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Abstract:In this paperthe useof inexpensve standarchardwareandsoftwareis proposedn

placeof high-costtommerciakolutionsto setup graphicaMR ervironmentsandsimulations
with a humanin the control loop. For this purposea genericsimulationenvironmentfor

implementationof control simulation and evaluation experimentsusing VR with haptic
feedbackhasbeendeveloped As examplesetupsa carsimulatorwith a humanin the control
loop andaninvertedpendulumasanexperimentfor studentiaboratoriesarepresented.
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1. INTRODUCTION

An importantissueof interestin todaysresearchare
telepresencandteleembodimentThe goal is to im-

mersethe userin theillusion to be presentat a distant
place (real or virtual) and not just to interactwith a

computerln this context oneusuallyhasto generate

virtual world wherethe usercanact. In the pasta lot

of veryexpensve,dedicatechardwarehasbeenneces-
saryto implementVR andreal-timedynamicsimula-
tors.With theincreasingpower of personatomputers
and powerful graphichardware for the mass-markt

it is possibleto usestandardhardwareto setup VR

in combinationwith real-timeembeddedontrol sys-
tems.

In this paperaframewnork basedn standardchardware
componentsto rapidly implement VR simulations
andhardware-in-the-loosimulatorss presentedThe
ideais to generatesimulationcodedirectly usingthe
MATLAB RealtimeWorkshopin connectionwith a
self-programmedLinux RealtimeTarget. This allows

to rapidly prototypea simulationervironment,to gen-
erateandcompilethe simulationcode.Sucha system
offers new possibilitiesfor settingup experimentsat
moderatecostboth for scientificuseor asan exper

imentationervironmentfor studentsThe frameawork

presentedherehasbeenusedto implementalow cost
car simulatorwith hapticandgraphicfeedbackto the
driverwhois partof the controlloop.

Roadvehicleswith a high centreof gravity caneasily
tilt dueto extremesteeringinput by the driver, even
atspeedsslow as30 km/h (vanZantenet al., 1995).
Thereforeit is desirableto assistthe driver electroni-
cally in orderto avoid rolloversof thevehicle.Thede-
velopedcar simulatoris usedto testa rollover avoid-
ancecontroller (RAC) not with computergenerated
input databut with a real driver’s input, which does
notfollow predeterminettajectoriesFurthermoreghe
effect of new forms of haptic feedbackon the driver
can be evaluated.Thinking of future vehicleswhich
areequippedwith adrive-by-wiresystemj.e. thereis
no mechanicalconnectionbetweenthe tires and the
steeringinput device (steeringwheel),it is no longer
necessaryhat the driver feels the forcesexertedon
the front tires. This opensup new waysof communi-
catingadditionalinformationon the vehicle statusto
thedriver, hereaforceproportionalto theroll angleis
used Hapticfeedbacks providedin thisimplementa-
tion by a force feedbackpaddle first developedat the
TU Minchen(Baier, 1997).



In anotherexamplerequiring short developmentcy-
cles the usability of our framework for settingup a
laboratoryexperimentor graduatestudentss demon-
strated. Studentsobtain the possiblity to design a
control algorithm and rapidly generaterealtime exe-
cutablecodeto comparesimulationresultswith hard-
warein the loop experimentdata. The systemcom-
binesreal-timevision sensingvith anembeddeaon-
troller, againimplementedisingstandarchardware.

The problemof developinga generalframeawork for
simulationsand experimentsis currently being fol-
lowed at severalresearchinstitutionsworldwide: e.g.
at the Swiss Federal Institute of TechnologyLau-
sanngEPFL)agrouphassuccessfullysetup realtime
control experimentsfor distancelearning (Salzmann
et al., 2000) using a realtimekernelfor MacOSde-
velopedat the EPFL. The interfaceto the userand
the accessto data acquisitionhardware is provided
by LABVIEW. Another promisingapproachis being
followedat the FernUnversiét Hagen(Jochheimand
Rohrig, 1999;Rohrig andJochheim1999),wherethe
use of commercialcontrol designsoftware is aban-
doned.Insteada setof appletshasbeenwritten work-
ing asauserinterface.

