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Abstract. A new kind of robotswhosecharacteristics,objectivesandoperational
modesdrasticallydiffer from moreconventionalindustrialrobotsis gainingin-
creasedinterest.Thisnew typeof robotsaimsto achieveahighlevel of flexibility ,
adaptability, andefficiency for actingin environmentsdesignedfor humans.To
meetthesedemands,themobile robotsneedlots of informationabouttheir sur-
roundingsatdifferentlevelsof abstraction,generallyin real-time.In this papera
sensorconceptis describedcontainingsymbolicandsub-symbolicinformation
deliveringtherequireddatafor all tasks.Basedon this informationtheplanning,
navigation,andcollisionavoidanceof theARIADNE robotsis done.1

1 Introduction

Differentkindsof sensorsarerequiredto controlanautonomousroboteffectively [6].
A mobilerobot traveling in dynamicenvironmentscontinuouslyneedse.g.thecurrent
distanceto all the objectsnext to it. Thesekind of sensorsshouldquickly registerall
changesin the closeenvironmentto avoid collisions.Anotherkind of sensorshould
collect informationsaboutobjects,in orderto build mapsor plan themissions.There-
fore sensorswhich detectthepositionof anelevator/dooror thepositionandvelocity
of anotherrobotmoving in thesameareacanbeuseful.

In orderto equipamobilerobotwith suitablesensors,therearetwo mainproblems:
On the onehandthe numberof sensorswhich canbe mountedon-boardthe robot is
limited dueto therestrictedresources.Thespatialandenergy resourcesfor thesensors
arelimited. Thereby, thecomputationalcapacityis restricted.Furthermore,with every
new sensorthe quantityof datathatmustbe processedincreasesuntil the right infor-
mationis found.This is the reasonwhy in todaysapplicationsonly a few sensorsare
usedto collectthewidespectrumof requiredinformationfrom theenvironment.

On theotherhandredundancy of informationis importantto correcterrors.A typi-
cal typeof errorwheresensorredundancy is neededareerrorsin calculatingtherobots
currentposition[1]. Therefore,differentkindsof sensors,mostlyusingdifferentphys-
ical principles,areused,like wheelencodersandlandmarks[3] for estimatingthecur-
rentposition.A furtherproblemis thesuitablecombinationof datasetsfrom different
sensors,e.g.sonarsensors,laserscanner, bar-codescanner[7, 2] andtheir computation
in real-time[5].
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Onesolutionto the dilemmarestrictedresourcesversusneededredundancy is the
usageof a limited numberof sensorsin combinationwith a-priori knowledgeabout
the environmentand the robot’s tasks.In the ARIADNE projecta multilayeredsen-
sor schemeis used.It is basedon two laserscannersfor eachrobot. In combination
with a-prioriknowledgefrom anon-boarddatabasetheneededinformationfor navigat-
ing, planning,andworld-modelingis generatedusingthe laserdata.For this, a sensor
schemeconsistingof five levelsof abstractionhasbeendevelopedandvalidated.

The restof this paperis organizedasfollows: In section2 theARIADNE teamis
presented.Thesensorconceptcontainingsymbolicaswell assub-symbolicsensorsis
describedin section3. Finally, we concludein section4 with resultsanda summaryin
section5.

2 ARIADNE

ARIADNE is a teamof autonomousintelligentservicerobotsfor indoorenvironments.
Themajorapplicationareasareadministrativebuildings,like insurances,banks,hospi-
tals,andoffices.Thevarietyof tasksis very large:from mail, lunch,or coffeedistribu-
tion on scheduleor on demandvia intra-/internetduringtheday to patrollingat night.
To supportthe planningand logistics of suchrobot serviceteams,the robot service
groupwill alsobe integratedinto thevirtual reality of theGMD-Workbench,a virtual
working environment[9].

The ARIADNE teamconsistsof 3 mobile robots(Fig. 1): Odysseus,Marvin and
Thor. Eachof themis about80 cmx 60cm largeand90cmhigh.Themobileplatform
cancarry 200 kg of equipmentat speedsof up to 0.8 m/s. The right and left driving
wheelsaremountedona suspensionin thecenterpointof themobileplatform.Passive
castersin eachcornerensurestability.

