouse-
trackingbecausewearenoviceroboticistsandit is easyto debug light trackingmechanismswhen
weknow thelight is eithershiningor notshining.UsingIR, on theotherhand,is moredif�cult to
debugsimply becausewecannotseewith thenakedeyewhattherobotssee.
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1.2 Behavior

Thebasicbehavior of thecatcanbebrokenupinto fourdistinctsections.Eachof thesebehaviors
actin alayeredfashiononeuponanother, sothattheappropriateactionis invokedattheappropriate
time,subsumingthebehavior of lowerlevels.Thebasicactionis towanderaroundtheenvironment
searchingfor themouse.I saysearchingbut this reallymeanswaiting for thelight from themouse
to beseensothatahighersubsumptionlevelmaybecalledin. Thenext layeris thislight-following
layer, activatedstrictly by the levelsreadin by thethreelight sensors.This allows thecat to turn
towardsthemouseandmove towardsit oncethe two sidelight sensorsreadat roughly thesame
levels. The next level is obstacleavoidance,which is activatedby the bump sensors.Whenan
obstacleis hit thecatwill backup andturn away from it, afterwhich the lower levelsof wander
or light-following will resume.The�nal level is whenthecatis playingwith themouse.This is a
morecomplex level that is invokedwhenthecat is within a certainthresholdrangeof themouse
andinvolveswaiting,stalking,pouncingandfreeingthemouse.

I will brie�y go througheachof thebehaviors thatareexpressedby thecat.

1.2.1 Wander

Wanderingis thebasicactiontakenby thecat in lack of stimulusthat triggersotheractions.The
purposeof thisactionis to givethecattheability to exploreits environmentin searchof themouse.
While wandering,thecatwill repeatedlymoveforwardfor arandomamountof timeandthenturn
for a randomamountof time, pointingit in a new direction.Therandomlengthof time is spread
betweena de�ned minimum andmaximumamountof time for which eachof theseactionswill
take place. If in the processof wanderingsomestimulusis encounteredthe resultingbehavior
will take higherprecedenceover thewanderaction. Whentheactionis completewanderingwill
resume.

1.2.2 Light Following

Thelight following layeris actuallyquitesimple.Whenthecatis notpointingdirectlyat thelight
the left andright light sensorswill readdifferentvalues.Whenthesevaluesaremorethansome
de�ned deltaapartthemotorswill spinto turn thecatin placesothatthelight is beingfacedhead
on. If both sidesensorsreadroughly the samevaluesandthe forward sensorreadsabove some
de�ned threshold(whenit actuallyseesthe mouseratherthanambientlight levels) it will move
forward,correctingits directionif needbe.

1.2.3 ObstacleAvoidance

Theobstacleavoidanceis primarily activatedby the'whiskers'of thecat,or theleft andright bump
sensors.Whenanobstacleis hit by eitherof thesebumpsensorsthecatwill slightly backup and
turn away from theobjectthatwashit. Occasionallyanobjectwill behit eitherby thesideof the
body(asin whenit is turning)or in apoorlocationalongthefront whichdoesnotallow thebump
sensorsto becompressed.In a caselike this thewheelsof thecatwill keepspinninguntil either
its bodyshiftsenoughto activateoneof thebumpsensorsor to freethebodyfrom theobstacle,or
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whenanoutsidein�uence suchasthemouseapproachingcausesanotheractionto take over (like
turn towardsthemouse.)

Althoughnot explicitly codedinto the obstacleavoidance(or bump) level, thereis alsoa ten-
dency to turn away from objectsbasedon the input from the light sensors.The tendency of the
cat to turn towardsthe light alsocausesthe cat to turn away from dark objectsbeforethey are
reached.For example,if thecatis approachingadarkobjectatanangle,onesidelight sensorwill
begin to reada light level lower thanthe otherside. This will causethe ' turn towardsthe light'
actionto takeoverandthecatwill in effect turnawayfrom theobjectbeforetheobjectis reached.
Thisworksbestwhenthelightsareon,andthebehavior wouldbeveryvisible if weeverchanged
mousetrackingbasedon light to theonebasedonIR. Whenrunwith thelightsoff thisbehavior is
notalwaysapparent.

