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Abstract. Mostminirobotplatformshave theability to performtranslationabndrotational
motionsin a decoupledvay. Thisis animportantfeature which allows therobotto go to
ary desiredpositionand/ or orientation. However, in practice,real robot motionsarefar
from accurateandcontrolstratgiesusingeitherinternalor externalsensorsnustbeimple-
mented.e.g. to achieve a straighttrajectory Suchatrajectoryis very helpful in structured
ervironmentslike roomsandcorridors. We presenta mechanicatlesign,with a moderate
complity, whichis capableof makingthe robotgo straightwhile still allowing it to turn
in place. Theresultingrobotis a differentialdrive design,wheremotorsdo not drive di-
rectly the wheels:oneof themmakesthe robot move forward or backward, andthe other
motor makesit turn in place. Of course,both motorscanbe run simultaneously Experi-
mentsdemonstraté¢he feasibility of the design,andthe quality of theachieredtrajectories.
This platform considerablyalleviatesthe difficulties of robot control, allowing the userto
concentratén higherlevel tasks.

1 Introduction

Thoughsometasksdo not rely on a precisetrajectory e.g. a Sumocombat,the ability of the
robotto go straightcanbevery helpful in a structuredervironmentcomposedf rooms,corri-
dors,anddoors. Thoughsensorfeedbackcannotbe neglected,if the underlyingmachineryis
capableof maintaininga programmedrajectory the problemof controlis alleviated,specially
in smallrobots,whereavailablecomputingpower is limited.

Most small educationakobotsusea differential drive mechanisma perfectsolutionif both
wheelsrotate exactly at the samevelocity. In the real world, however, to make suchrobots
go straightcan be a real pain, consuminga lot of time and effort in orderto implementan
appropriatédeedbackcontrolloop.

In this paperwe presenpur experiencesvith autonomousnobile minirobots. Throughseveral
refinemenstepswe have comeout with a smallrobot platformwhichis ableto move alonga
straighttrajectory while keepingthe ability to turnin place.

The restof the paperis organizedasfollows: Section2 describeghe elementsof our robot
platform; next, Section3 briefly resumeghe experiencesarriedout with suchrobots. The



problemof goingstraightis presentedn Section4, togethemwith the mostcommondrive con-
figurationsfor minirobots. Section5 proposedlifferentsolutionsto the problem,mostly based
on feedbacKoops,andour new approachasedon a specialmechanicatlesign.Experimental
resultsdemonstratéhe feasibility andquality of this new approachFinally, Section6 presents
someconclusionsandfuturework.

2 TheRobot

The elementf our autonomousnobile minirobot platformsare presentedThe overall robot
is ratherinexpensve, highly configurable,andit hasprovento be very robust. Moreover, it

providesenoughcomputingpower for someratherinterestingAl algorithms(e.g. Q-learning,
or abasicsubsumptiorarchitecture).

2.1 Electromechanics

Robotstructureis madecompletelyof Lego parts.Our mostcommondesignhasdiametrically
opposeddrive wheelsandtwo free-wheelingcastor Eachwheelis driven by its own motor,
thusallowing therobotto go forward, backward, or turnin place. Thisis a classicdifferential
drive configurationwhich is thoroughlydescribedn Section4, togethemwith otheralternatve
designs.

BesidegheLego parts,only miscellaneouglectroniccomponentsvereusede.g. bumpersJR
proximity sensorsiR rangefinders,photo-cellsetc.

2.2 Hardware

Autonomousgrobot controlis achiered by a HandyBoard[4]: it is a 68HC11-basedontroller
boarddesignedor experimentalmobile roboticswork. MIT haslicensedthe HandyBoardat
no chagefor educationalresearchandindustrialuse.

Besideghe MotorolaMC68HC11processaqrthe HandyBoardincludes32 K of battery-backd
staticRAM, four outputsfor DC motors,a connectorsystemthat allows active sensorgo be
individually pluggedinto the board,an LCD screen,and an integrated,rechageablebattery
pack.

Theboardcanbe upgradedvith an ExpansiorBoardwhich plugsontop of it, providing addi-
tional features)ik e additionalanalogsensolinputs,active Lego sensotinputs, digital outputs,
seno motorcontrolsignals,andaconnectomountfor Polaroid6500ultrasoniaangingsystem.

2.3 Software

A wide rangeof optionsareavailablefor developingsoftwareon the HandyBoard,including
freeassemblyanguageoolsprovided by Motorola,andcommercialC compilers.

