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1 Intr oduction

Tom andJerry asthey areusuallycalled,area robotic 'cat andmouse'pair that werebuilt to
behaein waysmodeledfrom living catsandmice. Both areimplementedasroboticvehiclesthat
areableto move aroundwithin their ervironments aswell asinteractwith eachotherandmodify
behaior basedon their currentsurroundings.The mouseactsasa passve agent,simply moving
andwanderingthroughthe ervironmentwith no sensoryfeedback o give the cat somethingto
chase.Thecat,on the otherhandis the actve agentwho tracksandchaseghis mousearoundthe
ervironment,with alayeringof multiple behaiors thatareableto take effectatappropriatdimes.

We hadmary goalswhenwe beganworking on this projectandtheideafor it. First, neitherof
ushadever built arobotandthis wasthe perfectopportunityto do so. We bothwantedto getsome
experiencewith building, programmingtestingandinteractingwith arobot.

Secondmuchof the classis focusedon the dif culties andissueghatarisewhenonebuilds a
physicalrobot,asopposedo working strictly with simulation.In simulationit is usuallythe case
thatthe ervironmentis not modeledperfectlyand physicalproblemsthat may arisein building a
robotareignoredor overlooked. To testanddemonstratesomeof theseideasexploredwe wanted
to build arobotof our own.

Finally, the classis called Embodiedintelligence,so it seemstting to make somethingthat
is embodiedratherthan simulated. In the classwe looked at variousdesignarchitecturesand
building arobotwould let usdiscover the prosandconsof differentdesignaspect®n our own.

1.1 BasicDesignOverview

Both the catandmousearebuilt primarily from lego partsandusestandardego motorsastheir
sourceof locomotion.The processoin the catis aHandyBoard,a boarddevelopedby the Media
Lab. Thisboardis programmedvith Not Quite C, avariationof C thatis bothmuchsimplerthan
C anddesignedo allow an easyinterfaceto both motorsandsensorsattachedo the board. The
mousecontainsa Cricket, a very simple processorlsodevelopedat the Media Lab. This board
is programmedn Logo, alanguagespeci cally built for the Crickets. As with the HandyBoard,
this languagecontainsmechanismgor easyinteractionwith the sensorsandmotorsthatmay be
attached.

The cathastwo bump sensorsactivatedby front left andfront right 'whiskers', andthreelight
sensorsnountedatthefront of thevehicle,facingleft, right, andforwards. Thebumpsensorgjive
abooleanpressed not pressedralue,while thelight sensorgeturnintegervaluesbetweer0 and
255. Themouse asmentionedis strictly passve andhasno feedbackn the form of sensors.

We have choserto uselight asthe form in which the catis ableto trackandchasethe mouse.
The mousehasa halogenbulb mountedon top of it which emanatedight in all directions.When
runningthe experimentsve simply turnedoff thelights in theroomsothatthelight shiningfrom
themousewastheonly light visibleto thecat. We choseo uselight ratherthaninfraredfor mouse-
trackingbecauseve arenovice roboticistsandit is easyto dehug light trackingmechanismsvhen
we know thelight is eithershiningor not shining.Using IR, onthe otherhand,is moredif cult to
delug simply becauseve cannotseewith the naked eye whattherobotssee.
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1.2 Behavior

Thebasicbehaior of thecatcanbebrokenupinto four distinctsections Eachof thesebehaiors
actin alayeredfashiononeuponanotheyrsothattheappropriatectionis invokedattheappropriate
time, subsumindhebehaior of lowerlevels. Thebasicactionis to wanderaroundheenvironment
searchingor themouse.l saysearchingut this really meanswaiting for thelight from themouse
to beseersothata highersubsumptiotevel maybecalledin. Thenext layeris thislight-following
layer, activatedstrictly by thelevelsreadin by thethreelight sensorsThis allows the catto turn
towardsthe mouseand move towardsit oncethe two sidelight sensorgeadat roughly the same
levels. The next level is obstacleavoidance,which is actvatedby the bump sensors.Whenan
obstacleis hit the catwill backup andturn away from it, after which the lower levels of wander
or light-following will resume.The nal level is whenthe catis playingwith themouse.Thisis a
morecomple level thatis invoked whenthe catis within a certainthresholdrangeof the mouse
andinvolveswaiting, stalking,pouncingandfreeingthe mouse.

| will brie y gothrougheachof the behaiorsthatareexpressedy thecat.

