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Abstract. Mostminirobotplatformshavetheability to performtranslationalandrotational
motionsin a decoupledway. This is an importantfeature,which allows therobot to go to
any desiredpositionand/ or orientation.However, in practice,real robot motionsarefar
from accurate,andcontrolstrategiesusingeitherinternalor externalsensorsmustbeimple-
mented,e.g. to achieve a straighttrajectory. Sucha trajectoryis very helpful in structured
environmentslike roomsandcorridors.We presenta mechanicaldesign,with a moderate
complexity, which is capableof makingtherobotgo straightwhile still allowing it to turn
in place. The resultingrobot is a differentialdrive design,wheremotorsdo not drive di-
rectly thewheels:oneof themmakesthe robotmove forwardor backward,andtheother
motormakesit turn in place. Of course,both motorscanbe run simultaneously. Experi-
mentsdemonstratethefeasibilityof thedesign,andthequality of theachievedtrajectories.
This platformconsiderablyalleviatesthedifficulties of robot control,allowing theuserto
concentratein higherlevel tasks.

1 Introduction

Thoughsometasksdo not rely on a precisetrajectory, e.g. a Sumocombat,theability of the
robotto go straightcanbevery helpful in a structuredenvironmentcomposedof rooms,corri-
dors,anddoors. Thoughsensorfeedbackcannotbeneglected,if theunderlyingmachineryis
capableof maintaininga programmedtrajectory, theproblemof control is alleviated,specially
in smallrobots,whereavailablecomputingpower is limited.

Most small educationalrobotsusea differentialdrive mechanism,a perfectsolution if both
wheelsrotateexactly at the samevelocity. In the real world, however, to make suchrobots
go straightcan be a real pain, consuminga lot of time andeffort in order to implementan
appropriatefeedbackcontrolloop.

In this paperwepresentour experienceswith autonomousmobileminirobots.Throughseveral
refinementsteps,we have comeout with a smallrobotplatformwhich is ableto move alonga
straighttrajectory, while keepingtheability to turn in place.

The restof the paperis organizedasfollows: Section2 describesthe elementsof our robot
platform; next, Section3 briefly resumesthe experiencescarriedout with suchrobots. The



problemof goingstraightis presentedin Section4, togetherwith themostcommondrivecon-
figurationsfor minirobots.Section5 proposesdifferentsolutionsto theproblem,mostlybased
on feedbackloops,andour new approachbasedon a specialmechanicaldesign.Experimental
resultsdemonstratethefeasibility andquality of this new approach.Finally, Section6 presents
someconclusionsandfuturework.

2 The Robot

Theelementsof our autonomousmobileminirobotplatformsarepresented.Theoverall robot
is ratherinexpensive, highly configurable,and it hasproven to be very robust. Moreover, it
providesenoughcomputingpower for someratherinterestingAI algorithms(e.g. Q-learning,
or a basicsubsumptionarchitecture).

2.1 Electromechanics

Robotstructureis madecompletelyof Lego parts.Our mostcommondesignhasdiametrically
opposeddrive wheelsandtwo free-wheelingcastor. Eachwheel is driven by its own motor,
thusallowing therobot to go forward,backward,or turn in place.This is a classicdifferential
driveconfiguration,which is thoroughlydescribedin Section4, togetherwith otheralternative
designs.

BesidestheLegoparts,only miscellaneouselectroniccomponentswereused,e.g.bumpers,IR
proximity sensors,IR rangefinders,photo-cells,etc.

2.2 Hardware

Autonomousrobotcontrol is achievedby a HandyBoard[4]: it is a 68HC11-basedcontroller
boarddesignedfor experimentalmobile roboticswork. MIT haslicensedtheHandyBoardat
nochargefor educational,research,andindustrialuse.

BesidestheMotorolaMC68HC11processor, theHandyBoardincludes32K of battery-backed
staticRAM, four outputsfor DC motors,a connectorsystemthat allows active sensorsto be
individually pluggedinto the board,an LCD screen,andan integrated,rechargeablebattery
pack.

Theboardcanbeupgradedwith anExpansionBoardwhich plugson top of it, providing addi-
tional features,like additionalanalogsensorinputs,active Lego sensorinputs,digital outputs,
servomotorcontrolsignals,andaconnectormountfor Polaroid6500ultrasonicrangingsystem.

2.3 Software

A wide rangeof optionsareavailablefor developingsoftwareon theHandyBoard,including
freeassemblylanguagetoolsprovidedby Motorola,andcommercialC compilers.

Additionally, theHandyBoardis compatiblewith InteractiveC, theprogrammingenvironment
createdfor the MIT Lego RobotDesignproject. Interactive C (IC) is a multi-tasking,C lan-
guagebasedcompilerthat includesa usercommandline for dynamicexpressioncompilation
andevaluation.