The here presentedapproachaims at rapid devel-

opment and implementation of nen conceptsin

computeraidedcontrol engineering This adoptsthe
efforts being madein industry to reducethe time-

to-marlet to research.The goal is not to provide a
tool for developingend-usempplicationsput to allow

quick andinexpensve implementatiorof casestudies
that probethe feasibility of new conceptsandhelpto

preview anddiscussproblemsarisingin the practical
realization.Our approackcombinegheflexibility and
versatility of opensoftwarewith its full accessibility
of existing sourcecodetogethemith advancecdcontrol
designtoolssuchasMATLAB.

For the organizationof this paper:In Section2 the

principle systemarchitectureof the here proposed
controller ervironment is presented.This includes
both, the hardwarerequirementsandthe softwarear

chitecture.As exampleapplicationsa car simulation
for rolloverstudiesandthesetupof alaboratoryexper

imentarepresentedn Section3. Section4 concludes
thepaper

2. SIMULATORSYSTEMARCHITECTURE

A VR simulationgenerallyconsistsof two parts:the
numericalsimulationof the dynamicalsystemmodel
andaninterfaceto the humanuser Fromthedifferent
aspectsof implementingan user interface, only vi-
sualandhapticfeedbackareconsideredn this paper
thoughstimulationof otherhumanmodalitiessuchas
the auditive sensemight increasethe impressionof
reality.

Thebasicideaaboutthe proposedtoncepfor design-
ing simulationernvironmentss to split upthesoftware
into differenttaskslike "haptic interaction”, "visual

feedback’or "simulation”. Thesetasksaredistributed
overasmary differentcomputersasnecessaryo pro-

vide sufficient computationapower. The useof ser-

eralindustrystandard”Csis economicallyjustifiable
asthey aregenerallycheapethandedicated/R work-

stationsor real-timesimulators.Thesecomputersare
linked over a LAN andexchangethe necessarylata,
like systemstatesandcoordinatesthroughTCP/UDP
socletsor CORBA.

Distributing the taskson differentindependantom-
puterscan also have practicaladvantagedor usein

thelaboratory A teamcooperatingonthesameproject
candevelopthe tasksseparatelyAs soonasall tasks
work reliably the efforts can easily be linked. Fur-

thermore hardware,suchasframegrabbersystemsor
haptic feedbackdevices, which are usedin several
projects neednot be moved and reconfiguredon a
new computer The samehardware configurationcan
be used,only the datais sentto anothercomputer
Sincethehardwarerequirementsighly depencnthe
tasksto be performeda generakule cannotbe given.
The following givesanideaof a configurationwhich

worksfor our applications.

2.1 Hardware

The key componentsof the simulation prototyping
ervironmentare standardpersonalcomputerdinked
througha local areanetwork (LAN). Especiallythe
dynamical system real-time computationoften re-
quiresextensve computationalpower. As the binary
compiledversionof the simulationoften runssignif-
icantly fasterthanthe codeinterpretedby MATLAB,
it is difficult to judgefrom MATLAB simulationtimes
on the hardware requirementdor realtime PCs. For
presentatiorof 3D virtual environmentsat adequate
frame ratesa video adapterwith 3D accelerations
required.

As the commerciallyavailable low cost haptic feed-
back devices neither have open programminginter-
facesnor provide sufficient power and accurag, the
device adoptedrom (Baier, 1997)is used seeFig. 1.
Theoperatorcandeterminea controlinputby moving
alever attachedo the axis of amotorinto the desired
position which is measuredby a pulse encoder If
the motor exertsa momenton the lever, it getsbent.
Straingaugesttachedtthelowerpartof theleverare
usedto measurehis flexion andestimatethe moment
resultingfrom the interactionbetweerthe humanand
thepaddle.

