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ABSTRACT

Thispaperdescribeshecontrolalgorithmsof thehighspeed
mobile robot Kurt3D. Kurt3D drivesup to 4 m/s autono-
mouslyandreliably in anunknavn of ce environment.We
presenthereliablehardware,fastcontrol cycle algorithms
and a novel setvalue computationschemefor achievzing
thesevelocities. In additionwe sketcha real-timecapable
laserbasedpositiontrackingmethodthatis well suitedfor
driving with thesevelocities.

1. INTRODUCTION

Many car companieausetheir experiencegatheredduring
car racesto improve their products. In analogywe have
equippedhe KURT2 robot platform[4] with morepower-
ful motorsand designedhigh speedcontrol and localiza-
tion algorithmsto build more reliablerobots. The devel-
opedcontrol cycle including setvalue computationis fast
(100Hz), realtime capableandeasyto maintain. Themotor
controllerconsistof afeedforwardPI controllercombined
with alookuptablefor mappingspeedo PWM valuesand
linearizatingthe motorsignal. It combinesopenandclosed
loop controlconceptandensures fastresponsdime with
only a small overshoot. In the control cycle, the setval-
uesfor the controllersarecomputedby one of threemeth-
ods: Joysticks commandgor manualcontrol, fuzzy rules
for autonomousiriving, or a coordinatebasedcontrol for
goaldirectedmotion. Thecontrolloopis roundoff with the
preciseplanarposetrackingalgorithmHAYAI thatwas rst
presentedn [6]. Featuresareextractedfrom two consec-
utive laserscansand matchedin orderto track the robot's
movement. The resultingcontrol architectureshavs mary
bene tsevenfor slower robots.

The restof the paperis organizedasfollows: Next we
presentelatedwork andthe robotKurt3D itself. Thenwe
discussthe high speedcontrol, followed by the posetrack-
ing algorithm. Sincethespirit of autonomouslylriving high
speedrobotscannotreally be presentedn a paper we ad-
visethereadelin Section4 to view the WWW resourcesn
orderto gainanimpressiorof the experimentsandresults.
Section5 providesa summaryandoutlook.
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1.1. RelatedWork —High SpeedRobotics

Currentrobotsthat drive indoor with “high speed”arere-

portedachieving maximumvelocitiesof 0.4m/sto 1.6 m/s
[5,9,11]. Santiscetal. presentinalgorithmfor localization
within a given mapwhile driving with 2 m/s [8], without

actually performingreal world experimentsat that speed,
though. Methodsfor dealingwith specialaspectof driv-

ing andcontrollingarobotwith highvelocity, e.g.,obstacle
avoidancethat takesinto accountthe robot's speedor re-

actively adaptingpathsfor optimizingthe driventrajectory

canbefoundin [1, 3,9].

In applicationawith restrictedprede nedernvironments,
i.e., RoboCup robotsof a sizesimilar to Kurt3D andwith
maximumvelocitiesin the rangeof severalmeterspersec-
ond canbe found. However, their maximalvelocitiescan-
notbe controlledautonomouslyor cantheposebetracked
in generalervironmentslike an of ce building [12]. In
RoboCupscenariosa high acceleratioris mandatoryto be
successfulbut is only maintainedduring a very short pe-
riod of time dueto spacerestrictionsof the play eld [13].
In the restof the paper we consideras high-speedor an
indoor robot all speeds> 2 m/s,i.e., speedsonsiderably
fasterthanwalking speed.

1.2. The Mobile Robot Kurt3D

Kurt3D (Fig. 1, left) is a mobilerobotplatformwith a size
of 45 cm (length) 33 cm (width) 47 cm (height)and
aweightof 22.6kg. Its theoreticalmaximalvelocity (idle
motion)is 5.2 m/s;actuallydriving underautonomougon-
trol, upto 4 m/shasbeenachieved. It is equippedvith a3D
laserrange nder. Two 90 W (short-time200 W) motors
areusedto power the 6 wheels,whereaghe front andrear
wheelshave no treadpatternto enhanceotating. The core
of therobotis a Pentium-I11-600MHz with 384 MB RAM.
The mainsensorof Kurt is atiltable laserrange nder.