1.2.1 Wander

Wanderingis the basicactiontaken by the catin lack of stimulusthattriggersotheractions.The
purposeof thisactionis to give thecattheability to exploreits ervironmentin searclof themouse.
While wanderingthe catwill repeatedlymove forwardfor arandomamountof time andthenturn
for arandomamountof time, pointingit in a new direction. The randomlengthof time is spread
betweena de ned minimum and maximumamountof time for which eachof theseactionswill
take place. If in the processof wanderingsomestimulusis encounteredhe resultingbehaior
will take higherprecedencever the wanderaction. Whenthe actionis completewanderingwill
resume.

1.2.2 Light Following

Thelight following layeris actuallyquite simple.Whenthe catis not pointingdirectly atthelight
the left andright light sensorwill readdifferentvalues. Whenthesevaluesaremorethansome
de ned deltaapartthe motorswill spinto turnthecatin placesothatthelight is beingfacedhead
on. If both sidesensorgeadroughly the samevaluesandthe forward sensorreadsabove some
de ned threshold(whenit actuallyseesthe mouseratherthanambientlight levels)it will move
forward,correctingits directionif needbe.

1.2.3 ObstacleAvoidance

Theobstacleavoidances primarily activatedby the'whiskers' of thecat,or theleft andright bump
sensorsWhenanobstaclds hit by eitherof thesebump sensorghe catwill slightly backup and
turn away from the objectthatwashit. Occasionallyan objectwill be hit eitherby the sideof the
body (asin whenit is turning)or in apoorlocationalongthe front which doesnotallow thebump
sensorgo be compressedin a caselik e this the wheelsof the catwill keepspinninguntil either
its body shiftsenoughto activateoneof the bump sensorr to freethe bodyfrom the obstaclepr



6.836Embodiedntelligence

Final Project: TomandJerry GlebChuvpilo,Jessicddowe
whenanoutsidein uence suchasthe mouseapproachingausesnotheractionto take over (like
turntowardsthemouse.)

Although not explicitly codedinto the obstacleavoidance(or bump) level, thereis alsoa ten-
deng to turn away from objectsbasedon the input from the light sensors.Thetendenyg of the
catto turn towardsthe light also causeghe catto turn away from dark objectsbeforethey are
reachedFor example,if thecatis approaching darkobjectatanangle,onesidelight sensowmvill
begin to reada light level lower thanthe otherside. This will causethe 'turn towardsthe light'
actionto take overandthe catwill in effectturn away from the objectbeforetheobjectis reached.
Thisworksbestwhenthelights areon, andthe behaior would bevery visible if we ever changed
mousetrackingbasednlight to theonebasedn IR. Whenrunwith thelights off this behaior is
notalwaysapparent.

1.2.4 Play

The play behaior is a multi-stagebehaior in which the cat stalks,pouncesupon,andthenlets
the mouseescape Whenthe catgetswithin a certaindistanceof the mousethe front light sensor
hits a thresholdlevel andthe cat begins stalking the mouse. In this stagethe cat sits still for a
x edlengthof time andjust watcheshe mouse rotatingif necessarybut not moving towardsit.
If the mousehasstayedwithin thethresholddistanceof the mouseduringthis entirestalkingtime
it thenpouncesuponthe mouse: moving towardsthe mouseat full speeduntil it hitsit. Once
it hashit the mouseit brie y backsup andthenmovesforwardto hit it again. This is repeated
until themousehasbeenhit 3 times. The catthensitsstill for a x edamountof time,ignoringall
sensoryinput, to allow the mousetime to escapeOncethis x edamountof time runsout playing
is completedand standardsubsumptiorstyle behaior is resumed.The play subsumptiodayer
hasthe highestpriority within thesubsumptiorarchitecturesowhile playingall otheractionsthat
would be performedby lower subsumptiodevelsareignored.

Oneproblemwith the play modeasit is is thatthereis no distinctionbetweerhitting the mouse
and hitting a wall or obstaclewhile pouncing. While the catis pouncingon the mouseit just
movesat full speedowardsthelight until it hits somethingwhich maybe anobstacleratherthan
the mouse. As it is the play modesubsumesll other subsumptiorievel behaiors so thereis
no way to both useobstacleavoidanceandmousechasingaswritten in thosesubsumptiorevels
withoutwriting thatcodedirectly into theplay functionality. Perhap®nemodi cation thatwhould
bemadeif wewereto redesigrthesubsumptiorarchitecturevould beto allow lower subsumption
levelsto beaccessewvhile playing.