Additionally, theHandyBoardis compatiblewith InteractiveC, the programmingervironment
createdfor the MIT Lego RobotDesignproject. Interactve C (IC) is a multi-tasking,C lan-
guagebasedcompilerthatincludesa usercommandine for dynamicexpressioncompilation
andevaluation.



3 Laboratory Experiences

The presentedxperienceave beencarriedout in the MSc Programin ComputerScienceat
Jaume-MUniversity. First,two experience$n the Roboticscoursearepresentedkinematicsand
sensotbasedcontrol. Next threeexperience$elongto the Al course:reinforcementearning,
subsumptionandagents.

3.1 Mobile Robot Kinematics

A rotationsensomwasattachedo eachwheel. The goalwasto constructthe directandinverse
kinematicsof the mobile robot. The modelitself is rathersimple[5], but the low precisionof
sensorsogethemith the poorcontrolof motorsmakesthe problemratherdifficult.

Nonethelessseveralinterestingresultswereachiesed, e.g. trajectorycontrol madepossibleto
programtherobotto go straight.

3.2 Sensor-driven Control

The goal of this experiencewasto programthe robotfor a Sumotournament.The robot had
to be controlledmainly from its sensolinputs,so a statefinite automatorwasdesignedywhere
transitionsweretriggeredby sensorconditions.

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

3.3 Reinforcement Learning

Reinforcementearning[8] is a computationabpproacho learningwherebyan agenttries to
maximizethetotal amountof rewardit receveswheninteractingwith the ervironment.

Robotshadto learna line following behaior. A rathersimpletask was chosenin orderto
seethe learningprogressn a smallamountof time. Insteadof hard-codinga line following
algorithms,studentsprogrammedh reinforcementearningalgorithmwhich actuallylearntto
controltherobotby its own experiencefollowing differentlinesmarkedon thefloor.

3.4 Subsumption Architecture

Brooks’subsumptiorarchitecturgl] consistof behaiors,i.e. layersof controlsystemshatall
runin parallelwhenever appropriatesensordire. Parallelbehaiors canbe easilyimplemented
in IC ontheHandyBoard,usingits parallelprocessingrimitives.

Differentsensorgbumpers,proximity, light) were mountedon the robot, and studentshadto
designandimplementalayerof controlsystemsTheresultingrobothadanemepgentbehaior:
it wanderedaroundthelaboratory avoiding obstaclesandeitherfollowing or escapingrom the
light.



3.5 Agent-based Architecture

Accordingto theintelligentagentview [7], the problemof Al is to describeandbuild agents
thatreceve perceptdrom the ervironmentandperformactions. Roboticsis not definedinde-
pendently:this approachemphasizeshe task environmentcharacteristicsn determiningthe
appropriateagentdesign.

Thegoaltaskwasinspiredby the Trinity College Fire Fighting Contest:robotshadto find and
extinguishafire in anoffice-like ervironment.

4 TheProblem of Going Straight

Thoughsometasksdo not rely on a precisetrajectory e.g. a Sumo combat,the ability of
the robotto go straightcan be very helpful in a structuredenvironmentcomposeddf rooms,
corridors,anddoors.

In this sectionwe presentreview of the mostcommondrive designgor wheeledrobots,their
advantagesanddravbacks.

For awheeledrobot, the designemay chooseamongserveral differentarrangementsf driven
and steerablewvheels. Among thesearrangementsthoroughly describedoy Joneset al. in
[3], aredifferentialdrive, synchrodrive, tricycle drive, andcardrive (alsoknown asAdkerman
steering.

4.1 Differential Drive

Fromboth programmingandconstructiorstandpointsdifferentialdrive canbe oneof theleast
complicatedocomotionsystemsThis schemeconsistf two wheelson acommonaxis,each
wheeldrivenindependently Suchan arrangemengjivesthe robotthe ability to drive straight,
toturnin place,andto movein anarc.

Figurel depictstheright motorandwheelof a simpledifferentialdrive mechanisntonstructed
with Lego parts. It shouldbe notedthat this Lego motor hasinternalreduction,thusthereis
practicallyno needof moregears.

However, how to make therobotgo straightis far from direct. Evenwhenthe samevoltageis
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 mechanismall wheelsboth steeranddrive. They arelinkedin suchaway thatall
pointin the samedirectionat all times. In orderto changedirection,the robot simultaneously
rotatesall wheelsabouta verticalaxis. The synchroschemeovercomesnary of the problems
of differential,tricycle, andcartypedrivesat a costof greatermedanical complexity.