While driving, the scanneiis usedin x ed horizontalposi-
tion only. 181 distancevaluesaremeasuredn 13 ms. This
high frequeng is the basisof the safeandreliable control
andlocalization.
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Figure2: Left: Stepresponsdo maximumvelocity (mea-
suredon carpet),approximatingPT; The measuremenrgr
roratt = 1200is dueto odometry: We measurehe ticks
per secondat the motor, not the wheels; errors occur if
the transmissiorbelt slips. Right: Speedof left andright
wheelsasa function of incomingPWM signals,measured
with no-load. In comparisonthe robot's speedvhendriv-
ing on carpetdiffersapproximatelyby a constanbffset.
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2. HIGH SPEEDROBOT CONTROL

Localizing a robotthatdriveswith high speede.g.,4 m/s)
doesnot only call for avery fasttrackingalgorithmto keep
being localized. It alsorequiresa vehiclethatis ableto
drive safelywith suchvelocitiesin anindoorernvironment,
includingtheability to reactin realtime to sudderchanges
of the surrounding like openingdoorsor peoplewalking
around.Therobotcontrolimplementedn Kurt3D consists
of two parts, namelya fast motor controller and a set of
behaiorsfor setvaluecomputation.

2.1. Motor Controller

Designinga controlprogramfor autonomousnobilerobots
consistof implementingacontrolleror setof behaiorsin-
cludinga setvaluecomputatiorfor the controller Hereby
thegoalis to adjusttheinputsignalto externaldisturbances,
e.g., uctuations of batteryvoltageandfriction. Appropri-
atesetvalues,e.g.,the robot speedor turning velocity, are
mappedy acontrolleror setof behaiorsto theactorsi.e.,
its motors. The controlcycle of Kurt3D's motorsrunswith
100Hz. In orderto modelthe physicalcharacteristicsif-
ferentstepresponseandthe speedof the motorswith no-
loadandon carpethase beenmeasuredFig. 2 (left) shavs

the stepresponséo maximumvelocity, following the char
acteristicsof a PT; element. The right plot presentshe
speedof the two motorswhenoperatingwith no-loadand
on carpetmoving straightforward. Every discretePWM
valuefrom 0 up to 1023is givento the systemfor onesec-
ond, andthe reaction,i.e., the speedat the end of the sec-
ond, is measured The systemshows non-linearitiesn the
upperspeedange. The no-loadmeasuremerdendthe one
on carpetdiffer only by a constantoffset. The controller
works underthe assumptiorthat this offset staysconstant
throughoutthe completevelocity interval, sinceit wasnot
possibleto measurehewhole speedangeon carpetdueto
physicallimitations of the testingernvironment(the longest
corridorwastoo short). Theinverseof the lookuptableT
(Fig. 2, right) togethemwith the offsetbuild the basefor the
openloop partof thecontrollet A givenspeedandsteering
anglearescaledby two feedforwardtermsF, andF, (see
Fig. 1, right) [7] andmappedo a PWM valueaccordingto
T. Fy is setto 1 accordingto the designof the lookup ta-
ble and offset. An additionalfeedforward termis needed
for the angularvelocity (F, = 1 cm) accordingto the
signi cant friction duringturning.

The fastreactiontime of the overall systemandthere-
liable closedloop motor controlis formedby addinga PI-
term. By design Pl controllersgenerat@correctiontermiff
acontroldeviationexists. The P-termdecreasethereaction
time until reachinga modi ed setvalue. Thel-term avoids
steadystateerrorsbut leadsto a smallovershoot However,
the combinationof feedforward termswith the lookup ta-
ble shifts the motor signalsnearthe working point so that
the PI controlleronly controlssmall disturbancesg.g.,dif-
ferentbatterystatesandrobotloads.Thereforea D-termin
the controllerpartis neithernecessaryor desirable since
derivative termsdo have dif culties with noisein the mea-
surementcomparerig. 2 (left).