1.2.4 Play

The play behavior is a multi-stagebehavior in which the cat stalks,pouncesupon,andthenlets
themouseescape.Whenthecatgetswithin a certaindistanceof themousethefront light sensor
hits a thresholdlevel andthe cat begins stalking the mouse. In this stagethe cat sits still for a
�x edlengthof time andjust watchesthemouse,rotatingif necessary, but not moving towardsit.
If themousehasstayedwithin thethresholddistanceof themouseduringthisentirestalkingtime
it thenpouncesuponthe mouse:moving towardsthe mouseat full speeduntil it hits it. Once
it hashit the mouseit brie�y backsup andthenmovesforward to hit it again. This is repeated
until themousehasbeenhit 3 times.Thecatthensitsstill for a �x edamountof time, ignoringall
sensoryinput, to allow themousetime to escape.Oncethis �x edamountof time runsoutplaying
is completedandstandardsubsumptionstyle behavior is resumed.The play subsumptionlayer
hasthehighestpriority within thesubsumptionarchitecture,sowhile playingall otheractionsthat
wouldbeperformedby lowersubsumptionlevelsareignored.

Oneproblemwith theplaymodeasit is is thatthereis nodistinctionbetweenhitting themouse
and hitting a wall or obstaclewhile pouncing. While the cat is pouncingon the mouseit just
movesat full speedtowardsthelight until it hits something,which maybeanobstacleratherthan
the mouse. As it is the play modesubsumesall othersubsumptionlevel behaviors so thereis
no way to bothuseobstacleavoidanceandmousechasingaswritten in thosesubsumptionlevels
withoutwriting thatcodedirectlyinto theplayfunctionality. Perhapsonemodi�cation thatwhould
bemadeif wewereto redesignthesubsumptionarchitecturewouldbeto allow lowersubsumption
levelsto beaccessedwhile playing.

1.3 BasicAr chitectureDesign

Whenwewere�rst designingour robotweweretrying to �gure outbothwhatexactly it would
do andhow it would do thosethings. We hadtroubledecidingwhich typeof architectureto im-
plementandhow the architecturewe chosewould be mappedto programmingin c. Our main
debatewasbetweenusingsubsumptionarchitectureand�nite stateautomata,asin theantsprob-
lemset.We�gured therewouldbebene�tsto bothbut thattheremaybetroubleturningacomplex
FSA into reasonablecode.TheFSAmodelwouldbemuchmorecomplicatedto implementsowe
pickedsubsumptionarchitectureandwentwith it.
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In the endwe decideduponusingsubsumptionarchitectureasour basicdesignmodel. This
wouldbeanarchitecturethatwe wouldbeableto codeup fairly easily, by simply having a global
variablefor eachoutputvaluepassedby ablockwithin thediagramto another, possiblysubsuming
anothersignal.If eachof thefunctionsrepresentingdiagramblocksarecalled,thefunctionalityof
eachcandependon thecurrentvaluesof eachof theseglobalsignals.In otherwordstheprevious
signalsaremaintainedduringeachtime loop wheneachsubsumptionblock calculatesits desired
outputbasedontheseinputsignals.It seemedlikeareasonableapproachthatwaswithin ourgrasp
andsowe took it.

Anotherreasonwhy we favoredsubsumptionarchitectureis thatwe couldstarteasyandbuild
up to a morecomplex designastime allowed. Seeingthatwe wereboth �rst time robotbuilders
wewerebothunsureof ourabilitiesandunableto predictexactlyhow muchcouldbeacomplished
in thegiventime frame.
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Figure 1. HandyBoard.

2 Design

The most importantquestionthat we hadat the designstageof the projectwasabout�nding
theright hardwareto implementtherobots.Weknew thatagoodcontrolis themostimportant,as
well asthemostexpensive partof robot construction,sowe lookedat severaloptions,including
Lego MindstormsKit andMedia Lab HandyBoard. Luckily, we wereableto get our handson
the latter, which turnedout to beanawesomepieceof engineering.In the following sectionswe
will giveanoverview of theHandyBoardandtheCricket,which is a smallerversionof thesame
controller.

2.1 Handy Board Controller

We have decidedto usetheHandyBoardasthebrainof our cat. TheHandyBoard(Figure1)
wasdevelopedattheMIT MediaLab,andit wasaimedatmakingthelife of amateurrobotbuilders
(likeus)easier. TheBoardis basedon a 52-pinMotorola6811microprocessorwith systemclock
running at 2 MHz, and 32K of battery-backed CMOS static RAM. The Handy Board hastwo
L293D chipscapableof driving four DC motors,poweredheaderinputsfor 7 analogsensorsand
9 digital sensors,anda16 � 2 characterLCD screen(seeFigure2 for layout).

