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Abstract. A new kind of robotswhosecharacteristicbjectvesandoperational
modesdrasticallydiffer from more conventionalindustrialrobotsis gainingin-
creasednterest.Thisnew typeof robotsaimsto achieze ahighlevel of flexibility,
adaptability andefficiency for actingin ervironmentsdesignedor humans.To
meetthesedemandsthe mobile robotsneedlots of informationabouttheir sur
roundingsatifferentlevels of abstractiongenerallyin real-time.In this papera
sensorconceptis describedcontainingsymbolic and sub-symbolidnformation
deliveringtherequireddatafor all tasks.Basedon this informationthe planning,
navigation,andcollision avoidanceof the ARIADNE robotsis done.!

1 Introduction

Differentkinds of sensorsarerequiredto controlanautonomousobot effectively [6].
A mobilerobottraveling in dynamicervironmentscontinuouslyneedse.g.the current
distanceto all the objectsnext to it. Thesekind of sensorshouldquickly registerall
changedn the close ernvironmentto avoid collisions. Anotherkind of sensorshould
collectinformationsaboutobjects,in orderto build mapsor planthe missions.There-
fore sensorawhich detectthe positionof an elevator/dooror the positionandvelocity
of anotherobotmoving in the sameareacanbe useful.

In orderto equipa mobilerobotwith suitablesensorstherearetwo mainproblems:
On the one handthe numberof sensoravhich canbe mountedon-boardthe robotis
limited dueto therestrictedresourcesT he spatialandenegy resourcegor the sensors
arelimited. Therebythe computationatapacityis restricted Furthermorewith every
new sensorthe quantity of datathat mustbe processedncreasesntil the right infor-
mationis found. This is the reasonwhy in todaysapplicationsonly a few sensorsare
usedto collectthe wide spectrunof requiredinformationfrom theervironment.

Ontheotherhandredundang of informationis importantto correcterrors.A typi-
caltype of errorwheresensoredundang is neededareerrorsin calculatingtherobots
currentposition[1]. Therefore differentkinds of sensorsmostly usingdifferentphys-
ical principles,areused Jike wheelencoderandlandmarkd3] for estimatingthe cur-
rentposition.A further problemis the suitablecombinationof datasetsfrom different
sensorse.g.sonarsensorslaserscannerbarcodescannef7, 2] andtheir computation
in real-time[5].
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Onesolutionto the dilemmarestrictedresourceversusneedededundang is the
usageof a limited numberof sensordn combinationwith a-priori knowledge about
the ernvironmentand the robot’s tasks.In the ARIADNE projecta multilayeredsen-
sor schemeis used.It is basedon two laserscannerdor eachrobot. In combination
with a-prioriknowledgefrom anon-boarddatabas¢éhe needednformationfor navigat-
ing, planning,andworld-modelingis generatedisingthe laserdata.For this, a sensor
schemeconsistingof five levelsof abstractiorhasbeendevelopedandvalidated.

Therestof this paperis organizedasfollows: In section2 the ARIADNE teamis
presentedThe sensorconceptcontainingsymbolicaswell assub-symbolicsensorss

describedn section3. Finally, we concludein sectiond with resultsanda summaryin
sectionb.

2 ARIADNE

ARIADNE is ateamof autonomousntelligentservicerobotsfor indoorernvironments.
Themajorapplicationareasareadministratve buildings, lik e insuranceshanks hospi-
tals,andoffices.Thevariety of tasksis very large: from mail, lunch, or coffeedistribu-

tion on scheduleor on demandvia intra-/internetduring the day to patrolling at night.

To supportthe planningand logistics of suchrobot serviceteams,the robot service
groupwill alsobe integratedinto the virtual reality of the GMD-Workbencha virtual

working ervironment[9].

The ARIADNE teamconsistsof 3 mobile robots(Fig. 1): OdysseusMarvin and
Thor. Eachof themis about80 cm x 60 cm largeand90 cm high. The mobile platform
cancarry 200 kg of equipmentat speedf up to 0.8 m/s. Theright andleft driving
wheelsaremountedon a suspensioin the centerpoint of the mobile platform.Passve
castersn eachcornerensurestability.