All thesedataareprocessedby a Sensorays26 multi-
functionl/O boardproviding ADC, DAC andquadra-
ture decodersseeFig. 2. One DAC channelis used
to controlthe motorthrougha PWM-amplifier, while
anADC measuretheoutputof thestraingaugesThe
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Fig. 1. Forcefeedbackpaddle.

guadraturelecodedetermineghe actualpositionand
velocity of the lever. With this hardwarearchitecture
force, positionor impedanceontrolcanberealized.
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Fig. 2. Schemdor the control of theff-paddle.

The example of the force feedbackpaddle demon-
strateshow new devices neededor experimentscan
be built usinga (small) numberof standarchardware
componentslike multifunction 1/0-boards, PWM-
amplifiersand motorswith quadratureencodersDe-
vicesassembledrom partsof this "building kit” have
thevirtue for theresearcheto be known in detailand
to beadaptablexactly to theindividual needs.

2.2 Software

As an operating system for the computers Re-
altime (RT) Linux was chosen.Besidesits eco-
nomic advantage— RT Linux is distributed free of
chage- this systemis technicallycompetitive. While
Linux itself alreadyis capableof handlingsoft real-
time requirementsit’s realtime extensionRT Linux
( ) meetshardtiming
constraints,i.e. it is possibleto start processesat a
fixed scheduledime. A RT Linux periodictaskruns
within 35 microsecond®f its scheduledime on x86

hardware,the delaybetweerthe detectionof aninter-
ruptandthelaunchingof thecorrespondingrogramm
is lessthan15 microsecond¢Barabanw, 1997).

Anotherreasorfor chosingRT Linux is the availabil-
ity of an enormousamountof softwarein its source
code.Theresearchecanbuild uponthis existing, well
testedandefficient codeandadaptit to the individual
needsThetime neededor developments shortened
significantly

During the planningprocesf the softwarearchitec-
ture possiblepackagedelaysdueto congested ANs
must be taken careof. Thereforeit mustbe assured
that control loops cannotbecomeunstablewith long
delaysor lossof singlepaclets.A carefulchoiceof the
form of thedatacanspeedip the communicatiorpro-
cessfor data-transmissioabsolutevalueslik e world
coordinatesare recommendedinsteadof incremetal
changeswith respectto the previous data. This way
the loss of single paclets during transmissionoften
is acceptablehencefasterUDP socletscanbe used.
In contrastto the TCP protocol, the UDP protocol
doesnot checkfor correctdelivery of packagesvhich
reduceghe communicatioroverheadof the protocol
andhencespeedsip datatransmission.

Codinga problemby handbeingverytime consuming
andsusceptiblgo errorsa new targetfor MATLAB'’S
RT Workshophasbeendeveloped.This targetallows
generatingandcompiling of standaloneealtimecode
for RT Linux from aSimulinkmodel.Thecontrolloop
to beimplementeds composedf ordinary Simulink
blocksetshencethe migrationfrom designinga con-
troller in offline modeto evaluatingit in anexperiment
is subjectto substitutingthe systemmodel by hard-
warein the loop which canalsobe accessedhrough
Simulink blocksets Anotherbenefitof this procedure
is the clear structurecomparedo a large numberof
manually linked files of sourcecode.Consequently
maintainanceand modificationof the modelbecome
easierandlesstime consumingMATLAB waschosen
as a platform asit is widely usedin our group. Of
courseary othermodernsimulationtool, capableof
producingstandalonecode, could have beenchosen
instead.Possiblecandidatesare MATRIXx or MOD-
ELICA.

Thevisualoutputof thevirtual ernvironmentis realized
on a seperatecomputeralso receving all necessary
coordinatesand system statesfrom the simulation
taskthrough TCP- or UDP- soclet connectionsThe
graphicgaskdoesnotrun asarealtimeapplicationas
the softrealtimecapabilitiesof Linux aresufficientto
ensurdime consiteng betweerthesimulationandthe
feedbacko thedriver.