Thecoreelementof theHandyBoardis an8-bit high-densitycomplementarymetal-oxidesemi-
conductor(HCMOS)microprocessorMC68HC11A8by Motorola(Figure3) with on-chipperiph-
eralcapabilitiesrunningwith anominalbusspeedof 2 MHz. TheHCMOStechnologyusedonthe
MC68HC11A8combinessmallersizeandhigherspeedswith the low-power andhigh-noiseim-

7



6.836EmbodiedIntelligence
Final Project:TomandJerry GlebChuvpilo,JessicaHowe

Figure 2. HandyBoardlayout.

munity of CMOS.On-chipmemorysystemsinclude8 Kbytesof read-onlymemory(ROM), 512
bytesof electricallyerasableprogrammableROM (EEPROM), and256 bytesof random-access
memory(RAM).

Thecontrollerof theHandyBoardrunsassembly, but thereexistsa convenientinterfaceto the
hardwarebasedon a virtual machineprogrammedin a C-like languagecalled“not-quite-C”.This
languageis botheasyto useandhasa setof pre-de�nedfunctionsto interactwith theunderlying
motorsandsensors.

2.2 Crick et Controller

In orderto implementthemouse,whichrequireslessfunctionality, wedecidedto usetheHandy
Cricket from theMediaLab (Figure4). TheCricket is a miniaturecopy of theHandyBoardwith
a restrictedsetof functions,but nonethelesspowerful enoughfor our purpose.The Cricket has
the following featureset: Microchip PIC microprocessorwith built-in Logo interpreter(Figure
5). 4,096bytesof userprogramanddatamemory(this memorypreservesprogramanddataeven
whentheCricket is turnedoff andbatteriesareremoved). Thereareoutputsfor two DC motors,
two plugsandonebi-color LED on eachoutput,inputsfor two sensors(sensorvaluemayberead
astrue/falseor convertedto a numberfrom 0 to 255), two busports,which allow theCricket to
interacta largecollectionof otherdevices,abuilt-in infraredtransceiverwith raw datarateof 50k
baud,andapiezobeeper, a programrun/stopbutton,apowerLED, andaprogramrunLED.

The Cricket is programmedusing the Cricket Logo developedat the MIT Media Lab. This
languagehasthe sameeasyinterfaceto the hardwareas the “not-quite-C”, but it wasdesigned
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Figure 3. MC68HC11A8microprocessor.

speci�cally for kids to program.

2.3 SensorsAnd Actuators

The next robot part to worry aboutwas its interfaceto the real world, or, in otherwords, its
sensorsandactuators.We decidedto give a try to cheapphotosensitive Cadmium-Sulphidere-
sistorsfrom theRadioshackstore(Figure6), andbumpsensors(Figure7) andmotors(Figure8)
from theLego MindstormsKit. The light sensorsreturnvaluesbetween0 and255basedon the
currentlight levels,but theLego bumpsensorsandmotorsbothhavebooleanon/off settingswith
valuesin between.It turnedout that the realworld is very differentfrom what we wereusedto
in simulations(“Simulationsaredoomedto succeed!”).Meaning,out of tenlight sensorsthatwe
boughtwe only got threehaving relatively similar readingsin identicallighting situations,which
wassortof surprising.

2.4 LegoBlocks

After we got thecontrolboards,sensors,andmotorsworking, we hadto devisea way to hook
themuptogethersothattheconstructionwouldn't fall apart.Wedecidedto useLegosfor attaching
partstogether. Initially, it seemedlike aneasything, asif we wentback�fteen yearsright in our
childhood.Our �rst catlookedjustwonderful– four largewheelsmountedona longbody... Then
weturnedonthepowerandrealizedtherewasaproblem...Actually, two problems.First,therobot
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Figure 4. Cricket.

Figure 5. PICmicroprocessor.
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Figure 6. Light sensors.

Figure 7. Bumpsensors.

Figure 8. Motors.
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wastoo fast(we mountedthewheelsdirectly on motors)– it wasacceleratingto someenormous
speedin just a second,andcatchingit on its way from the tablewasquite a feat. Besides,we
could't solve this problemevenif we pulsedthemotorsat a very low rate.At theendwe decided
to useagearbox.

Second,it couldn't turn. In our �rst versionof theTomwehadfour rubberwheels,two of which
werepassive (in thefront of thevehicle).Thecombinationof having four wheelsanda longbody
madeit suchthat turningwasnearlyimpossible.Meaning,it could,but theradiusof its turn was
closerto that of a jet interceptorratherthanan animal! Therefore,the initial constructionwas
laterconsiderablychangedto having a third passive wheelwith no rubbertire muchcloserto the
centerof mass.This is exactly thereasonwhy Legosarethebestconstructionmaterialfor people
building robotsfor the �rst time: designscanbe quicky modi�ed if it turnsout that thingsdon't
work out. We alsoassumethat Legosmight be usefuleven for “professionals”in the �eld asa
quickprototypinginstrument,whenit is easyto completelyrethinkandredothemodel.

