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Abstract. MAKRO is anautonomousever robotdesignedor navigatingin sewver pipes.In orderto find its way to a specified
goal manhole,it hasto solwe the self-localizationproblem. The sewer ervironmentcontainsonly few featuresthat are usable
aslandmarksfor re-localization,namelyinlets, pipe joints and branchingpipes.This paperdescribehow a custom2D scanner
involving infrared distancesensorswith high samplingratescanbe emplo/ed for robust and fastdetectionof inlets. Up to 150
measurementger secondarepreprocessedn a microcontroller detectionresultsarepassedo higherlevel control programsona
fasterCPU. The systemrequiresonly a brief initial automaticcalibration.It is smallerandcheapethancomparablesensorsit is
fastandit requiredesson-boardresourcesn termsof computingtime, enegy, andspace.

1 The Autonomous Sewer Robot MAKRO

MAKR QO is a prototypeof anautonomousnobile robot platformdesignedor navigatingin inaccessibleaver pipes.
It is ableto drive autonomoushyin sewver pipesof diametershetween300 and 600 mm, steeredby navigation and
motion controlroutinesrunningon a PC/104CPU, relying only on sever mapsandon datafrom numerouson-board
Sensors.

Sucha platform can carry variousapplicationsfor saver maintenancelik e devicesfor measuringthe physical
dimensionsof savers, sensordor detectingchemicalsevage pollution, and more. This could help to make sewver
maintenancéaster better and cheaperenablingcommunitiesto inspector measureheir sever systemgcf. Ency-
clopediaBritannica(2001)) more often, aswill be prescribedby forthcomingEuropeanegislation.A rationalefor
autonomousener robotsis describedn (Romeet al., 1999).

MAKR O differs from conventionalinspectionequipmentin main aspectsA corventionalinspection‘robot” is
tied to a cablethatconnectst to a surnweillanceunit. The cableprovidessupplyenegy, teleoperatiorcontrol signals,
andvideo signals,but it alsolimits the operationrange. MAKR O, on the otherhand,is unleashed@ndcarriesall the
resourcest needson-board. MAKRO is an articulaterobot consistingof six segments,connectedwith five active
joints (cf. fig. 1(a)). Eachjoint is driven by threemotors,enablingMAKR O to bendandlift partsof its 50 kilogram
bodyfor climbing andturningmaneuvresThe six drivenwheelaxesandthefifteenjoint motorsaddup to a total of
21 deggreesof freedomfor MAKRO 1.1 that have to be controlled.Corventionalinspectionequipmenthasonly one
largerigid body segmentthatpreventsturningandclimbing maneuvres.

MAKR O alsoincorporatesanumberof internalsensorsA thermometefor measuringhe CPUtemperaturepulse
countersor odometry optical sensordor readingjoint angleencodingsandmore.Sensorgor dataacquisitionfrom
theernvironmentaremainly locatedin bothidenticallyequippeceadsegments Eachof themcontainsastereacamera
pair, lighting equipmentanultrasoundransducefor obstacledetectionfour fixedinfrareddistanceransducersand
the customIR scannemhichthis articleis about.

The MAKRO prototypeis designedto operatein roughly cleanedsevers at dry weatherconditions.Its hous-
ing is waterproof,and modestlyresistantto corrosie substancesSomeoptical sensorsare protectedwith specially
coatedglassthat rejectsdirt andwater (cf. (Kepplinetal., 1999; Scholl et al., 1999) for more detailson the robot
construction).

MAKR O’skinematicsenablest to performturnsatsewer pipejunctionsandto climb stepaupto aheightof 35 cm.
Thesenew capabilitiesallow for more flexible maneuvresandlongermissions,sincethe robot doesnot have to be
manuallyputinto a branchingpipe or into a pipe sectionbehinda step.Figure 1(b) shovs MAKRO 1.0 performinga
turnin adry testsewver. Basically thedurationof MAKR O’s missionsds only limited by theon-boardbatterycapacity
During our experimentswe achievedoperationtimesof up to two hourswith onebatterychage.
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(a) SewerrobotprototypeMAKRO 1.1. (b) Sewer robot prototypeMAKRO 1.0 performinga
turnin adry sewer.