1.3 BasicAr chitecture Design

Whenwe were rst designingour robotwe weretrying to gure outbothwhatexactly it would
do andhow it would do thosethings. We hadtrouble decidingwhich type of architectureo im-
plementand how the architecturewe chosewould be mappedto programmingin ¢. Our main
debatewasbetweerusingsubsumptiorarchitectureand nite stateautomataasin the antsprob-
lemset.We gured therewouldbebene tsto bothbut thattheremaybetroubleturningacomplec
FSAinto reasonableode.The FSA modelwould be muchmorecomplicatedo implementsowe
picked subsumptiorarchitectureandwentwith it.
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In the endwe decidedupon using subsumptiorarchitectureas our basicdesignmodel. This
would beanarchitecturghatwe would be ableto codeup fairly easily by simply having a global
variablefor eachoutputvaluepassedby ablockwithin thediagramto anotheypossiblysubsuming
anothersignal.If eachof thefunctionsrepresentingliagramblocksarecalled,thefunctionality of
eachcandependn the currentvaluesof eachof theseglobalsignals.In otherwordsthe previous
signalsare maintainedduring eachtime loop wheneachsubsumptiorblock calculatests desired
outputbasedntheseanputsignals.lt seemedik e areasonablapproactthatwaswithin ourgrasp
andsowe tookit.

Anotherreasonvhy we favoredsubsumptiorarchitecturas thatwe could starteasyandbuild
up to a morecomplex designastime allowed. Seeingthatwe wereboth rst time robotbuilders
wewerebothunsureof our abilitiesandunableto predictexactly how muchcouldbeacomplished
in thegiventime frame.
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Figure 1. HandyBoard.

2 Design

The mostimportantquestionthat we had at the designstageof the projectwasabout nding
theright hardwareto implementtherobots.We knew thata goodcontrolis the mostimportant,as
well asthe mostexpensve partof robot construction so we looked at several options,including
Lego MindstormsKit andMedia Lab HandyBoard. Luckily, we were ableto getour handson
the latter, which turnedout to be an awesomepieceof engineering.In the following sectionswve
will give anoverview of the HandyBoardandthe Cricket, which is a smallerversionof the same
controllet

2.1 Handy Board Controller

We have decidedto usethe HandyBoardasthe brain of our cat. The HandyBoard (Figure 1)
wasdevelopedattheMIT MedialLab,andit wasaimedatmakingthelife of amateurobotbuilders
(like us)easier The Boardis basedon a 52-pinMotorola6811microprocessowith systemclock
running at 2 MHz, and 32K of battery-backd CMOS static RAM. The Handy Board hastwo
L293D chipscapableof driving four DC motors,poweredheadeilinputsfor 7 analogsensorand
9 digital sensorsanda 16 2 charactet.CD screen(seeFigure?2 for layout).

Thecoreelemenbf theHandyBoardis an8-bit high-densitycomplementarynetal-oxidesemi-
conductofHCMOS) microprocessoMC68HC11A8by Motorola (Figure3) with on-chipperiph-
eralcapabilitiesunningwith anominalbusspeedf 2 MHz. TheHCMOStechnologyusedonthe
MC68HC11A8combinessmallersize and higherspeedwwith the low-power and high-noiseim-

7
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Figure 2. HandyBoardlayout.

munity of CMOS. On-chipmemorysystemsnclude8 Kbytesof read-onlymemory(ROM), 512
bytesof electrically erasablgprogrammabldROM (EEPROM), and 256 bytesof random-access
memory(RAM).

The controllerof the HandyBoardrunsassemblybut thereexists a corvenientinterfaceto the
hardwarebasedon a virtual machineprogrammedn a C-like languagecalled“not-quite-C”. This
languages both easyto useandhasa setof pre-de nedfunctionsto interactwith the underlying
motorsandsensors.

2.2 CricketController

In orderto implementhemousewhich requiredessfunctionality, we decidedo usetheHandy
Cricket from the MediaLab (Figure4). The Cricketis a miniaturecopy of the HandyBoardwith
a restrictedset of functions,but nonethelespowerful enoughfor our purpose. The Cricket has
the following featureset: Microchip PIC microprocessowith built-in Logo interpreter(Figure
5). 4,096bytesof userprogramanddatamemory(this memorypreseresprogramanddataeven
whenthe Cricket is turnedoff andbatteriesareremoved). Thereare outputsfor two DC motors,
two plugsandonebi-color LED on eachoutput,inputsfor two sensorgsensowvaluemayberead
astrue/falseor corvertedto a numberfrom 0 to 255), two bus ports,which allow the Cricket to
interacta large collectionof otherdevices,a built-in infraredtranscerer with raw datarateof 50k
baud,anda piezobeepera programrun/stopbutton,a power LED, anda programrun LED.