2.5 Putting It All Together: SubsumptionAr chitecture

Okay, wehavetwo creatures,asmalloneandabig one,remotelyremindingusof TomandJerry.
They look cool (�rst robot!!), but whatsowe do next? How do we make themactandplay with
eachother? What is the approachto use?A bunchof “if ” statements?A �nite stateautomaton
model?An intricateinterconnectof functionsandgloabalvariables?Wedecidedto takeadvantage
of whatwelearnedin thebeginningof theclass– theapproachcalled“subsumptionarchitecture”.
Why is it useful? Well, �rst of all, it is layeredbottomto top, which makes it easyto build a
complex behavior from scratch.Second,it is easyto draw thepictureandstructurethe thinking
aroundit. And third, it is easyto quickly implementit in C. Therefore,we decidedto give it a
try, andwe liked the approacha lot. Indeed,at the end,we found ourselvesin a positionof an
engineerwho is reusinghisor herold andworkingsolutionsandcreatingamorecomplicatedand
interestingdesignwith lesseffort.

Figure9 shows thesubsumptionarchitecturefor thecat. As you cansee,thereare� ve layers
overriding oneanother, which correspondto the behavior examplesdecribedearlier. The basic
behavior is for the cat to move in a straightline. This is subsumedby signalsfrom the explore
block whenit is time to turn. Likewise,thatlayeris subsumedby thelight following layer, which
is subsumedby the obstacleavoidancelayer, which is subsumedby the play layer. Light sensor
valuesarefed into play layerandthelight following layer, while bumpsensorvaluesarefed into
theplay andtheobstacleavoidancelayers.Thewanderlayeralsohasaccessto a randomnumber
generatorto setinternaltimersfor turningandmoving in a straightline. Thelower blocksof the
diagramallow for therobotto movein astraightline whenlackinginput from highersubsumption
levels.

Figure??�g:sub-mouse)showsthesubsumptionarchitectureof themouse.As describedearlier,
themousehasnosensoryinputandhasnointernalfeedbackloops.Thesamelowerblockstructure
asin the cat architecturearepresenthereaswell, allowing the mouseto move in a straightline
whennosignalis receivedinstructinga turn.
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Figure 10. Subsuptionfor Jerry.
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Figure 11. TomandJerry.

3 Implementation

3.1 Tom

In thissectionwewill show how webuilt our two creatures(Figure11)andhow they work. The
basicideais thatthemousehasgota light bulb on topof its head,andthecathasgot light sensors
to trackdown themouse.Thecat's behavior is to wanderaroundin thedarknesswhile exploring
asmuchspaceaspossible,andgo towardsthe light if thereis one. If the cat �nds the mouseit
beginsto play with it, by sitting still in thesameplacefor a while, pouncingon it andbattingit a
bit, thenletting themousegoaway. Themousecan't seethecat,soit justwandersaround.

Theimplementationof Tomis shown in Figure12. As youcansee,thebodyof therobotis made
outof Legoblocks.Tomhastwo activewheelsin thebackandonepassivewheelin thefront (not
seenin theFigure,but it is locatedright undertheserialconnector).Thereasonfor having three
wheelsis simple,andit wasexplaineda little earlier: themainproblemof thelocomotiondesign
is to avoid friction asmuchaspossible,which meansthat four equal-sizedrubberwheelsdon't
quite work (we tried andfailed miserably). Even with this design,the robot needsto rotateits
two wheelsin oppositedirectionsin orderto turn. Turningonly onewheelwhile leaving theother
steadyis notpowerful enoughto allow theexecutionof a turn. However, with shorttimeslicing in
theinertialworld themotionforwardtogetherwith occasionalturndoestheperfectjob.

In thefront of thecatyoucanseetwo whiskers,whichpressagainstthetwo bumpsensorswhen
touched.While wandering,whenTom hits an obstaclewith its right bumpsensor, it backsoff a
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Figure 12. Tom.

little and turns left. The oppositeis true for the left sensor. This resultsin very goodobstacle
avoidanceascomparedto aone-bump-sensorrobot.