Themaincomputeion-boardherobotis aPentiumPC100MHz with 16 MB RAM
runningreal-timeLinux. Also 2 micro-controllersare used.One of them controlsthe
internal stateof the robot and the communicationwith the control sener. The other
micro-controllermanageshe motorsandtheopticalline-following-unit. Eachplatform
is equippedwith two laserscannersonein front of the robotand onelooking back-
wards.The meantime for a completescanof 360distancedatais 200ms.

Eachrobotis connectedvith a centralsenervia aradiolink. This seneractsasan
interfacebetweenthe robotandits ervironmentandholdsa centralinformationbase.
To enablethe robot to reachevery part of the building, the sener controlsdoorsand
elevators.If a robotwantsto drive to anotherhall or floor, it sendsa requestto the
sener to openthe doorsor call the elevator. For userinteraction,the currentjobs for
the robotsare administratecbn the sener. If a robot hasfree capacity e.g.transport
capacityto carryoutajob, it sendsarequesto thesenerto receve anew job.

Besidesautonomousavigation, which is doneby usingfuzzy-logic[8], the robot
hasthe ability to drive along an optical line. This navigation is preferredin narrov
passagesyheretherobotmustdrive exactly, e.g.while enteringanelevator, andduring
dockingmanoeuers.



Fig. 1. The ARIADNE team:OdysseusMarvin, andThor (GMD corridorin C2 basement).

3 The Sensor Concept

To build a systemwith an adequatenumberof sensorsandalsoto get sensordataat
differentlevelsof abstractionafive-layeredsensoschemevasdevelopedandrealized
(Fig. 2). In this conceptdifferentreal andvirtual sensorgplacethe neededdataat the
robotsdisposal. The termvirtual sensormeansthat the neededsensorinformationis
not deliveredby a real physicalsensorinstead the informationis computed- in the
mostcasedy combiningdatafrom oneor moreothersensorsvith a-prioriknowledge.

Using a combinationof real andvirtual sensorgo getthe needednformation,the
numberof sensoron-boardthe robot canbe reduced At the sametime the quality of
theinformationis nearlyconstantA further advantageof the usageof virtual sensors
is thedecouplingof hardwareandthe neededsensoiinformation[5].

Redundang of datacanbe achiezedby only a few sensorsin this casethe redun-
dantinformationhasto be extractedusingdifferentalgorithms,out of theraw datade-
liveredfrom thesensorsA disadwantageof this practiceis thecomputatiortime which
is neededo extractthe information. Thereforein this papera conceptfor processing
therealsensomataat five differentlevelsof abstractiorin real-timeis presented.
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Fig. 2. Concepfor areal-timespatialcognition,consistingof five differentlevels of abstraction.



The five levels (layers)containall datafor the differenttasksof the robot (navi-
gation,orientation planningandhuman-robotnteraction).The layersaredividedinto
two parts:a sub-symboligart,containingthe original andpre-processethw data,and
thesymbolicpart, containingall the symbolicinformationaboutthe environment.

In orderto meetthe real-timeconditionsthreetypesof controlanddataexchange
betweerthe sensorsreal or virtual, andthe robot moduleareimplementedautomatic
delivering,deliveringon demandandsendinga data-ready-signal.

For time critical tasksthereis an automaticdelivering of the currentsensordata.
If a new datasetis generatedy a sensorthe setis directly sendto the processing
modules.This kind of dataexchangeguaranteea shortresponsdime, likeit is needed
for obstacleavoidance.

To lesstime critical tasksthe sensoronly sendsa messagédata-ready-signafjp
the modulesandprocessinginits. If thetaskhasfreeresourcest cangetthe dataand
procesghem.

Nontime critical tasks lik e high-level visualizationtasksJook for new sensodata
on their own. An adwantageof this schemeis, that the currentinformation are only
computedandsendon demand.

3.1 Sub-symbolic Sensors

Sub-symbolicsensorsleliver all datafrom raw distancedataup to pre-processedata,
likelinesor polygons.Thisdatadoesnotcontainary informationabouttheobjectitself,
e.g.usability.