Finally, the motorsreceve bandpasdtered PWM sig-
nalsasinputs. Fig. 3 right shaws the overall system,con-
tainingthe motorcontrollersfor theleft andright wheelsas
well asthe statetransformatiorformulas.
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Figure3: Left: For safenavigation,the referencevelocity vse; is computedasa function of the distanceto an obstacldying
within a virtual roadway. Right: Schematicverview of the robot's control system,containingtwo motor controllers(see

Fig. 1) for theleft andright wheel.

2.2. SetValue Computation

We haveimplementedhreealternatvesfor computatinghe
setvaluesfor Kurt3D. Dependingon the application,tele-
operatectontrolby a humanoperatoyfuzzy controlfor au-
tonomoushigh-speediriving or globally stablerobot con-
trol for driving preciselyto speci ed coordinatess used.

2.2.1. Teleopeation
Forteleoperationajoystickis used.Thejoysticksignalsare
directly mappedo thereferencevelocity vset andtherefer
enceturningvelocity ! st To our experiencejt is dif cult
for humanoperatorgo control Kurt3D manuallybeyond a
speedf 1 m/s.

2.2.2. FuzzyContmol
To overcomethe problemswith a humanoperatorandto
enablethe robot to drive full speed,a fuzzy controlleris
implementedthat steersthe robot autonomouslyinto free
spaceyielding anautonomousw anderaround”behaiour
with obstacleavoidance.Iln addition,thedriving directionis
relatively stableandtherobot'strajectorydoesnot oscillate.
181 instanceof a fuzzy rule with the following structure
(Eq. (1)) areusedto calculatethe driving direction. These
fuzzyrulesoperatealirectlyonthe 2D laserrangedataof the
scanner:Thei-th rule is appliedto the i-th measurement,
i.e.,thereis exactly onerule permeasuredgcanvalue:

IF (angle_i is in driving direction) AND
(distance_i is large) 1)
THEN drive in this direction.
The fuzzy ANDis implementedas multiplication, the
steeringangle resultsfrom the additionof all i computed

direction vectors. In detail, given a setof measurements
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Figure4: Setvaluegeneratiorwith fuzzyrules,seekq. (1),
(2). Left: Functionf; weighsthe orientationof the data
(“is in driving direction ). Right: f, implements
aweightingonthemeasuredlistance“is large ”).

Fig. 4 shavs the usedfunctionsf ;;f,, implementing
a weightingon orientationresp. distanceaccordingto the
fuzzyrules(1). Theturningvelocity! seis directly propor
tionalto theheading .

In orderto drive safelywith high speedwe apply the
following algorithmto setKurt3D'svelocity: A virtual road-
way is de ned accordingto the robot's width (Fig. 3, left).
If thereis no obstacleon this roadway in front of the robot
within a certaindistancedtonay, the referencevelocity Vet
is setto a maximalvelocity vmax. Otherwise the speedis
scaleddown to Vset = dto=dtOnax Vmax, With the mea-
sureddistanceto the obstacledto. In this way, the fuzzy
control navigatessafelyaroundobstacles.Neverthelessif
dto falls belowv a x edvaluedtonin, a differentbehavior is
evoked,i.e., Vset IS Setto 0, ! st to a constant. This results
in arotationof the vehicleuntil the virtual roadway is free
again. For the setvalue computationwe usethe following
constantsdtomj, = 50 cm, dtoyax = 600 cm and vy Of
4mfs.

2.2.3. CoordinateBasedRobotContmol

The coordinatebasedrobot control is usedfor approach-
ing discretecoordinatese.g.,computeddy anext bestview
plannerthat is utilized for the autonomougyenerationof
consistenBD ervironmentmodels[10]. In this mode,the
nonholonomicrobotKurt3Dis controlledby a closedoop,



time invariantand globally stablemotor controller, devel-

opedby G. Indiveri [2]. Thetargetcon gurationis always
approachedn a straightline andthevehicleis requestedo

movein only onespeci edforwarddirection,thusavoiding

cuspsn thepathsandsatisfyingamajorrequirementor the
implementatiorof suchstratgyy on mary realsystemsFol-

lowing thenotationin [10], let (xg; Ys ;' ) betherobotpose
in the target centeredcoordinatesystem. The controlleris

basedn a Cartesiarkinematicmodeldescribedy:

XG = Vset COS'  YG = Vset SIN' '_= !get= Vset C:

Therebyvset is therobot's linearvelocity, ! settheangu-
lar velocity and c the (bounded)curvature. (0; 0; 0) is the
nal position. The transformatiorof the Cartesiarcoordi-
natesinto polarlike coordinatesesultsin

p —
ez Xg?+yg? €= Vget COS
sin
= atan? ys; Xg) ) —F Vst C ——
, , sin
= _ = Vset
e

G. Indiveri usesfor the robotspeedhe equationvge; =

e with > 0 anda Lyapuna-like basedcontrol law
synthesigo derive thefollowing formulafor the curvature:

c= ﬂ + h- ﬂ + —
e e e

withh > 1and2 < < h+ 1][2]. Thesetwo formulas
for thevelocity andcurvature(or angularvelocity) form the
closedloop, time-invariantand globally stablemotor con-
troller with constantime compleity.

2.3. The Robot Control Ar chitecture

Fig. 5 shavsanoverview of thecompletesystemjncluding
thepreviously presentedetvalueunitsandthelocalization
algorithm HAYAI describedn the next section. The mo-
tor control loop runswith 100 Hz on a Linux laptop. The
generated®WM signalsaresetvia anln neon C167micro-
controller connectedwvith a CAN bus and a Microcontrol
PCMCIA CAN card.Thesetvaluecomputatiorrunsinside
thisloop, iff new inputsignals,.e., sensodata,arepresent.
The fuzzy control generatesiew valueswith 75 Hz. The
fastlocalizationalgorithmHAYAI is executedn thecontrol
loop, restrictingthe time for scanmatchingto 10 ms. The
following sectiondescribeghis fastcomputation.

3. POSETRACKING WITH HAYAI

Thissectiondescribeshenewly developedalgorithmHAYAI
(HighspeedndYetAccuratelndoor/outdoortracking), orig-
inally publishedin [6], whosemain pointswe recapitulate
hereto make this paperself-sufcient. The matchingalgo-
rithm is basedn the following scheme:

1. Detectfeatureswithin scanR, yielding a featureset
M (modelse). Likewisecomputea setD (datase)
from a previousscansS.

2. SearcHor pairwisecorrespondindeaturefrom both
setsresultingin two subsetd M andD D.
3. Computetheposeshift p=( x; y; )T asthe

optimaltransformatiorfor mappingD ontoM .

4. Update the robot's pose p, accor
dingto formula(3).

5. Sarethecurrentscanasnew referencescanR  S.

Givenaposep, = (Xn;Yn; n) anda transformation

Pn+1

p=( x; y; ), the transition p, Ph+1 IS
calculatedasfollows:
0 1 0O 1 O . 10 1
Xn+1 Xn cos, sin, O X
@y A= @,A+@ sin, cos, 0A @ yA (3)
n+1 n 0 0 1

3.1. Extraction and Matching of Features

As describedabove, the scanmatchingalgorithmcomputes
atransformation p suchthat a setof featues extracted
from the rst scan,is mappedoptimally to a featuresetof

the secondscan. In orderto be usablefor a posetracking

algorithm, thesefeatureshave to ful Il two requirements:
First, they have to be invariant with respecto rotationand

translation.Secondthey have to be efciently computable
in orderto satisfyrealtime constraints.

Usingtheinherentorderof the scandataallows the ap-
plicationof linear lters for afastandreliablefeaturedetec-
tion. HAYAI choose®xtremain the polarrepresentationf
ascanasnaturallandmarksTheseextremacorrelateto cor-
nersandjump edgedn Cartesiarspace.The usageof polar
coordinatesmplicatesa reductionby onedimension since
all operationgleployedfor featureextractionarefastlinear
Iters, operatingonthesequencef rangevalues(ri)i, of
ascanS = ("i;ri)

Givenaonedimensional lter =[] 1; o 1l
the ltered valuer; (])_.fascanpointri i=2::5;N 1
isdenedasr; = ﬁ: 1 kli+k. For featuredetec-
tion, the scansignalis ltered by a sharpenlter ( ; =
[ 1, 4, 1]), the gradientsignal is computed( , =
[ 3; 0; $]) andsoftenedsoftened 3 = [1; 1; 1]). De-
tails canbe foundin [6], Fig. 6 (left) illustratesthe effects
of theselters.