Thecathasthreeeyes:theleft andtheright light sensorslook at+/- 90degreesfrom thecenter
line andareusedto orienttowardsthelight, while asthefront one,lookingstraightahead,is used
to measurelight intensity, which determinesthecurrentbehavior.

Thebeautyof theHandyBoardis that is runsa C virtual machine.Therefore,Tom's program
is written in C, which makes it easyto debug, change,andreusethe code. An exampleof the
high-level codeimplementingsubsumptionarchitectureis shown in Figure13. Thefull listing of
theprogramis shown in theappendix.

3.2 Jerry

Figure14 depictsJerry, our mouse.As you cansee,it is muchsmallerthanTom, which was
exactlyourgoal.Theideabehindtheimplementationis similar, though.Themousealsohasthree
wheels,two active andonepassive. However, a gearboxwould betoo bulky for therobotof that
size,sowe decidedto do without it andusesmallerwheelsinstead.The mousehasno sensors,
andits behavior is completelydeterministic.Thereis no randomnessin thetime in which it goes
forward or turns,asopposedto the cat. On top of the mousethereis a sourceof bright light (a
hallogenlamp) so that the cat would be ableto seethe mousefrom far away. It is worth noting
thatwehadto decouplethesystemandaddanothersourceof powerspeci�cally for thelight bulb,
becausewhenboth the cricket and light were run off of the samebatterythe light drainedthe
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while (1) {
motorR = 0; /* reset power levels of left and right motors */
motorL = 0;

play(); /* implement the layers */
avoid_obstacles(); /* of subsumption architecture */
go_to_light();
wander();

set_motors();

motor(1, motorL); /* drive the motors */
motor(2, motorR);
alloff(); /* turn off all motors */
sleep(0.025); /* go to sleep for 0.025 s (pulsing) */

}

Figure 13. Exampleof catcode.

batteryveryquickly.
You alreadyknow that themouseis controlledby theCricket, which is programmedin Logo.

To give you a feel of how we programmedthemousepleasetake a look at Figure15. Whatdoes
this codedo? First, it setsthepower of motorsto thelowestpossiblevalueto compensatefor the
absenceof a gearbox.Second,thereis an in�nite loop which doesthe following: go straightfor
2 seconds,go backfor 0.3 seconds,turn right for 0.3seconds.This coderesultsin the“random”
walk behavior similar to thatof theBraitenberg vehiclein ResearchAssignment1. Interestingly,
this deterministicbehavior createsan illusion of an intelligentmouse,which backsoff andturns
away from awall if it everhitsoneor thecatif it bumpsup againstit – veryniceindeed.
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Figure 14. Jerry

to wander
setpower 1
loop[

ab, repeat 20 [onfor 1 wait 1]
ab, rd
ab, repeat 3 [onfor 1 wait 1]
b, rd
ab, repeat 3 [onfor 1 wait 1]
a, rd

]
end

Figure 15. Exampleof mousecode.
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4 Results

4.1 Behaviors of SubsumptionLevels

Overall eachof the subsumptionlevels aloneperform very well. Without a doubt the base
behaviors of wanderandobstacleavoidancework very well. Whenthesetwo levelsarerun alone
we seeexactly whatwe expectto see,thecatmovesthroughouttheenvironment,turningslightly
away from thingsif somethingis run into andfrom time to time turningin somerandomdirection
aftergoingstraightfor alongtime. Obviously, thelight levelsplaynopartin theoutcomebehavior
of thecatduring thesetests.Themouseis ignoredcompletelyunlessit is bumpedinto, in which
casethecatwill act thesameasif it hadrun into a wall: it will backup andturn away from the
bumptarget.

Whenthelight chasinglevel is addedin weseethatthecatalmostalwaysbehavesasexpected.
It doesin factnoticeandturn towardsthe light whenthemouseis within visible range,andthen
chargestowardsit. It alsokeepstheobstacleavoidancefunctionalitywhensomethingis bumped
into andthewanderingfunctionalitywhensightof themouseis lost. But sometimeswe seethat
this actionbehavessomewhatunlikewhatanobserver would expect.For instance,sometimesthe
catwill decideto turn towardsthewall ratherthantowardsthemouse.Duebothto theparticular
placementof the light sensorson the cat and the re�ection levels on the walls, sometimesthe
re�ection off thewall is atananglethatis visiblewhile thelight itself is not. Whenwethink about
this logically we can�gure out why it makessenseandwhy this type of actiontakesplace,but
to the observer watchingthe cat andmousedrive aroundtogetherall sheseesis the cat turning
towardsthewall whenthemouseis behindit, which is somewhatconfusing.