3 Laboratory Experiences

Thepresentedexperienceshave beencarriedout in theMSc Programin ComputerScienceat
Jaume-IUniversity. First,two experiencesin theRoboticscoursearepresented:kinematicsand
sensor-basedcontrol. Next threeexperiencesbelongto theAI course:reinforcementlearning,
subsumption,andagents.

3.1 Mobile Robot Kinematics

A rotationsensorwasattachedto eachwheel.Thegoalwasto constructthedirectandinverse
kinematicsof themobile robot. Themodelitself is rathersimple[5], but the low precisionof
sensorstogetherwith thepoorcontrolof motorsmakestheproblemratherdifficult.

Nonetheless,several interestingresultswereachieved,e.g. trajectorycontrolmadepossibleto
programtherobotto go straight.

3.2 Sensor-driven Control

Thegoal of this experiencewasto programthe robot for a Sumotournament.The robot had
to becontrolledmainly from its sensorinputs,soa statefinite automatonwasdesigned,where
transitionsweretriggeredby sensorconditions.

Robotshadline sensorsfor detectingthe ring boundary, bumpers,andan IR rangefinder for
detectionof theopponent.

3.3 Reinforcement Learning

Reinforcementlearning[8] is a computationalapproachto learningwherebyan agenttries to
maximizethetotal amountof rewardit receiveswheninteractingwith theenvironment.

Robotshad to learna line following behavior. A rathersimple task waschosenin order to
seethe learningprogressin a small amountof time. Insteadof hard-codinga line following
algorithms,studentsprogrammeda reinforcementlearningalgorithmwhich actuallylearntto
controltherobotby its own experience,following differentlinesmarkedon thefloor.

3.4 Subsumption Architecture

Brooks’subsumptionarchitecture[1] consistsof behaviors,i.e. layersof controlsystemsthatall
run in parallelwheneverappropriatesensorsfire. Parallelbehaviorscanbeeasilyimplemented
in IC on theHandyBoard,usingits parallelprocessingprimitives.

Dif ferentsensors(bumpers,proximity, light) weremountedon the robot,andstudentshadto
designandimplementalayerof controlsystems.Theresultingrobothadanemergentbehavior:
it wanderedaroundthelaboratory, avoidingobstaclesandeitherfollowing or escapingfrom the
light.



3.5 Agent-based Architecture

Accordingto the intelligentagentview [7], theproblemof AI is to describeandbuild agents
thatreceive perceptsfrom theenvironmentandperformactions.Roboticsis not definedinde-
pendently: this approachemphasizesthe taskenvironmentcharacteristicsin determiningthe
appropriateagentdesign.

Thegoaltaskwasinspiredby theTrinity CollegeFire FightingContest:robotshadto find and
extinguishafire in anoffice-likeenvironment.

4 The Problem of Going Straight

Thoughsometasksdo not rely on a precisetrajectory, e.g. a Sumocombat,the ability of
the robot to go straightcanbe very helpful in a structuredenvironmentcomposedof rooms,
corridors,anddoors.

In this sectionwepresenta review of themostcommondrivedesignsfor wheeledrobots,their
advantagesanddrawbacks.

For a wheeledrobot,thedesignermaychooseamongseveraldifferentarrangementsof driven
and steerablewheels. Among thesearrangements,thoroughlydescribedby Joneset al. in
[3], aredifferentialdrive,synchrodrive, tricycle drive,andcardrive (alsoknown asAckerman
steering).

4.1 Differential Drive

Frombothprogrammingandconstructionstandpoints,differentialdrivecanbeoneof theleast
complicatedlocomotionsystems.This schemeconsistsof two wheelson acommonaxis,each
wheeldriven independently. Suchanarrangementgivestherobot theability to drive straight,
to turn in place,andto movein anarc.

Figure1 depictstheright motorandwheelof asimpledifferentialdrivemechanismconstructed
with Lego parts. It shouldbe notedthat this Lego motor hasinternalreduction,thusthereis
practicallyno needof moregears.

However, how to make therobotgo straightis far from direct. Evenwhenthesamevoltageis
appliedto thetwo motors,they will turn at differentspeedsandtherobotwill veerto oneside
or the other. To make the robot go straight,we mustensurethat the wheelsturn at the same
velocity.

4.2 Synchro Drive

With sucha mechanism,all wheelsbothsteeranddrive. They arelinkedin sucha way thatall
point in thesamedirectionat all times. In orderto changedirection,therobotsimultaneously
rotatesall wheelsabouta verticalaxis. Thesynchroschemeovercomesmany of theproblems
of differential,tricycle,andcar-typedrivesat a costof greatermechanicalcomplexity.
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Simple differential drive, right wheel.