After generatingthe setsof featuresM ; D from both
scansa matchbetweerboth setshasto be calculated.In-
steadof solvingthehardoptimizationproblemof searching
for anoptimalmatch,we usea heuristicapproachutilizing
inherentknowledgeabouttheproblemof matchingfeatures,
e.g.,thefactthatthe features'topologycannotchangeun-
damentallyfrom onescanto the following. The basicaim
is to build a matrix of possiblematchingpairs, basedon
an error functionde ning the distancebetweentwo points
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mi;d;,withm; = (m*;m¥)T in Cartesianor (m; ;m!)T
in polarcoordinatestesp.(d; analogously):

q
distmi;d; = 11 (m d)

fHlp(ml o d)?

d)z+ (m/ df)2
+  mid (4)

with constantg! « )x2r 1:2:39, iMmplementingaweightingbe-
tweenthe polar and Cartesiandistances. The function
inhibits matchingdetweenwo featuresf differenttypes:

mig = O (m)=(d)
1 else

with a classi cation function : (M [ D) 7! fmax,;

min.; in ection pointg. The resultingmatrix w;; , denoting

feature correspondencess simpli ed until the matchis

unique.Fig. 6 shovs the matchof two scans.

3.2. PoseCalculation

Giventwo setsof featuresM = fm;jm; 2 2; i =
1;:::;NpgandD = d; dj2 2 i=1:::; :Ng ,the
calculatlonof the optimal transformatiorrfor mappng
ontoM is anoptimizationproblemof theerrorfunction:

Ko Ko i
ERi="  wyjimi (Rd; + 0j?;
i=1 j=1
X
/g im (Rd+ 0

sincethematchis unidale In [6] we shavedthattheoptimal
rotatlonalangleP andtranslatlon targ,computedglven

mP=m; d°=d; 2 d;, as
' |N { A0 —{21—}
Cm
0 1
m%d% + m¥ad¥
= arctan %I)(\Il E : (5)

mTd?
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4. EXPERIMENTS AND RESULTS

Pleaserefer to http://kos.informatik.uos.de/
download/highspeed/ for videosshawing the experi-
mentsandresults.Kurt3D driving with 1.5m/supto 4 m/s
aswell aslocalizationresultscanbe found. Furthermore,
safetytestswith suddenlychangingenvironmentsare pre-
sented:Whentherobotis driving full speedanda dynamic
obstaclesuddenlyappearsvithin thevirtual roadway, Kurt3D
stopssafelyand,if necessanbypasse# if the distanceto
theobstaclds atleastl m.

A numberof unavoidableproblemsoccurwhendriving
high-speed:Vibrations, for example,leadin particularto
erroneousensoreadings- checkout the URL mentioned
above to seea drive of the robot, viewed from a camera
mountedon top of thelaserscannerto getanimpressiorof
thescannes movement.Moreover, therobotitselfis bound
to skid whendriving andturningon a smoothsurface.

On the other hand, even driving slowly bene ts from
this high speedarchitecture since more reliability, stabil-
ity andavailability areachiesed. Driving with high speed
madeit necessaryo implementa fastmotor controllerthat
reacheghe setvalueswith very little delay As a result,
algorithmsthatare dependingn thesevalues(i.e., the co-
ordinatebasecdtontrol,section2.2.3)canoperateatahigher
speed}too, resultingin a moreexactexecutionof taskslike
pathfollowing, independentf theactualspeedf therobot.