With the light chasinglevel addedwe alsoseethat therearefewer casesof whenthe cat gets
stuckin its environment.We know that it is possiblefor thecat to turn whennearanobstacleso
that thewheelgetscaughton thecorner, with thewheelsspinningbut thebumpsensornot being
activated. Anotherexampleis whenthe cat getsin a repetitive loop in a cornerbumpinginto a
wall, backingup, turning away andthenbumpingin to the perpendicularwall andrepeatingits
backupandturnawaylooptowardstheoriginalwall. With thelight chasinglevel addedin weadd
new waysfor thecat to free itself from thesesituationsby noticingandturning towardsthe light
ratherthancontinuingon in its staticoriginal loop.

Whentheplay level is addedthebehavior is changeddrastically. Thewayin whichthecatplays
with the mouseareasfollows: it chasesthe mousethroughnormallight following subsumption
levles andwhenit getscloseenough(whenthe sensorvaluesareat a certainthresholdlevel) it
stopsandwatchesthemousefor a timedperiod.During this timethecatmayturnto reorientitself
andkeepfacingtowardsthemousebut doesnot move forward. If themousemovestoo far away
during this periodthenthe playing is cut shortandthe cat resumesnormal light following until
within a suitablerangeagain.After thecathassatandwatchedthemousefor thetimedperiodit
chargesat a fasterthannormalspeedandramsinto themouse,chasingit until a bump sensoris
activated.Thecatthenbacksup a shortwaysandrepeatstherammingthreetimes.After this the
cat in effect 'closesits eyes' andlets the mouseescapefor a shortperiodso that it may resume
chasingit again.

Whenthecatis moving aroundin standardform it movesataboutthesamespeedasthemouse,
maybea little slower. But whenthe cat is pouncingon the mousethe speedis almostdoubled,
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mimicinganattackor leapby acatin anattemptto catchprey.

To theobserverit is sometimesconfusingastowhetherthecatis sittingstill becauseit is stalking
the mouseor if it is in the phasein which it sits still to let it escape.The oneway in which we
know the cat is pouncingon the mouseandnot simply orientingandmoving towardsthe light
in standardform is the fact that pouncesaredonewith this heightenedspeedlevel. Sometimes
it canbe confusing,becauseif the cat is stalkingthe mouseandthe mousemovessuchthat the
cat is now out of thresholdlight rangethecatwill resumestandardlight following behavior until
it is within this rangeagain. To the observer the cat is moving towardsthe mouse,sitting still
while stalking,thenmoving towardsit againbut not pouncingasthe observer would expectbut
just moving towardsit like normal,thenstalkingagain.Sometimesthesephasescanberepeated
numeroustimesin which thecatstalksbut thenhasto catchbackup,thenstalkagain,etc.

It seemslike part of the problemis that there is no visual distinction betweenthe different
behavior phasesexecutedby thecatotherthanthespeedof thepounce,whichmakesit dif�cult to
distinguishin somecases.For instance,if thecathadsomesortof paw that it coulduseto hit the
mousearoundwewouldbeableto tell withoutadoubtthatthecatis now playingwith themouse.
Anotherideais a tail that it couldwagin certainwayswhencertainactionsaretakingplace.All
of theseareextrapiecesthatwouldnot reallymodify thebehavior persebut wouldmakeit clearer
for theobserver.

4.2 PhysicalCreature Interaction

In many waystherobotsbehavedifferentlyfrom whatwouldbeexpectedsimply becausethese
are actualphysicalrobotsand it is easyto forget that the laws of physicsand logic still hold.
For instance,whenthe cat runs into the mouseat full speedthe mousegetspushedaroundand
sometimeswill belifted upabit. Sometimesthewiresonthemousegettangledin thewhiskersof
thecatandneedto befreedby someone(likeme)sothey don't pull apartandbreakeachother. It
is very easyfor thetwo robotsto run into eachotherandget themselvesstuckagainsta wall with
no way to free themselves. Wheneitherof therobotsneedto escapefrom a pinnedsituationthe
standardresponseis to turnawayfrom thesidethathadits bumpsensorcompressed,but sometime
thewheelitself is pressedagainstthewall andis in thewayof executingasuccessfulturn.