Figure 1. Simple differential drive, right wheel.

4.3 Car and Tricycle Drives

Cartypedrive (Ackermansteering) with its four pointsof suspensiomprovidesgoodstability.
Tricycle drive hasa similar feature with the advantageof beingmechanicallysimpler In gen-
eral,for bothtricycle andcardrive, thetwo fixedwheelswill beconnectedo adrive motorand
thesteerablavheel(s)will notbedriven.

With carandtricycle drive, it is not necessaryo monitor wheelvelocity in orderto make the
robot go straight. Simply positioningthe steerablevheel at its neutralpositionis sufficient.
This simplicity, however, comesat a price: differential and syndro drive robotshavea subtle
advantaye over car andtricycle drive types thedifferences their kinematics.

With car andtricycle drive, the robot’s orientationand its position are coupled: in orderto
turn, it mustmove forwardor backward. Therobotcannotgo directly from onepositionand/or
orientationto anotheyevenif nothingis in theway. However, arobotbasedon differentialor
synchrodrive can,by turningin place effectively decoupléts positionfrom its orientation.

5 HowtoMakeaRobot Go Straight

For its simplicity, andthe capabilityof turningin place,adifferentialdrive designis chosenlin
this sectionwe presentdifferentmethodgo achieve a straighttrajectory

Threedifferent solutionsare proposed:using internal sensorgo feed back motor velocities,
usingexternalsensorgo feedbacka landmark,anda mechanicatlesignbasedon an adder/
substactor of motorpower.

5.1 UsingInternal Sensors

The goalis to make both wheelsturn at the samevelocity. This solutionconsistsof a closed-
loop control algorithm, gettingfeedbackirom internalsensordik e the shaftencoders.



The basicideais to take the desiredvelocity commandsendthe commando the motors,see
how fastthemotorsactuallyspin,andthenmeasurg¢hatspeecandcomparet to thecommanded
speedThedifferences calledthe errorsignal.

In the solutionproposedoby Joneset al. [3] anddepictedin Figure2, a proportional-intgral

controlleris used.Thetop andbottomloopsareproportionalcontrollersbecausehedifference
betweerthe desiredspeedandthe actualspeeds multiplied by a constantandfed backto the

motorto adjustthe motorspeed.
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Figure 2. 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 controllerlooks at the actualspeedsf both motorsandcompareghem. In this
way, onemotoris spedup while the otheris slowed down until they reachspeedssufficiently
closetogether Therearetwo input signals:desiredvelocity andbias. Thebiastermis usedfor
inputtingthe turncommand.

The main problemsof this solutionarethe low resolutionof Lego encoderstheresponsdime
of theloop, andthe computingresourcemeededrom the processar

5.2 Using External Sensors

An alternatve solutionis to make the robot follow landmarkswith its external sensorsg.g.
distanceo awall. Theapproachs basedlsoin afeedbackcontrolloop, but the controlsignal
is now providedby anexternalsensor

In arealisticminirobotervironmentlinesarenotdravn onthefloor, andvisionis notavailable,
thusmostcommonlandmarksarewalls. Distancesensorganprovide anaccurateneasurement
to the controlloop. However, the sameproblemsof responsdime and processingpower are
presents.

We have usedSharpGP2Dxxdetectoravhich arequiteimmuneto ambientlighting conditions,
andindifferentto the color of the objectbeingdetectedThey usetriangulationanda smalllin-
earCCD arrayto computethedistanceand/orpresencef objectsin thefield of view. However,
the outputof thesedetectorss non-linearwith respecto the distancebeingmeasured.



Despitethis non-linearity a feedbackcontrolloop canbe easilyimplemented.The main prob-
lem is the adjustmentof the control gain: in orderto keepa straighttrajectory a high gain
mustbe selectedbut sensomnoisecausesherobotto veercontinuouslyfrom sideto sideof the
trajectoryline.

5.3 A Mechanical Solution

As opposedo theprevioussolutions we wonderedvhetherit waspossibleio changehepower
transmissiorwhile keepingthe differentialdrive scheme We aimedto drive bothwheelsfrom
the samemotor, andusea secondmotor for steeringmuchlik e the velocity controlloop pre-
sentecabove.