4.3 Car and Tricycle Drives

Car-typedrive (Ackermansteering),with its four pointsof suspension,providesgoodstability.
Tricycledrivehasa similar feature,with theadvantageof beingmechanicallysimpler. In gen-
eral,for bothtricycleandcardrive,thetwo fixedwheelswill beconnectedto adrivemotorand
thesteerablewheel(s)will notbedriven.

With carandtricycle drive, it is not necessaryto monitorwheelvelocity in orderto make the
robot go straight. Simply positioningthe steerablewheelat its neutralposition is sufficient.
This simplicity, however, comesat a price: differential andsynchro drive robotshavea subtle
advantageovercar andtricycledrive types; thedifferenceis their kinematics.

With car and tricycle drive, the robot’s orientationand its position are coupled: in order to
turn, it mustmoveforwardor backward.Therobotcannotgodirectly from onepositionand/or
orientationto another, evenif nothingis in theway. However, a robotbasedon differentialor
synchrodrivecan,by turningin place,effectively decoupleits positionfrom its orientation.

5 How to Make a Robot Go Straight

For its simplicity, andthecapabilityof turningin place,adifferentialdrivedesignis chosen.In
thissectionwepresentdifferentmethodsto achieveastraighttrajectory.

Threedifferentsolutionsareproposed:using internal sensorsto feedbackmotor velocities,
usingexternalsensorsto feedbacka landmark,anda mechanicaldesignbasedon an adder/
substractorof motorpower.

5.1 Using Internal Sensors

Thegoal is to make bothwheelsturn at thesamevelocity. This solutionconsistsof a closed-
loopcontrol algorithm, gettingfeedbackfrom internalsensorslike theshaftencoders.



Thebasicideais to take thedesiredvelocity command,sendthecommandto themotors,see
how fastthemotorsactuallyspin,andthenmeasurethatspeedandcompareit to thecommanded
speed.Thedifferenceis calledtheerrorsignal.

In the solutionproposedby Joneset al. [3] anddepictedin Figure2, a proportional-integral
controlleris used.Thetopandbottomloopsareproportionalcontrollersbecausethedifference
betweenthedesiredspeedandtheactualspeedis multiplied by a constant,andfed backto the
motorto adjustthemotorspeed.
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A proportional-integral loop to control the speed of the robot and

synchronize two wheels so that the robot will travel in a straight line (from
Jones et al. [3]).

The integral controller looks at the actualspeedsof both motorsandcomparesthem. In this
way, onemotor is spedup while theotheris sloweddown until they reachspeedssufficiently
closetogether. Therearetwo input signals:desiredvelocityandbias.Thebiastermis usedfor
inputtingtheturncommand.

Themainproblemsof this solutionarethelow resolutionof Lego encoders,theresponsetime
of theloop,andthecomputingresourcesneededfrom theprocessor.

5.2 Using External Sensors

An alternative solution is to make the robot follow landmarkswith its externalsensors,e.g.
distanceto awall. Theapproachis basedalsoin a feedbackcontrolloop,but thecontrolsignal
is now providedby anexternalsensor.

In arealisticminirobotenvironment,linesarenotdrawn onthefloor, andvisionis notavailable,
thusmostcommonlandmarksarewalls. Distancesensorscanprovideanaccuratemeasurement
to the control loop. However, the sameproblemsof responsetime andprocessingpower are
presents.

WehaveusedSharpGP2Dxxdetectorswhicharequiteimmuneto ambientlighting conditions,
andindifferentto thecolorof theobjectbeingdetected.They usetriangulationandasmall lin-
earCCDarrayto computethedistanceand/orpresenceof objectsin thefield of view. However,
theoutputof thesedetectorsis non-linearwith respectto thedistancebeingmeasured.



Despitethis non-linearity, a feedbackcontrol loop canbeeasilyimplemented.Themainprob-
lem is the adjustmentof the control gain: in order to keepa straighttrajectory, a high gain
mustbeselected,but sensornoisecausestherobotto veercontinuouslyfrom sideto sideof the
trajectoryline.

5.3 A Mechanical Solution

As opposedto theprevioussolutions,wewonderedwhetherit waspossibleto changethepower
transmissionwhile keepingthedifferentialdrivescheme.We aimedto drive bothwheelsfrom
thesamemotor, andusea secondmotor for steering,muchlike thevelocity control loop pre-
sentedabove.

The solution is basedon the Lego adder / substractor first designedby Leo Dorst [2], and
modifiedby Mark Overmars[6]. As shown in Figure3 two differentialsareusedbetweenthe
motorsandthedrivewheels.Sucha systemsimultaneouslyaddsandsubstractstherotationof
bothmotors:onewheelis poweredwith theresultingaddition,while theotherwheelis powered
with thesubstraction.
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Design of adder/substractor.