As notedbefore,the cat hasa tendency to get stuck in cornerswhile wandering. When the
mousecomeswithin visibledistanceof thecat,thecatcanexit this repetitive loop in thecornerby
turningto chasethemouse.Theproblemwith thecat in thecorneris thatall behaviors arebased
on local currentstateof thesensors,so thecathasno way of knowing if it is stuckin thecorner.
Perhapstherecouldbeaninternalcounterthatmarksthesequenceof left andright bumpsrecorded
by thebumpsensorsandactaccordinglyif a cornerlike sequenceis encountered,but thereis also
apossibilitythatthissequencecouldbeencounteredby luck alone.

The mousetoo hasa tendency to get stuckagainstobstaclesin the environment,but this has
moreto do with the fact that thereareno sensoryinput mechanismsin placeon themouseto let
it know whenit is in contactwith something.Themouserepeatsa loop in which it goesforward
for a �x edamountof time, goesbackwardsfor a smallamountof time, andthenturnseitherleft
or right for a �x ed mediumlengthamountof time. Many timesthe mousewill just go up to a
wall andkeepspinningits wheelsattemptingto go forwards. Sometimesafter this it will brie�y
backupandthenattemptto turn,only to �nd itself verycloseto thewall withoutenoughclearance
roomto actuallyperformthe turn. Whenthis happensthemousein effect standsstill againstthe
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wall, unableto moveforwardor to turn. Thesetypesof situationsdon't tendto lasttoo long,asthe
mouseeventuallyfreesitself from its position. Cornersarestill a problemfor themousethough
becauseevenafterthetimeof randomturningthereis still agoodchancethatthedirectionit ends
up facingwill betowardsawall andit will bestuckagain.

Whenthetwo robotsaretogetherandpinnedagainstawall or stuckin acornerit ussuallytakes
a while for themto becomefree. The way that the cat playswith the mouseis to pounceon it
andthensit still andlet it escape.If the two robotsaretouchingeachotherthenthecatmustbe
pouncing(or elseit would have stoppedto track the mousesposition)andwill allow the mouse
to escapeby sitting still. But if thecat is pinningthemouseup againsta wall thenthereis either
no way or a narrow way for themouseto escape.Seeingthat themousehasno sensoryinput the
freedomof themousedependssolelyon luck to direct it towardsthis possiblynonexistantescape
route. In otherwords,whenthe two robotsbecomepinnedtogethernext to a wall it is often the
casethatthey will staytherestuckfor quitesome.

4.3 External In�uences on Performance

Thereare many elementsof the environmentthat in�uence how the cat and mouseinteract.
Oneof the mostobvious in�uences is the type of �oor that the robotsarerun on. In all of our
experimentstherobotswererun on tile andtheparametersof thesystemhave beensetbasedon
thissetting.If wewereto moveourrobotsto acarpetedroomthey maynotwork atall. Perhapsthe
robotswouldbeunableto turnatall onacarpetedsurface,or would justmoveatadifferentspeed.
Whatever the differencesmay be in physicalmovementof eachrobot in the new environment,
the interactionbetweenthe two will de�nitely change.This is becausethe parametervaluesset
beforehandallowedtherobotsto beableto do thingssuchasturnaparticularanglein aparticular
time frame.For example,if insteadof backingup andturningtheroughly30 degreesthat thecat
turnswhenabumpsensoris hit but insteadturning10degrees,theturnwill notbeenoughto clear
theobstaclewhenthecatcontinuesforward.

If theambientlight level in the room is very high (meaningnot completelydark) thenthe cat
will only requirea small amountof light from the mouseto reachthe thresholdlight levels that
instigatehigh level behavior. If thelights in theroomareon thenthemousewill continuallythink
it is very nearto the mouseandwill attemptto play: stopandstalk the ambientlight andthen
pounceforwarduntil it hitssomething,mostlikely thewall, evenif themouseis nowherein sight.
Unfortunatelythis is not very smartbehavior, but we built our systemto reactsolelybasedon the
light levelsread,andthatis whatis happening.

We alsonoticethat interestingbehavior canbeseenwhenthereis a high level of re�ection off
of the walls. At certainanglesthe cat will be ableto seethe re�ection of mouselight whenthe
mouseitself is notvisible,andwill turn towardsthewall in anattemptto chasethemouse.

For all of our experimentswe madeour walls andobstaclesbe a heightthat would guarantee
thata bumpsensorwould behit if thecat ran into it headon. With shorterobstaclesit would be
possiblethatthecatcouldhit it headon but notcompressoneof thebumpsensors.