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

speci cally for kids to program.
2.3 SensorsAnd Actuators

The next robot partto worry aboutwasits interfaceto the real world, or, in otherwords, its
sensorsand actuators.We decidedto give a try to cheapphotosensitie Cadmium-Sulphidee-
sistorsfrom the Radioshaclstore(Figure6), andbump sensorgFigure 7) andmotors(Figure8)
from the Lego MindstormsKit. Thelight sensorgeturnvaluesbetween0 and 255 basedon the
currentlight levels, but the Lego bump sensor&andmotorsboth have booleanon/off settingswith
valuesin between.It turnedout thatthe real world is very differentfrom what we were usedto
in simulations(“Simulationsaredoomedto succeed!”).Meaning,out of tenlight sensorghatwe
boughtwe only got threehaving relatively similar readinggn identicallighting situationswhich
wassortof surprising.

2.4 LegoBlocks

After we got the control boards sensorsand motorsworking, we hadto devise a way to hook
themuptogethersothattheconstructiorwouldn't fall apart.We decidedo useLegosfor attaching
partstogether Initially, it seemedik e aneasything, asif we wentback fteen yearsright in our
childhood.Our rst catlookedjustwonderful—four largewheelsmountedonalong body.. Then
weturnedonthepowerandrealizedtherewasaproblem...Actually, two problems First, therobot
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Figure 4. Cricket.
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Figure 6. Light sensors.

Figure 7. Bumpsensors.

Figure 8. Motors.
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wastoo fast(we mountedthe wheelsdirectly on motors)— it wasacceleratingo someenormous
speedin just a second,and catchingit on its way from the table was quite a feat. Besideswe
could't solve this problemevenif we pulsedthe motorsat avery low rate. At theendwe decided
to useagearbox.

Secondit couldnt turn. In our rst versionof the Tomwe hadfour rubberwheels two of which
werepassve (in thefront of the vehicle). The combinationof having four wheelsandalong body
madeit suchthatturningwasnearlyimpossible.Meaning,it could, but the radiusof its turn was
closerto that of a jet interceptorratherthanan animal! Therefore,the initial constructionwas
later considerablychangedo having a third passve wheelwith no rubbertire muchcloserto the
centerof mass.Thisis exactly thereasonwhy Legosarethe bestconstructiormaterialfor people
building robotsfor the rst time: designscanbe quicky modi ed if it turnsout thatthingsdon't
work out. We alsoassumehat Legos might be usefuleven for “professionals’in the eld asa
quick prototypinginstrumentwhenit is easyto completelyrethinkandredothe model.

2.5 Putting It All Together: SubsumptionAr chitecture

Okay, we havetwo creaturesasmalloneandabig one,remotelyremindingusof TomandJerry
They look cool ( rst robot!!), but whatsowe do next? How do we make themactandplay with
eachother? Whatis the approachto use?A bunchof “if ” statementsA nite stateautomaton
model?An intricateinterconnecof functionsandgloabalvariables2Ve decidedo take advantage
of whatwe learnedn the beginningof theclass—theapproacicalled“subsumptiorarchitecture”.
Why is it useful? Well, rst of all, it is layeredbottomto top, which makesit easyto build a
comple behaior from scratch.Secondjt is easyto drav the picture and structurethe thinking
aroundit. And third, it is easyto quickly implementit in C. Therefore,we decidedto giveit a
try, andwe liked the approacha lot. Indeed,at the end, we found oursel\esin a positionof an
engineewhois reusinghis or herold andworking solutionsandcreatinga morecomplicatecand
interestingdesignwith lesseffort.

Figure9 shaws the subsumptiorarchitecturgor the cat. As you cansee,thereare ve layers
overriding one another which correspondo the behaior examplesdecribedearlier The basic
behaior is for the catto move in a straightline. This is subsumedy signalsfrom the explore
block whenit is time to turn. Likewise,thatlayeris subsumedby the light following layer, which
is subsumedy the obstacleavoidancelayer, which is subsumedy the play layer. Light sensor
valuesarefed into play layerandthelight following layer, while bump sensowaluesarefed into
the play andthe obstacleavoidancelayers. Thewanderdayeralsohasaccesgo a randomnumber
generatoto setinternaltimersfor turningandmoving in a straightline. The lower blocksof the
diagramallow for therobotto movein astraightline whenlackinginputfrom highersubsumption
levels.

Figure?? g:sub-mouseshavsthesubsumptiorarchitecturef themouse As describecearlier
themousehasno sensorynputandhasnointernalfeedbackoops. Thesamdowerblockstructure
asin the cat architectureare presenthereaswell, allowing the mouseto move in a straightline
whenno signalis recevedinstructinga turn.