In the following, two example applicationsare pre-
senteddemonstratinghe implementatiorof practical
problems.
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3. APPLICATIONS
3.1 Rollover Avoidance

The framewvork describedabose has beenusedto
implementa cardriving simulatorusedfor evaluation
of a rollover avoidancecontroller (RAC). Following
theideaof (AckermannandOdenthal,1999)a driver
assistancesystemfor vehicleswith high centre of
gravity wassuggestedn (Wollherr et al., 2001)and
(Mareczeket al., 2001) which limits the range of
the steeringangleaccessibldor the driver. The RAC
determineshow close the vehicle is to tilting from
the measuredstatex of the vehicle andthe steering
angled® adjustedon the front wheelsby evaluating
therollover coeficient

Fz,R_Fz,L
Fz,R+Fz,L-

While the wheelson both sidesof the vehicle have

contactto the ground, |[R| < 1, |R| > 1 means
the caris tilting. If the driver chosesa steeringangle
which makesthe vehicletilt, i.e. |R| become<lose
to 1, the RAC determinesall steeringangleswhich

preventfrom rollovers.Fromall admissibleangleshe
one closestto the anglecommandedy the driver is

adjustedat the front wheels.For further information
on the controllerpleasereferto the above mentioned
literature.

Realization

R(z,6%) =

In this setupthe tasksof the simulatorhave beensplit
into threeparts(Fig. 3): 4) simulationof thedynamical
systemmodel;i¢) control of the hapticinterface;iii)
3D graphicalisualization Eachof theseasksrunson
aseperateomputeralthoughit wouldalsobefeasible
to handlethe hapticinterfaceandthe graphicaloutput
onasingleCPU.ThePCsareall equippedvith AMD
Athlon 900 processorand 256 MB RAM. They are
linked through a 100 Mbit switched ethernetLAN
which causessommunicationdelaysof about140 —
150 psecs.
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Fig. 3. Communicationstructureof the simulation
software.

The interfaceto the useris split into two aspectsthe
visual feedbackand a haptic feedbackthrough the
steeringdevice. Thevirtual environmenthasbeenpro-
grammedn C usingthe Maverik library, a toolkit for
VR applicationprogrammersisingOpenGL/Mesdor

lowlevel rendering.Fig. 4 shaovs an abstractdriving
situationwith the driverlooking throughthe vehicle's
windscreerandthe virtual steeringwheelin front of
him. Pylonson alternatingsidesof theroadrepresent
obstacleswhich the driver is supposedo avoid. The
inclination of the horizon corresponddo the tilting
angleof the vehicle. Thereare two markingson the
steeringwheel. The light grey markingin Fig. 4 de-
notesthe steeringangled?" choserby thedriver, the
darkgrey onerepresentshe invarianceangled™v. A
baris locatedon the lower edgeof the screenwhose
length proportionally dependson the actualrollover
coeficient R.

) i486-linuxivisual

Fig. 4. 3D simulationenvironment:streetwith pylons
andvirtual steeringwheel

Through the force feedbackpaddle the driver gets
additionalinformation aboutthe rollover coeficient.
Experimentsshaved that this information helpsthe
driver to betterunderstandhe complex dynamicsof
the vehicle. In theseexperimentsthe driver was pro-
curedamomentum

My = (6_5(R+1) _ e—5(—R+1))M£naz,

with M7*** beingthe maximumadmissiblemomen-
tum.

Experimental Results

The vehicle model usedin the experimentsis the
so-callednonlinearone-trackmodel as describedin
(Riekert and Schunck,1940) extendedby an addi-
tional massfollowing (Segel, 1956-1957) Forcesex-
ertedonthetiresaremodelledby the HSRItire model
(Mitschke, 1990).A detaileddescriptionof thismodel
canbefoundin (Wollherret al., 2001).