Themaincomputeron-boardtherobotis aPentiumPC100MHz with 16MB RAM
runningreal-timeLinux. Also 2 micro-controllersareused.Oneof themcontrolsthe
internal stateof the robot and the communicationwith the control server. The other
micro-controllermanagesthemotorsandtheopticalline-following-unit.Eachplatform
is equippedwith two laserscanners:one in front of the robot andonelooking back-
wards.Themeantime for a completescanof 360distancedatais 200ms.

Eachrobotis connectedwith acentralservervia a radiolink. Thisserveractsasan
interfacebetweenthe robotandits environmentandholdsa centralinformationbase.
To enablethe robot to reachevery part of the building, the server controlsdoorsand
elevators.If a robot wantsto drive to anotherhall or floor, it sendsa requestto the
server to openthe doorsor call the elevator. For userinteraction,the currentjobs for
the robotsareadministratedon the server. If a robot hasfree capacity, e.g. transport
capacityto carryout a job, it sendsa requestto theserver to receiveanew job.

Besidesautonomousnavigation,which is doneby usingfuzzy-logic [8], the robot
hasthe ability to drive along an optical line. This navigation is preferredin narrow
passages,wheretherobotmustdriveexactly, e.g.while enteringanelevator, andduring
dockingmanoeuvers.



Fig. 1. TheARIADNE team:Odysseus,Marvin, andThor (GMD corridorin C2 basement).

3 The Sensor Concept

To build a systemwith an adequatenumberof sensorsandalsoto get sensordataat
differentlevelsof abstraction,afive-layeredsensorschemewasdevelopedandrealized
(Fig. 2). In this conceptdifferentreal andvirtual sensorsplacethe neededdataat the
robotsdisposal.The term virtual sensormeans,that the neededsensorinformationis
not deliveredby a real physicalsensor. Instead,the informationis computed– in the
mostcasesby combiningdatafrom oneor moreothersensorswith a-prioriknowledge.

Usinga combinationof realandvirtual sensorsto get theneededinformation,the
numberof sensorson-boardtherobotcanbereduced.At thesametime thequality of
the informationis nearlyconstant.A furtheradvantageof theusageof virtual sensors
is thedecouplingof hardwareandtheneededsensorinformation[5].

Redundancy of datacanbeachievedby only a few sensors.In this casetheredun-
dantinformationhasto beextracted,usingdifferentalgorithms,outof theraw datade-
liveredfrom thesensors.A disadvantageof thispracticeis thecomputationtimewhich
is neededto extract the information.Thereforein this papera conceptfor processing
therealsensordataat fivedifferentlevelsof abstractionin real-timeis presented.
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Fig. 2. Conceptfor a real-timespatialcognition,consistingof fivedifferentlevelsof abstraction.



The five levels (layers)containall datafor the different tasksof the robot (navi-
gation,orientation,planningandhuman-robotinteraction).Thelayersaredividedinto
two parts:a sub-symbolicpart,containingtheoriginalandpre-processedraw data,and
thesymbolicpart,containingall thesymbolicinformationabouttheenvironment.

In orderto meetthe real-timeconditionsthreetypesof controlanddataexchange
betweenthesensors,realor virtual, andtherobotmoduleareimplemented:automatic
delivering,deliveringon demand,andsendingadata-ready-signal.

For time critical tasksthereis an automaticdelivering of the currentsensordata.
If a new dataset is generatedby a sensor, the set is directly sendto the processing
modules.Thiskind of dataexchangeguaranteesashortresponsetime, like it is needed
for obstacleavoidance.

To lesstime critical tasksthe sensoronly sendsa message(data-ready-signal)to
themodulesandprocessingunits.If the taskhasfreeresourcesit canget thedataand
processthem.

Non time critical tasks,likehigh-level visualizationtasks,look for new sensordata
on their own. An advantageof this schemeis, that the currentinformation are only
computedandsendon demand.

3.1 Sub-symbolic Sensors

Sub-symbolicsensorsdeliverall datafrom raw distancedataup to pre-processeddata,
likelinesorpolygons.Thisdatadoesnotcontainany informationabouttheobjectitself,
e.g.usability.