12
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Figure 11. TomandJerry

3 Implementation
3.1 Tom

In this sectionwe will shov how we built ourtwo creaturegFigure11) andhow they work. The
basicideais thatthe mousehasgotalight bulb ontop of its head andthe cathasgotlight sensors
to trackdown the mouse.The cat's behaior is to wanderaroundin the darknesavhile exploring
asmuchspaceaspossible,andgo towardsthe light if thereis one. If the cat nds the mouseit
beginsto play with it, by sitting still in the sameplacefor a while, pouncingon it andbattingit a
bit, thenletting the mousego away. Themousecant seethecat,soit justwandersaround.

Theimplementatiorof Tomis shavnin Figurel2. Asyoucansee thebodyof therobotis made
outof Lego blocks. Tom hastwo active wheelsin the backandonepassve wheelin thefront (not
seenin the Figure,but it is locatedright underthe serialconnector).The reasorfor having three
wheelsis simple,andit wasexplaineda little earlier: the main problemof thelocomotiondesign
is to avoid friction as muchas possible which meansthat four equal-sizedubberwheelsdon't
quite work (we tried andfailed miserably). Even with this design,the robot needsto rotateits
two wheelsin oppositedirectionsin orderto turn. Turningonly onewheelwhile leaving the other
steadyis not powerful enoughto allow the executionof aturn. However, with shorttime slicingin
theinertial world the motionforwardtogethemwith occasionaturn doesthe perfectjob.

In thefront of the catyou canseetwo whiskers,which pressagainsthetwo bumpsensorsvhen
touched. While wandering,when Tom hits an obstaclewith its right bump sensorit backsoff a

14
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Figure 12. Tom.

little andturnsleft. The oppositeis true for the left sensor This resultsin very good obstacle
avoidanceascomparedo a one-lump-sensorobot.

Thecathasthreeeyes:theleft andtheright light sensordook at +/- 90 degreesfrom the center
line andareusedto orienttowardsthelight, while asthe front one,looking straightaheadjs used
to measurdight intensity which determineshe currentbehaior.

The beautyof the HandyBoardis thatis runsa C virtual machine.Therefore,Tom's program
is written in C, which makesit easyto dehug, change andreusethe code. An exampleof the
high-level codeimplementingsubsumptiorarchitecturas shavn in Figure13. Thefull listing of
the programis shavn in theappendix.

3.2 Jerry

Figure 14 depictsJerry our mouse.As you cansee,it is muchsmallerthan Tom, which was
exactly ourgoal. Theideabehindtheimplementations similar, though.The mousealsohasthree
wheels, two active andonepassve. However, a gearboxwould be too bulky for the robotof that
size,sowe decidedto do without it andusesmallerwheelsinstead. The mousehasno sensors,
andits behaior is completelydeterministic.Thereis no randomnes# thetime in which it goes
forward or turns,asopposedo the cat. On top of the mousethereis a sourceof bright light (a
hallogenlamp) so thatthe catwould be ableto seethe mousefrom far away. It is worth noting
thatwe hadto decoupleghe systemandaddanothersourceof power speci cally for thelight bulb,
becausenvhen both the cricket and light were run off of the samebatterythe light drainedthe

15
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while (1) {

motorR = 0; /* reset power levels of left and right motors */

motorL = O;

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.

batteryvery quickly.

You alreadyknow thatthe mouseis controlledby the Cricket, which is programmedn Logo.
To give you a feel of how we programmedhe mousepleaseake a look at Figure15. Whatdoes
this codedo? First, it setsthe power of motorsto the lowestpossiblevalueto compensatéor the
absencef a gearbox.Secondthereis anin nite loop which doesthe following: go straightfor
2 secondsgo backfor 0.3 secondsturn right for 0.3 seconds.This coderesultsin the “random”
walk behaior similar to thatof the Braitenbeg vehiclein ResearctAssignmentl. Interestingly
this deterministicbehaior createsanillusion of anintelligentmouse which backsoff andturns
away from awall if it everhits oneor thecatif it bumpsup againsit — very niceindeed.

16
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to wander
setpower

end

loop[

ab,
ab,
ab,

b,

ab,

a,

1

repeat 20 [onfor

rd
repeat 3 [onfor
rd
repeat 3 [onfor
rd

Figure 14. Jerry

1 wait 1]
1 wait 1]

1 wait 1]

Figure 15. Exampleof mousecode.
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4 Results

4.1 Behaviors of SubsumptionLevels

Overall eachof the subsumptiorievels alone perform very well. Without a doubtthe base
behaiors of wanderandobstacleavoidancework very well. Whenthesetwo levelsarerun alone
we seeexactly whatwe expectto see the catmovesthroughouthe environment,turning slightly
away from thingsif somethings runinto andfrom time to time turningin somerandomdirection
aftergoingstraightfor alongtime. Obviously, thelight levelsplay no partin theoutcomebehaior
of the catduring thesetests. The mouseis ignoredcompletelyunlessit is bumpedinto, in which
casethe catwill actthe sameasif it hadruninto awall: it will backup andturn away from the
bumptarget.