We alsousedthe presenteaontrolschemdor aslower,
off-road versionof Kurt3D in the RoboCupRescue2004
competitionin Lisbon. Resultsand videosof the rescue
robotareavailableathttp://kos.informatik.uos.
de/download/Lisbon_RR/ . Following theracingcar
analogymentionedn the introduction,extensie testswith
thehighspeedobothaveledto severalimprovement®f the
hardware ,which arenow transferedo the standardKURT2
platform.

Futurework will concentraten how the control of the
robothasto changewith higherspeedswhile thedynamics
of a slow moving vehicle can be neglected,the described
scenarideavesno choicethanto think aboutstoppingdis-
tance,maximal velocity and minimal turning angle when
driving a curvedtrajectory etc.

5. SUMMARY AND OUTLOOK

This paperhaspresentedhecontrolarchitectureof thehigh
speedmobile robot Kurt3D. The ability to drive reliably
andsafelywith velocitiesconsiderablyfasterthanwalking
speed,e.g. 4 m/s, in an unknawvn of ce ervironmenthas
beenpresentedisingstandarchardware. Therobotis con-
trolled with a feedforward PI controllercombinedwith a

lookup table for mappingspeedto PWM valuesand for
the linearizationof the I/O behaior. Differentforms of
setvalue computationsg.g., a reactive fuzzy control and
acoordinatebasedne,usedfor deliberatve pathplanning,
have beendiscussed HAYAI, a fastrobotlocalization, ts
into this simplesoftwarearchitecturesinceonly a few cal-
culationsarenecessaryo match2D laserscangeliably.

6. REFERENCES

[1] R.Alami, T. Simeon,andK. M. Krisha. Onthein u-
enceof sensorcapacitiesand ervironmentdynamics
onto collision-freemotion plans. In Proc. IEEE/RSJ
IROS 2002.

[2] G. Indiveri. Kinematic Time-invariant Control of a
2D NonholonomicVehicle. In Proc. of the 38thConf
on Decisionand Control, USA, 1999.

[3] K. M. Krisha, R. Alami, and T. Simeon. Moving
Safelybut not Slowly — Reactvely AdaptingPathsfor
BetterTrajectoryTimes. In Proc. IEEE ICAR, 2003.

[4] KTO/ FraunhoferAlS. The KURT2 robot platform,
http://www.ais.fraunhofer.de/kurt2 .

[5] A. Lankenauand T. Rofer. Mobile Robot Self-
Localizationin Large-ScaleEnvironments. In Proc.
IEEE ICRA SanFranciscoCA, USA, 2002.

[6] K. Lingemann, H. Surmann, A. Nuchter and
J. Hertzbeg. Indoor and Outdoor Localization for
FastMobile Robots.In Proc. IEEE/RSJROS 2004.

[7] K. Ogata.ModernControl Engineering(4th Edition).
PrenticeHall, November2001.

[8] E. Santiso,M. Mazo, J. Urefia, J. A. Jiménez,J. J.
Garca, andM. C. Serra. Mobile Robot Positioning
with NaturalLandmark.In Proc. IEEE ICAR, 2003.

[9] D. Sekimori, T. Usui, Y. Masutani,andF. Miyazaki.
High-speedObstacleAvoidanceand Self-localization
for Mobile RobotBasedon Omni-directionalmaging
of Floor Region. Proc.IPSJTrans.CVandIM, 2001.

[10] H. Surmann,A. Nuchter and J. Hertzbeg. An
autonomousmobile robot with a 3D laser range
nder for 3D exploration and digitalization of in-
doorervironments.J. Roboticsaand Auton. Syst, 2003.

[11] S. Thrun, D. Fox, W. Burgard, and F. Dellaert.
Rohust Monte Carlo Localizationfor Mobile Robots.
Arti cial Intelligence 128(1-3):99-4412001.

[12] Volksbot. http://www.ais.fraunhofer.de/
BE/volksbot/detail.html , 2005.

[13] T. Weigel, J.-S.Gutmann,M. Dietl, A. Kleiner, and
B. Nebel. CS-Freilurg: CoordinatingRobotsfor Suc-
cessfulSoccerPlaying. J. TRA 18(5):685-6992002.