The solutionis basedon the Lego adder/ substactor first designedby Leo Dorst [2], and
modifiedby Mark Overmarg[6]. As shavn in Figure3 two differentialsare usedbetweenhe
motorsandthe drive wheels.Sucha systemsimultaneoushaddsandsubstractshe rotationof
bothmotors:onewheelis poweredwith theresultingaddition,while the otherwheelis powered
with thesubstraction.
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Figure 3. Design of adder/substractor.

As a result,one motor is responsibleof the translationvelocity of the robot, while the other
motor standsonly for rotation. Of coursejf this motoris stoppediherobotwill travel alonga
straightline trajectory

In practice,however, the robotturnsin anundesiredvay. Thereasonis the friction between
thewheelsandthe floor, which is not exactly the samefor both. Thoughthe rotationmotoris
stoppedijt is notblocked, sotherobotturnsevenif no voltageis appliedto this motor.

Thefinal solutionusesa worm gear to transmitmotor rotationto the differentials,asdepicted
in Figure4. This gearhasa particularnice property:if the motor stops,its axis cannotbe back
rotatedby thewheels.

Only a smalldeviation is causedyy the badkslashof the geartrain. The only minor dravback
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 compactalmostfits in a squarespace measuringapproximatelyl9cm



Figure 4. Final gear train, showing the worm gears attached to motor axes.

long, 16 cmwide, and13cmtall (includingthe controller). Thereis enoughfree spacdeft on
thefront of therobotto accommodatsereralsensors.

Figure 5. Final robot design, with controller.

We have carriedout several experimentgo testthe quality of thetrajectory whencommanded
to go straight.As shown in Figure6, therobottracesa nearlystraighttrajectory asdepictedoy
thetraceof anattachegen.

Measurementsn thesetrajectoriesare givenin Table1. As the traveleddistancegrows, the
deviation causedy differentvelocitiesis increasedoo, sincetherobotdescribesnarcinstead
of a straighttrajectory The new designavoids this difference;in fact, only slipperinesscan
modify the motion of awheel,but this problemis hardly controllable.

With respecto thetraditionaldifferentialdrive system,it hasto be notedthat only one motor
is poweredduring translationaimotion, thusproviding the robotwith only half of the theoret-
ical maximumpower. As aresult,it canmove too slowly, but in our experimentst hasbeen
powerful enoughfor moving smoothlyaroundaflat, leveledsurface.
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Figure 6. 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) |

20cm ~ 1mm <l mm
100cm 50 mm ~1 mm
120cm 73 mm ~1 mm

Table 1. Deviation from straight trajectories, for a classical differential drive,
and for the new mechanical design.

Differentlevelsof reductioncanbe appliedto the geartrain. Thetradeoff is of coursevelocity
versudorce,andtheoptimaldecisiondepend®ntheweightof therobotandwhetherobstacles
canbefoundin its way. Thetestedvehiclehasa 1:40ratio betweerthe motorandthewheels.
With thisreductionthetravel speeds about8 cm/s,andthevehicleis stoppedy aforceof 0.3
kg. (valuesmeasurean a woodentable,with little friction).

6 Summary

Most small educationakobotsusea differential drive mechanism.To make suchrobotsgo
straightcanbearealpain,consumingalot of time andeffort in orderto implementa feedback
controlloop.

Carandtricycle drive is appropriatefor going straight,but it hasanimportantdisadwantagen
thattranslatiorandrotationarecoupled thusmakingit difficult to work in indoorervironments.

We have presentedh mechanicalsolution with a moderatecompleity, which is capableof

makingtherobotgo straightwhile still allowing it to turnin place.Thisdesignusedifferentials
for addingandsubstractinghepower of two motors.Wormgeargreventthemotorsfrom being
backrotatedby thewheels thusguaranteein@ perfectstraighttrajectory

Theresultingrobotis a differentialdrive designwheremotorsdo notdrive directly thewheels:
oneof themmakesthe robot move forward or backward, andthe othermotor makesit turnin
place.Of coursepothmotorscanberun simultaneously

Experimentdemonstratéhe feasibility of the design,andthe quality of the achieredtrajecto-
ries. This platformcanconsiderablyalleviate the difficulties of robotcontrol,allowing theuser
to concentratén higherlevel tasks.



Futurework includesattachingshaftencodergo the motors, and developing the direct and
inversekinematicmodelof therobot. We believe thatour designmakespossiblethe useof such
models sincethe positionerroris keptsmall,at leastfor shortdistances.
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