Level I: At the lowestlevel of abstractionthe sub-symbolicraw-datafrom the real
sensorarepre-processeas.g.for navigationandcollision avoidance This datain our
caseconsistof a setof distancevaluesgeneratedy alaserscannerThe data-rateat
thislevelis 6 Hz. In thefirst stepareliability testis done.Thedataareverifiedusingthe
a-prioriknowledgeaboutthe ervironmentandthe datasetscollectedbefore.In thenext
stepthe informationis condensedmeiging similar distancepointstogether Thereby
theamountof datawhichis sentto theprocessesanbereducedTheinformationin this
layeris usedfor velocity controlandthe emegeng stop.|f onedatasetis generated
from asensomtthislevel, it is senddirectly to the taskhandlingthis data.

Level 1I: At this layerthe physicaldimensionof objectsin the closeervironmentare
generatedrom thepre-processedatafrom level . Thereforethebordersof theobjects
areapproximatedby lines. Therealborderof anobjectis alwaysbehindthesecalculated
lines.

After that, lines are combinedto longer lines or polygons(Fig. 3). Single lines
arecomparedwith eachother If the deviation betweernthe comparedinesis below a
givenlimit, bothlinesaremeigedtogether Thereby complec polygonsandlongerline
segmentscometo exist.

Besidethis datafurtherinformationaboutthe ervironmentis generateatthislevel,
liketheorientationof thewallsin acorridor. Thisinformationis usede.g.for navigation
andalsofor correctionof therobot's orientationin the ervironment.
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Fig. 3. Pre-processingtepl: After deletingredundantlata(left side),pre-processingtep2: lines
andpolygonsextractedfrom theraw-data(right side),dimensionsaregivenin cm.

Level I11: Level lll is the interface betweenthe datacoming from the lowest level
(generatedy thereal sensorspndthe informationlocatedat the upperlevels (virtual
sensors)Hencethis level containboth: symbolicand sub-symbolidnformation. They
arecombinedusinga fuzzy-matcher

In afirst processingtepobjectsaregeneratedut of thepolygonsfrom level Il (Fig.
4). Therefore the polygonsarecomparedvith objectsin a databasen this databasa
setof representationsom theobjectsis stored Especiallyfor indoorernvironmentshe
numberof importantobjectsis limited. In additionto the objectdatabas¢he symbolic
informationfrom the fourth andfifth level is usedto recognizethe objects e.g.[4].

Oncean objectis recognizedurther informationfrom the databasés attachedo
it. After this procesghe virtual sensorscontainboth geometricinformation, like the
positionandtheoutsideborder andsymbolicinformationof the object.For example a
virtual doordetectionsensodeliversinformationaboutthe positionof thedooraswell
as information aboutthe condition (openor closedandthe room to which this door
leads).

Pathplanningaswell aspositionestimationis doneusingtheinformationdelivered
from the sensorsn this level. Therefore the sensorsenda signalto someprocesses
thatnew dataareavailableanddeliverthe currentdataon demandA data-readyignal
(detectingadoor)is e.g.sentto a processloingthe positionupdateof themobilerobot.
This kind of information shouldbe usedby the robot as soonas possible.Lesstime
critical arethe datafor planning.Therefore the sensoronly sendthedataon demand.

3.2 Symbolic Sensors

Thesensordocatedin the symboliclevel containnot only physicalinformationabouta

singleobjector the environmentbut alsoinformationaboutthe handling,like codesto

openthedoors,or dataaboutthe endangermerfor therobot. Thesedataarecomputed
from a-prioriknowledgestoredin a database.
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Fig. 4. Combinationof polygonandrealdata(left side),partof thefloor plan(right side).

Level IV: Symbolicinformationfor theglobalplanningof tasksandpathsaregenerated
from thesensorén this level. Thereforethevirtual sensorgombineinformationfrom a
databasavith currentinformationaboutthe nearenvironment.Typical sensorsaree.g.
sensorgeneratingatwo dimensionamapor sensorsletectingdangerousreasAlso a
virtual sensomwhich detectslynamicobjectss realized Thereforea-prioriinformation
aboutthe staticervironment(world model)is needed.