Whenthelight chasingevel is addedn we seethatthe catalmostalwaysbehaesasexpected.
It doesin factnoticeandturn towardsthe light whenthe mouseis within visible range,andthen
chagestowardsit. It alsokeepsthe obstacleavoidancefunctionality whensomethings bumped
into andthe wanderingfunctionality whensight of the mouseis lost. But sometimesve seethat
this actionbehaessomeavhatunlike whatan obsenrer would expect. For instancesometimeghe
catwill decideto turntowardsthe wall ratherthantowardsthe mouse.Due bothto the particular
placementof the light sensorson the cat and the re ection levels on the walls, sometimeghe
re ection off thewall is atananglethatis visible while thelight itself is not. Whenwe think about
this logically we can gure out why it makessenseandwhy this type of actiontakesplace,but
to the obserer watchingthe cat and mousedrive aroundtogetherall sheseesis the catturning
towardsthewall whenthe mouses behindit, whichis somavhatconfusing.

With the light chasinglevel addedwe also seethatthereare fewer casesof whenthe cat gets
stuckin its ervironment. We know thatit is possiblefor the catto turn whennearan obstacleso
thatthe wheelgetscaughton the corner with the wheelsspinningbut the bump sensomot being
activated. Anotherexampleis whenthe cat getsin a repetitve loop in a cornerbumpinginto a
wall, backingup, turning away andthenbumpingin to the perpendiculawall and repeatingits
backup andturn away loop towardsthe originalwall. With thelight chasingevel addedn we add
new waysfor the catto freeitself from thesesituationsby noticing andturning towardsthe light
ratherthancontinuingonin its staticoriginal loop.

Whentheplay levelis addedhebehaior is changedirastically Thewayin whichthecatplays
with the mouseareasfollows: it chaseghe mousethroughnormallight following subsumption
levles andwhenit getscloseenough(whenthe sensorvaluesare at a certainthresholdlevel) it
stopsandwatcheghe mousefor atimedperiod. Duringthis time thecatmayturnto reorientitself
andkeepfacingtowardsthe mousebut doesnot move forward. If the mousemovestoo far awvay
during this periodthenthe playingis cut shortandthe cat resumesormallight following until
within a suitablerangeagain. After the cathassatandwatchedthe mousefor thetimed periodit
chagesat a fasterthannormalspeedandramsinto the mouse chasingit until a bump sensoris
activated. The catthenbacksup a shortwaysandrepeatshe rammingthreetimes. After this the
catin effect 'closesits eyes' andlets the mouseescapdor a shortperiodsothatit may resume
chasingt again.

Whenthecatis moving aroundin standardorm it movesataboutthe samespeedasthemouse,
maybea little slower. But whenthe catis pouncingon the mousethe speedis almostdoubled,
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mimicing anattackor leapby a catin anattemptto catchprey.

Totheobsenrerit is sometimegsonfusingasto whetherthecatis sitting still becausé 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 catis pouncingon the mouseand not simply orientingand moving towardsthe light
in standardorm is the fact that pouncesare donewith this heightenedspeedevel. Sometimes
it canbe confusing,becausef the catis stalkingthe mouseandthe mousemovessuchthatthe
catis now out of thresholdight rangethe catwill resumestandardight following behaior until
it is within this rangeagain. To the obsenrer the catis moving towardsthe mouse,sitting still
while stalking,thenmoving towardsit againbut not pouncingasthe obserer would expectbut
just moving towardsit like normal,thenstalkingagain. Sometimeghesephasesanberepeated
numerougimesin which the catstalksbut thenhasto catchbackup, thenstalkagain,etc.

It seemdlike part of the problemis that thereis no visual distinction betweenthe different
behaior phasegxecutedby the catotherthanthe speedf the pouncewhich malkesit dif cult to
distinguishin somecasesFor instancejf the cathadsomesortof paw thatit coulduseto hit the
mousearoundwe would beableto tell withouta doubtthatthe catis now playingwith the mouse.
Anotherideais atail thatit couldwagin certainwayswhencertainactionsaretaking place. All
of theseareextra pieceghatwould notreally modify thebehaior persebut would makeit clearer
for theobsenrer.