Level I: At the lowest level of abstractionthe sub-symbolicraw-datafrom the real
sensorsarepre-processed,e.g.for navigationandcollision avoidance.This datain our
caseconsistsof a setof distancevaluesgeneratedby a laserscanner. Thedata-rateat
this level is 6 Hz. In thefirst stepareliability testis done.Thedataareverifiedusingthe
a-prioriknowledgeabouttheenvironmentandthedatasetscollectedbefore.In thenext
stepthe informationis condensed,merging similar distancepointstogether. Thereby,
theamountof datawhichis sentto theprocessescanbereduced.Theinformationin this
layer is usedfor velocity control andthe emergency stop.If onedatasetis generated
from a sensorat this level, it is senddirectly to thetaskhandlingthis data.

Level II: At this layer thephysicaldimensionof objectsin thecloseenvironmentare
generatedfrom thepre-processeddatafrom level I. Therefore,thebordersof theobjects
areapproximatedby lines.Therealborderof anobjectis alwaysbehindthesecalculated
lines.

After that, lines are combinedto longer lines or polygons(Fig. 3). Single lines
arecomparedwith eachother. If thedeviation betweenthecomparedlines is below a
givenlimit, bothlinesaremergedtogether. Thereby, complex polygonsandlongerline
segmentscometo exist.

Besidethisdatafurtherinformationabouttheenvironmentis generatedat this level,
liketheorientationof thewalls in acorridor. Thisinformationis usede.g.for navigation
andalsofor correctionof therobot’sorientationin theenvironment.
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Fig. 3. Pre-processingstep1: After deletingredundantdata(left side),pre-processingstep2: lines
andpolygonsextractedfrom theraw-data(right side),dimensionsaregivenin cm.

Level III: Level III is the interfacebetweenthe datacoming from the lowest level
(generatedby the realsensors)andthe informationlocatedat theupperlevels (virtual
sensors).Hencethis level containboth:symbolicandsub-symbolicinformation.They
arecombinedusinga fuzzy-matcher.

In afirst processingstepobjectsaregeneratedoutof thepolygonsfrom level II (Fig.
4). Therefore,thepolygonsarecomparedwith objectsin a database.In this databasea
setof representationsfrom theobjectsis stored.Especiallyfor indoorenvironmentsthe
numberof importantobjectsis limited. In additionto theobjectdatabasethesymbolic
informationfrom thefourth andfifth level is usedto recognizetheobjects,e.g.[4].

Oncean object is recognizedfurther informationfrom the databaseis attachedto
it. After this processthe virtual sensorscontainboth geometricinformation, like the
positionandtheoutsideborder, andsymbolicinformationof theobject.For example,a
virtual doordetectionsensordeliversinformationaboutthepositionof thedooraswell
as informationaboutthe condition (openor closedand the room to which this door
leads).

Pathplanningaswell aspositionestimationis doneusingtheinformationdelivered
from the sensorsin this level. Therefore,the sensorssenda signalto someprocesses
thatnew dataareavailableanddeliver thecurrentdataon demand.A data-readysignal
(detectingadoor)is e.g.sentto aprocessdoingthepositionupdateof themobilerobot.
This kind of informationshouldbe usedby the robot assoonaspossible.Lesstime
critical arethedatafor planning.Therefore,thesensorsonly sendthedataon demand.

3.2 Symbolic Sensors

Thesensorslocatedin thesymboliclevel containnotonly physicalinformationabouta
singleobjector theenvironmentbut alsoinformationaboutthehandling,like codesto
openthedoors,or dataabouttheendangermentfor therobot.Thesedataarecomputed
from a-priori knowledgestoredin a database.
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Fig. 4. Combinationof polygonandrealdata(left side),partof thefloor plan(right side).

Level IV: Symbolicinformationfor theglobalplanningof tasksandpathsaregenerated
from thesensorsin this level.Thereforethevirtual sensorscombineinformationfrom a
databasewith currentinformationaboutthenearenvironment.Typical sensorsaree.g.
sensorsgeneratingatwo dimensionalmapor sensorsdetectingdangerousareas.Also a
virtual sensorwhichdetectsdynamicobjectsis realized.Therefore,a-priori information
aboutthestaticenvironment(world model)is needed.