In additionto this kind of sensora sensordetectingareasdangeroughe robotis
alsoimportantfor generatinglans.This sensocompound®bjectinformation,e.g.the
positionof doorsstairs,andelevators,from level lll with a-priori knowledgeanddata
from level V, e.g.thespatialinfluenceof specificdoorsor thedependencef thecurrent
traveling speedon the extensionof the dangerousrea.

Thesensorsn thislevel deliverthe currentinformationonly on demandin orderto
getashortupdatecycle. Sincethedataaremostly needednly by the planningprocess,
thecommunicatioroverheadf acontinuouslydatasendingsensorcanbeavoided.The
consisteng of theworld modelis checledandupdatedevery time therobotreacheshe
endof acorridoror othertypical landmarks.

Level V: At level V athreedimensionalsymbolic descriptionof the environmentis
used.The3D-modelcontainsspatialinformationfor theoperatordoingtele-monitoring
and tele-maintenancel-urthermore this representatiorof the ervironment contains
auxiliary informationaboutobjects.

This objectinformationincludesbesidesauxiliary datafor the operatoralsometh-
ods or scriptshow the robot caninteractwith the object. It containse.g.a temporal
sequencef picturestaken from the objectto shav the history to the operatorIn ad-
dition to thesehints for the operator the sensordn level V deliver datafor a three
dimensionakpatialmodelaswell asfor temporalpath-andtask-planning.

The 3D-spatialsensothasthe ability to give informationaboutthe currentposition
of all robotsin theenvironmentandalsotheir currentmission.Furthermorethecurrent



stateof their missiontaskcanbe requestedqwaiting, running,canceled) Theinforma-
tion of this sensoiareusedto planthe global pathandtaskfor the mobilerobots.

4 Results

The sensorconceptwasimplementedandtestedat the robotsof the ARIADNE team.
The threerobotsOdysseusMarvin and Thor drive in the C2 building - 3 floors con-
nectedhroughanelevator- atSchlosSBirlinghoven,GMD. Thetestdatawerecollected
duringa 7 daydemonstratiorfior the CeBit, the Hannorer Fair andduring varioustests
attheGMD.

In Level | the datarate wasreducedfrom the raw datato the calculationof the
singlelines,to 30%of theoriginal data.The dataratein level | is 6 Hz. Theprocessing
of onescantook 2 ms,includingthereliability testanddatareduction.

In thenext layerof abstractior(level Il) thelinesweregenerateavith a datarateof
5 Hz. Thelengthof singlelinesis, for a typical ervironmentat GMD, 50 cm up to 2
m. The numberof linesin onescanis about7-15 (dependingon the compleity of the
ervironment) taking1.2 msof computationatime perscan.

The objectswereextractedfrom thelineswith 1 Hz (level 1), with a recognition
ratefor objectswith, e.g.doors97.8%andboxes98.9%.The correctnessf the object
positionis up to 5 cm without matchingwith the world modelin the databaseThe
recognitiontime for e.g.adoortakes1.5ms.

The robot position and the position of new objectsis updatedevery second.The
3D-modelandinformationin level V is only computedon demandlt took about250
ms for the virtual sensorto calculatethe information (GMD ervironmentwith three
robots).

5 Summary

In this paperamulti-layeredsensoschemavaspresentedUsingthis concepthenum-
berof sensor®n-boardherobotcanbereducedn orderto save resourcesThemissing
realsensorarereplacedyy virtual sensorsywhich computethe neededata.

Therobotsgetall neededlataatdifferentlevelsof abstractioratthedifferentlayers.
Also threedifferentlevels of controlaswell asthreedifferenttypesof dataexchange
arerealizedin orderto meetreal-timeconstraints.

The sensorconcepthasbeenvalidatedduring varioustestsat GMD usingthethree
robotsof theARIADNE team.Futurework will improvethelongtermrobustnes®f the
systemin dynamicalenvironmentsFurthermoreadditionalsensorsill beintegratein
this conceptlike video camerador readingdoor plates.With this sensorconceptthe
robotsget the ability to autonomouslhycollect subsymbolicand symbolicinformation
abouttheir ervironment.
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