4.2 Physical Creature Interaction

In mary waystherobotsbehae differentlyfrom whatwould be expectedsimply becausehese
are actual physicalrobotsandit is easyto forget that the laws of physicsand logic still hold.
For instance whenthe catrunsinto the mouseat full speedthe mousegetspushedaroundand
sometimewill belifted up abit. Sometimeshewiresonthemousegettangledin thewhiskersof
thecatandneedto befreedby someondlike me)sothey don't pull apartandbreakeachother It
is very easyfor thetwo robotsto runinto eachotherandgetthemselesstuckagainsta wall with
no way to freethemseles. Wheneitherof the robotsneedto escapdrom a pinnedsituationthe
standardesponsés to turnaway from the sidethathadits bumpsensocompressedyut sometime
thewheelitself is pressedgainsthewall andis in the way of executinga successfuturn.

As notedbefore, the cat hasa tendeng to get stuckin cornerswhile wandering. Whenthe
mousecomeswithin visible distanceof the cat,the catcanexit thisrepetitve loopin the cornerby
turningto chasethe mouse.The problemwith the catin the corneris thatall behaiors arebased
on local currentstateof the sensorssothe cathasno way of knowing if it is stuckin the corner
Perhapsherecouldbeaninternalcounterthatmarksthesequencef left andright bumpsrecorded
by the bump sensorandactaccordinglyif a cornerlike sequencés encounteredput thereis also
apossibilitythatthis sequenceouldbe encounteredby luck alone.

The mousetoo hasa tendenyg to get stuckagainstobstaclesn the ervironment, but this has
moreto do with the factthatthereareno sensoryinput mechanismén placeon the mouseto let
it know whenit is in contactwith something.The mouserepeatsaloop 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 justgo upto a
wall andkeepspinningits wheelsattemptingto go forwards. Sometimesafterthis it will brie y
backup andthenattemptto turn,only to nd itself very closeto thewall withoutenougkhclearance
roomto actuallyperformthe turn. Whenthis happenghe mousein effect standsstill againsthe
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wall, unableto move forwardor to turn. Thesetypesof situationsdon't tendto lasttoolong, asthe
mouseeventuallyfreesitself from its position. Cornersarestill a problemfor the mousethough
becausevenafterthetime of randomturningthereis still agoodchancethatthedirectionit ends
up facingwill betowardsawall andit will be stuckagain.

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 escapelf thetwo robotsaretouchingeachotherthenthe catmustbe
pouncing(or elseit would have stoppedto track the mousegposition)andwill allow the mouse
to escapdy sitting still. But if the catis pinningthe mouseup againsta wall thenthereis either
noway or anarrov way for the mouseto escape Seeingthatthe mousehasno sensoryinput the
freedomof the mousedependsolelyon luck to directit towardsthis possiblynoneistantescape
route. In otherwords,whenthe two robotsbecomepinnedtogethemext to awall it is oftenthe
casethatthey will staytherestuckfor quitesome.

4.3 External In uences on Performance

Thereare mary elementsof the ervironmentthat in uence how the cat and mouseinteract.
Oneof the mostobviousin uencesis the type of oor thatthe robotsarerunon. In all of our
experimentgherobotswererun ontile andthe parametersf the systemhave beensetbasedon
thissetting.If we wereto move ourrobotsto acarpetedoomthey maynotwork atall. Perhapshe
robotswould beunableto turnatall onacarpetedsurface,or would justmove ata differentspeed.
Whatever the differenceanay be in physicalmovementof eachrobotin the new ervironment,
the interactionbetweenthe two will de nitely change.This is becausehe parametevaluesset
beforehanallowedtherobotsto be ableto do thingssuchasturn a particularanglein a particular
time frame. For example,if insteadof backingup andturningthe roughly 30 degreesthatthe cat
turnswhenabumpsensois hit but insteadurning 10 degreestheturnwill notbeenoughto clear
the obstaclevhenthecatcontinuedorward.

If the ambientlight level in theroomis very high (meaningnot completelydark) thenthe cat
will only requirea small amountof light from the mouseto reachthe thresholdlight levels that
instigatehigh level behaior. If thelightsin theroomareonthenthemousewill continuallythink
it is very nearto the mouseandwill attemptto play: stopand stalk the ambientlight andthen
pounceforwarduntil it hits somethingmostlik ely thewall, evenif the mouses nowherein sight.
Unfortunatelythis is not very smartbehaior, but we built our systemto reactsolely basedonthe
light levelsread,andthatis whatis happening.

We alsonoticethatinterestingbehaior canbe seenwhenthereis a high level of re ection off
of thewalls. At certainanglesthe catwill be ableto seethere ection of mouselight whenthe
mouseitself is notvisible,andwill turntowardsthewall in anattemptto chasehe mouse.