In additionto this kind of sensor, a sensordetectingareasdangerousthe robot is
alsoimportantfor generatingplans.Thissensorcompoundsobjectinformation,e.g.the
positionof doorsstairs,andelevators,from level III with a-priori knowledgeanddata
from level V, e.g.thespatialinfluenceof specificdoorsor thedependenceof thecurrent
travelingspeedon theextensionof thedangerousarea.

Thesensorsin this level deliverthecurrentinformationonly ondemand,in orderto
getashortupdatecycle.Sincethedataaremostlyneededonly by theplanningprocess,
thecommunicationoverheadof acontinuouslydatasendingsensorcanbeavoided.The
consistency of theworld modelis checkedandupdatedeverytimetherobotreachesthe
endof acorridoror othertypical landmarks.

Level V: At level V a threedimensionalsymbolicdescriptionof the environmentis
used.The3D-modelcontainsspatialinformationfor theoperatordoingtele-monitoring
and tele-maintenance.Furthermore,this representationof the environmentcontains
auxiliary informationaboutobjects.

This objectinformationincludesbesidesauxiliary datafor theoperatoralsometh-
odsor scriptshow the robot can interactwith the object. It containse.g.a temporal
sequenceof picturestaken from the objectto show the history to the operator. In ad-
dition to thesehints for the operator, the sensorsin level V deliver datafor a three
dimensionalspatialmodelaswell asfor temporalpath-andtask-planning.

The3D-spatialsensorhastheability to give informationaboutthecurrentposition
of all robotsin theenvironmentandalsotheircurrentmission.Furthermore,thecurrent



stateof their missiontaskcanberequested(waiting, running,canceled).Theinforma-
tion of this sensorareusedto plantheglobalpathandtaskfor themobilerobots.

4 Results

Thesensorconceptwasimplementedandtestedat therobotsof theARIADNE team.
The threerobotsOdysseus,Marvin andThor drive in the C2 building - 3 floors con-
nectedthroughanelevator- atSchlossBirlinghoven,GMD. Thetestdatawerecollected
duringa 7 daydemonstrationfor theCeBit, theHannoverFair andduringvarioustests
at theGMD.

In Level I the dataratewas reduced,from the raw datato the calculationof the
singlelines,to 30%of theoriginaldata.Thedataratein level I is 6 Hz. Theprocessing
of onescantook2 ms,includingthereliability testanddatareduction.

In thenext layerof abstraction(level II) thelinesweregeneratedwith adatarateof
5 Hz. The lengthof singlelines is, for a typical environmentat GMD, 50 cm up to 2
m. Thenumberof linesin onescanis about7-15(dependingon thecomplexity of the
environment),taking1.2msof computationaltimeperscan.

Theobjectswereextractedfrom the lineswith 1 Hz (level III), with a recognition
ratefor objectswith, e.g.doors97.8%andboxes98.9%.Thecorrectnessof theobject
position is up to 5 cm without matchingwith the world model in the database.The
recognitiontime for e.g.adoortakes1.5ms.

The robot positionand the positionof new objectsis updatedevery second.The
3D-modelandinformationin level V is only computedon demand.It took about250
ms for the virtual sensorto calculatethe information(GMD environmentwith three
robots).

5 Summary

In thispaperamulti-layeredsensorschemewaspresented.Usingthisconceptthenum-
berof sensorson-boardtherobotcanbereducedin orderto saveresources.Themissing
realsensorsarereplacedby virtual sensors,whichcomputetheneededdata.

Therobotsgetall neededdataatdifferentlevelsof abstractionatthedifferentlayers.
Also threedifferentlevelsof controlaswell asthreedifferenttypesof dataexchange
arerealizedin orderto meetreal-timeconstraints.

Thesensorconcepthasbeenvalidatedduringvarioustestsat GMD usingthethree
robotsof theARIADNE team.Futurework will improvethelongtermrobustnessof the
systemin dynamicalenvironments.Furthermore,additionalsensorswill beintegratein
this concept,like videocamerasfor readingdoorplates.With this sensorconcept,the
robotsget the ability to autonomouslycollect subsymbolicandsymbolic information
abouttheir environment.
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9. G. Wesche,J.Wind, M. Göbel:VisualizationontheResponsive Workbench,IEEECG& A,
17 (4), (1997)10–12