Thesystenparameterfave beenchoserto describea
14.3t lorry with its centreof gravity ata hight2.28m
above the groundanda track width of 0.93m. From
this dataonecanseethatthe vehicleis unrealistically
instable and tilts easily The choice of parameters
was subjectto demonstratinghe capabilitiesof the
controllet
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Fig. 5. driventrajectory

Fig. 5 shavs a slalommanoeuvresteeredby a human
drivertrying to avoid threeobstaclesThecorrespond-
ing steeringangleé?" of the driver is shavn in the
lower plot of Fig. 6 asa solid line. As soonas the
rollover coeficient R in the uppergraph of Fig. 6
depasseshe threshold|R| = 0.9 (dottedlines), the
RAC becomesactive and commandsthe invariance
angles”?, marked asa dashedine in the lower plot.
Due to delaysbecauseof the steeringdynamics|R|
depasseshe threshold0.9, but one can seethat the
thresholdhasbeenchosensuficiently high to refrain
the car from tilting. Note thata vehicle not equipped
with aRAC would havetilted assoonasR reacheshe
value+1.
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Fig. 6. simulationresults

3.2 Inverted Pendulum

Anotherapplicationof the presentedramework is the
control of an inverted pendulum.This setupis used
asan experimentfor studentsn an advancedcourse
laboratoryoffering the possibility to testandcompare
various control strateyies. This problem — on first
sightquite differentto the onedescribeefore— has
similar requirement®n the underlyingsoftware: due
to thelimited timethestudent$avefor thelaboratory

an ervironmentallowing shortdevelopmentcyclesis
neededThe proposedapproachprovidesan efficient
framework for suchlaboratoryexperiments.
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Fig. 7. SCARA robotwith aninvertedpendulum

In this experimentthe SCARA robot in Fig. 7 is to
ballanceaninvertedpendulumin theuprightposition.
Pulseencodersat the two driven joints of the robot
allow to determinethe positionof the actuatorof the
robot. The orientationandtheinclinationangleof the
pendulumaremeasuredvith a video cameraracking
the upperendof the pendulumwhich is marked with
anLED to achieve bettertrackingresults.

In this setupthe software has been split into two
tasks running on different PCs: the controller and
the visual tracking system. The software XVision
( )
is used for tracking applying state of the art
algorithms. It was modified to directly send the
trackingcoordinatego the controllerthrougha soclet
connection. The controlling computeris equipped
with a Seno-To-Go motor control board featuring
DAC, ADC andpulseencoder®nasingleboard.It is
usedto accesghe motorsat thejoints of the SCARA
robot.

Studentscan designcontrollersusing MATLAB and
testthemin offline simulationsusinga model of the
SCARA robotto be controlled.Whenoffline simula-
tions of the controllerwork, realtimecodeis directly
generatedand the controller can be evaluatedwith

hardware in the loop. This is very usefulto demon-


http://www.cs.jhu.edu/CIPS/xvision/

stratethe effects of potentially not modelledsystem
propertiessuchasfriction andstiction. Experimental
resultsof this invertedpendulumcontrol experiment
will be presentectlsevheredueto paperlengthcon-
straints.Future plansinclude to extend the setupby

a third computerproviding a VR representatiorof

the system.This computercan serne java appletson

a distantcomputerenablinginternetexperiments.A

further stepis the implementationof augmentede-
ality offering the possiblityto disturbthe experiment
throughtheinternet.

4. CONCLUSIONS

In this papera novel framework for rapid control pro-
totyping anddevelopmentof VR simulationerviron-
mentsis presentedit allows fastdevelopmenif new
simulation ervironmentsat moderatecost. Further
moretheframawork is versatileandeasilyexpandable
asall programminginterfaces,except MATLAB, are
openin the publicdomain.

Theexampleapplicationof vehiclerolloveravoidance
control canbe seenasa first steptowardsComputer
Aided Control Design(CACD) with hapticfeedback.
During the developmentof the RAC this kind of
CACD provedto bevery helpful to evaluatethe RAC.
Furtherinvestigation®n this subjectwill follow.
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