For all of our experimentswe madeour walls and obstaclede a heightthat would guarantee
thata bump sensomwould be hit if the catraninto it headon. With shorterobstaclest would be
possiblethatthe catcouldhit it headon but notcompres®neof the bumpsensors.

4.4 Videos

We have includedfour videosalongwith our reportbut | will brie y explainthemhere.
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The rst videois shotwith the lights on in the room and demonstratethe wandey obstacle
avoidance,andlight balancingsubsumptiorlevels. We seethe randomwanderingtaking place
and correctturning when an obstacleis bumpedinto. As well asthis we seethat whena dark
objectis heldupin front of oneof thesidelight sensorshecatturnsaway. Thedarkobjectmakes
the light sensordmbalancedand the light leveling subsumptioriayer makesthe cat turn awvay
from this dark objectbeforeit bumpsinto it. In the backgroundve canseethe mouseexecuting
its standardvander

The secondandthird videosare very similar to eachother Theseare shotin the dark with
samebehaiors asin video one, but alsowith the behaior thatallows movementtowardsa light
source.Theplay behaior is notincludedin eitherof thesevideos.We canseethe catsuccessfully
wandering pumpinginto objectsandturningaway from them,andorientingtowardsandchasing
the mousewhen closeenough. We canalso seeexamplesof the subsumptiorlayeringin these
videos:evenwhenthe catis chasingthelight the standardbstacleavoidancebehaiors take over
whenanobjectis runinto. After the obstacleavoidancesequencés completedhelight chasings
resumed.

The fourth video shows all threeof the above subsumptiorbehaior layersaswell asa rst
versionof theplay layeraswell. Whenthecatgetsvery closeto themouseafterchasingt, it stops
andtracksit for a few moments. The catthenmovesforward to pounceon the mouse moving
directly towardsthe light until the mouseis hit. It thensits stll for a few momentsandlets the
mouseescape.

Note thatthis is an early versionof our play routineandnot the nal versionthatwe accom-
plished. The pouncetowardsthe mouseis doneat standardspeedratherthanat full speedthe
movements still a bit jerky, andthe mouseis only pouncedupononetime ratherthanthree.Un-
fortunatelyafterwe gottheimprovedplay behaior working the serialconnectoof thecatrefused
to downloadany moreandleft our cattemporarilyimmobilized. And just our luck this happened
right aswe were preparingto Im the nev andimproved behaior. This just goesto showv that
whenworking with robotssometimeghingsbreakandit is very differentfrom theivory world of
simulation.Serialconnectorslon'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
getarnythingto work right ontherobots.Asidefrom guring outhow to getall of thedigital pieces
to talk to oneanotherjust building a successfustructuraldesignandgettinga simple codeloop
working took along time. A lot of time wasspenton exploring the capabilitiesof the motorsand
sensorswhattype of motionwaspossibleandwhattypesof informationcould be deliveredto us
by the sensors We alsofound that mary little tweaksof the codewereneededo get successful
behaior from therobots.

Sometimest wasdif cult to tell exactly whator why the robot wasdoing whatit wasdoing,
andit took crawling throughthe codeto parsethe logic we hadimplementedo nd wherethe
problemwas. For example,sometimeghe catwould just spinin placeandwe hadno ideawhy
thiswashappeningtherestof thetime it behaedjust me. Wefoundthattherewasaglitch in our
implementatiorof therandomnumbergeneratagrbut thatthis glitch wasonly shavn in particular
circumstances.

Part of thedif culty of notbeingableto tell whatexactly wasgoingon originatedwith thefact
thattherewasno outputfrom ourrobots,nolog thatwe couldanalyze We madeuseof otherways
thatallowed usto geta peekinto the internalstateof our robots,suchaslights ashing or beeps
beepingat certaintimesin thecode.As mentionecearlier theinternalstateof therobotshadto be
deducedrom the behaiors exhibited,andsometimeshesebehaiors wereconfusing.If wewere
to addothervisual aidssuchasa tail thatwould wag or an armthatwould play with the mouse,
theactualbehaior wouldn't changehatmuchbut it would be easierfor the obserer to tell what
wasgoingon.

We alsolearnedthat thingsdon't alwayswork asyou think they would. Lessthana third of
our light sensorsvorked properlyandonemight supposehatit takesalong time whenbuilding a
largerrobotto testtheindividual componentsPhysicalervironmentalin uencessuchasfriction
andre ection playeda muchlargerrole thanwe rst imagined.

Generallywe learnedthatbuilding robotsis tough,but it is fun to seethebirth of a creatureout
of apile of componentsEventhoughit wasvery frustratingat timeswe bothfoundthe rewardto
be muchgreaterthanthis smallamountof pain. We wannabuild morerobots!
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A Code
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