As a result,onemotor is responsibleof the translationvelocity of the robot, while the other
motorstandsonly for rotation.Of course,if this motoris stopped,therobotwill travel alonga
straightline trajectory.

In practice,however, the robot turnsin an undesiredway. The reasonis the friction between
thewheelsandthefloor, which is not exactly thesamefor both. Thoughtherotationmotor is
stopped,it is notblocked, sotherobotturnsevenif no voltageis appliedto this motor.

Thefinal solutionusesa wormgear to transmitmotor rotationto thedifferentials,asdepicted
in Figure4. This gearhasaparticularniceproperty:if themotorstops,its axiscannotbeback
rotatedby thewheels.

Only a smalldeviation is causedby thebackslashof thegeartrain. Theonly minor drawback
of this designis thatthereis a higherfriction thanif only toothgearsareused.

The final robot design,with the controllermountedon top of the robot, is depictedin Figure
5. This vehicleis very compact,almostfits in a squarespace,measuringapproximately19cm
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Final gear train, showing the worm gears attached to motor axes.

long, 16 cm wide, and13cmtall (includingthecontroller). Thereis enoughfreespaceleft on
thefront of therobotto accommodateseveralsensors.

1�2C4�637D9HG*=
Final robot design, with controller.

We have carriedout severalexperimentsto testthequality of thetrajectory, whencommanded
to gostraight.As shown in Figure6, therobottracesanearlystraighttrajectory, asdepictedby
thetraceof anattachedpen.

Measurementson thesetrajectoriesaregiven in Table1. As the traveleddistancegrows, the
deviationcausedby differentvelocitiesis increasedtoo,sincetherobotdescribesanarcinstead
of a straighttrajectory. The new designavoids this difference;in fact, only slipperinesscan
modify themotionof awheel,but this problemis hardlycontrollable.

With respectto thetraditionaldifferentialdrive system,it hasto benotedthatonly onemotor
is poweredduring translationalmotion, thusproviding therobotwith only half of thetheoret-
ical maximumpower. As a result,it canmove too slowly, but in our experimentsit hasbeen
powerful enoughfor moving smoothlyaroundaflat, leveledsurface.
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Trace of the robot for a commanded straight trajectory, using either

a classic differential drive (left) or the new mechanical design (right).

Traveleddistance Deviation (classical) Deviation (new)

20 cm K 1 mm L 1 mm
100cm 50 mm K 1 mm
120cm 73 mm K 1 mm

MONQP8R 9S;8=
Deviation from straight trajectories, for a classical differential drive,

and for the new mechanical design.

Differentlevelsof reductioncanbeappliedto thegeartrain. Thetradeoff is of coursevelocity
versusforce,andtheoptimaldecisiondependsontheweightof therobotandwhetherobstacles
canbefoundin its way. Thetestedvehiclehasa 1:40ratio betweenthemotorandthewheels.
With thisreduction,thetravel speedis about8 cm/s,andthevehicleis stoppedby aforceof 0.3
kg. (valuesmeasuredonawoodentable,with little friction).

6 Summary

Most small educationalrobotsusea differential drive mechanism.To make suchrobotsgo
straightcanbea realpain,consuminga lot of timeandeffort in orderto implementa feedback
controlloop.

Carandtricycle drive is appropriatefor goingstraight,but it hasanimportantdisadvantagein
thattranslationandrotationarecoupled,thusmakingit difficult to work in indoorenvironments.

We have presenteda mechanicalsolution with a moderatecomplexity, which is capableof
makingtherobotgostraightwhile still allowing it to turnin place.Thisdesignusesdifferentials
for addingandsubstractingthepowerof twomotors.Wormgearspreventthemotorsfrombeing
backrotatedby thewheels,thusguaranteeingaperfectstraighttrajectory.

Theresultingrobotis adifferentialdrivedesign,wheremotorsdonotdrivedirectly thewheels:
oneof themmakestherobotmove forwardor backward,andtheothermotormakesit turn in
place.Of course,bothmotorscanberun simultaneously.

Experimentsdemonstratethefeasibility of thedesign,andthequality of theachievedtrajecto-
ries.Thisplatformcanconsiderablyalleviatethedifficultiesof robotcontrol,allowing theuser
to concentratein higherlevel tasks.



Futurework includesattachingshaft encodersto the motors,and developing the direct and
inversekinematicmodelof therobot.Webelievethatourdesignmakespossibletheuseof such
models,sincethepositionerroris keptsmall,at leastfor shortdistances.
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