4.4 Videos

Wehave includedfour videosalongwith our reportbut I will brie�y explain themhere.
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The �rst video is shotwith the lights on in the room anddemonstratesthe wander, obstacle
avoidance,and light balancingsubsumptionlevels. We seethe randomwanderingtaking place
andcorrectturning whenan obstacleis bumpedinto. As well as this we seethat whena dark
objectis heldup in front of oneof thesidelight sensorsthecatturnsaway. Thedarkobjectmakes
the light sensorsimbalancedand the light leveling subsumptionlayer makes the cat turn away
from this darkobjectbeforeit bumpsinto it. In thebackgroundwe canseethemouseexecuting
its standardwander.

The secondand third videosare very similar to eachother. Theseare shot in the dark with
samebehaviors asin videoone,but alsowith thebehavior thatallows movementtowardsa light
source.Theplaybehavior is not includedin eitherof thesevideos.Wecanseethecatsuccessfully
wandering,bumpinginto objectsandturningaway from them,andorientingtowardsandchasing
the mousewhencloseenough. We canalsoseeexamplesof the subsumptionlayering in these
videos:evenwhenthecatis chasingthelight thestandardobstacleavoidancebehaviors take over
whenanobjectis run into. After theobstacleavoidancesequenceis completedthelight chasingis
resumed.

The fourth video shows all threeof the above subsumptionbehavior layersaswell asa �rst
versionof theplaylayeraswell. Whenthecatgetsverycloseto themouseafterchasingit, it stops
andtracksit for a few moments.The cat thenmovesforward to pounceon the mouse,moving
directly towardsthe light until the mouseis hit. It thensits stll for a few momentsandlets the
mouseescape.

Note that this is an early versionof our play routineandnot the �nal versionthat we accom-
plished. The pouncetowardsthe mouseis doneat standardspeedratherthanat full speed,the
movementis still a bit jerky, andthemouseis only pouncedupononetime ratherthanthree.Un-
fortunatelyafterwegot theimprovedplaybehavior workingtheserialconnectorof thecatrefused
to downloadany moreandleft our cattemporarilyimmobilized.And just our luck this happened
right aswe werepreparingto �lm the new andimproved behavior. This just goesto show that
whenworking with robotssometimesthingsbreakandit is very differentfrom theivory world of
simulation.Serialconnectorsdon't just stopworking in simulation.;)
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5 Conclusion

Sowhathave we learnedby building our robots?Lots of things. It took usa very long time to
getanythingto work right ontherobots.Asidefrom �guring outhow to getall of thedigital pieces
to talk to oneanother, just building a successfulstructuraldesignandgettinga simplecodeloop
working took a long time. A lot of time wasspenton exploring thecapabilitiesof themotorsand
sensors:whattypeof motionwaspossibleandwhattypesof informationcouldbedeliveredto us
by thesensors.We alsofound thatmany little tweaksof thecodewereneededto getsuccessful
behavior from therobots.

Sometimesit wasdif�cult to tell exactly whator why the robot wasdoing what it wasdoing,
andit took crawling throughthe codeto parsethe logic we hadimplementedto �nd wherethe
problemwas. For example,sometimesthe cat would just spin in placeandwe hadno ideawhy
thiswashappening;therestof thetimeit behavedjust �me. Wefoundthattherewasaglitch in our
implementationof therandomnumbergenerator, but thatthis glitch wasonly shown in particular
circumstances.

Partof thedif�culty of not beingableto tell whatexactly wasgoingon originatedwith thefact
thattherewasnooutputfrom ourrobots,no log thatwecouldanalyze.Wemadeuseof otherways
thatallowedus to geta peekinto the internalstateof our robots,suchaslights �ashing or beeps
beepingatcertaintimesin thecode.As mentionedearlier, theinternalstateof therobotshadto be
deducedfrom thebehaviorsexhibited,andsometimesthesebehaviorswereconfusing.If wewere
to addothervisualaidssuchasa tail thatwould wagor anarmthatwould play with themouse,
theactualbehavior wouldn't changethatmuchbut it would beeasierfor theobserver to tell what
wasgoingon.

We also learnedthat thingsdon't alwayswork asyou think they would. Lessthana third of
our light sensorsworkedproperlyandonemightsupposethatit takesa long timewhenbuilding a
largerrobot to testtheindividual components.Physicalenvironmentalin�uencessuchasfriction
andre�ection playeda muchlargerrole thanwe �rst imagined.

Generally, we learnedthatbuilding robotsis tough,but it is fun to seethebirth of acreatureout
of apile of components.Eventhoughit wasvery frustratingat timeswe bothfoundtherewardto
bemuchgreaterthanthis smallamountof pain.Wewannabuild morerobots!
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A Code
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