Fig.1. MAKR O robotprototypes.

A typical missionof anautonomousewver robotconsistsof puttingit viaa manholeM, into asever pipe,thenlet
the systemautonomouslyollow a prescribedouteto a specifiedgoal manholeM,, andretrieving it from there.The
robotis equippedvith amapof thesewver systemandit knowsthestartandgoalmanholesandtheroute—or‘path™—
betweerthem.It drivesthroughthe chainof pipe sectionghatthe pathconsistsof, passingnoremanholesandother
landmarksJik e pipe joints andinlets from housesThesethreetypesof artifactsarebasicallyall the landmarksthat
may sene for orientationandself-localizationin a sever. Self-localizationis a capabilityrequiredfor controllingthe
correctexecutionof the navigationplan,i.e. controllingthattherobotis alwayson the specifiedpath.

Currently MAKR O accomplishesnly manholeandinlet detectionA vision-basednethodfor pipejoint detection
hasalsobeentested(KolesnikandBaratof, 2000).In this paper we will concentraten robustinlet detection.This
taskcould, in theory alsobe solved by using2D LaserscannersUnfortunately the currentlyavailablemodels like
thoseof Sick (2001),Schmersa(2001),andLeuze(2001)aretoo heavy (2.2—4.5kg) andvoluminousto beintegrated
into the MAKR O platformwith its casediameterof only 16 cm. Sowe hadto find a customsolution.

We arguethat a cheapcustom2D rangescannebasedon an IR distancesensorwith high samplingrateis an
appropriateandrobustsolutionfor thetaskandsuperiorto alternatve methodsgiventhe constraint@andrequirements
of asawverrobot.

The paperis organizedasfollows. First, we briefly describethe saver andsummarizehe stateof theartin sever
landmarkdetection.We continuewith a descriptionof the customscannerconstructionand the respectre design
considerationsThe next sectioncontainsa brief descriptionof the calibrationanddataevaluationproceduresandan
analysisof experimentakesults We concludeby summingup the aguments.

2 On Sewer Landmark Detection

2.1 Sewer Landmarksand Sewer Maps

Sewersconsistmainly of smoothuniform cylindrical or elliptical pipes.For purpose®f havigatingin asewver, arobot
needdistinctive local featureghatmaysene aslandmarksConstructve elementdik e inletsfrom housesmanholes,
and pipe joints (fig. 2) arewell suitedfor this purpose Positioncoordinatef inlets andmanholesarerecordedn
saver informationsystemsThesedatacan easily be retrieved and corvertedinto a mapfor robot navigation. Such
a mapis madeup of descriptorsfor manholesand inlets, distancedetweentheselandmarks,nformation on pipe
diametersaandpipe materialsandmore.

The informationin saver informationsystemscanbe erroneouse.g. metricalinformationmay be incorrectbe-
causeecordedositionsof manholewary from actualpositions.This canhappenwhentheinformationis takenfrom
blueprintsandwhenthe actualconstructiordiffersfrom the blueprintdueto unexpectedocal requirementsUsually,



Fig.2. Imagesof aninlet, pipejoints,anda manholeakenwith MAKR O’s cameras.

the blueprintsare not updatedn suchcasesAlso, theremay be illegal inlets which arenot recordedn a sewver in-

formationsystem.This meansthat mapinformationis uncertainto somedegree,andthat an autonomousobot has
to copewith this type of uncertainty Navigation underuncertaintyis ongoingresearci{Ga®s and Safiotti (1999);
Moon et al. (1999))andbeyondthe scopeof this article.

2.2 Stateof the Art in Sewer Landmark Detection

Thedetectionof sewver landmarkdor self-localizatiorpurposeiasalreadybeenapproachedsingdifferentmethods.
First navigationexperimentswith sever robottestplatformshave beenconductedn a dry sewer testnetatthe GMD
sitein SanktAugustin(Hertzbeg andKirchner,1996).Figure 3 shonvsthe netanda graphicalmapof it. Themethod
for navigationunderuncertaintyof sensoinformationdescribedn (Hertzbeg andKirchner,1996)employedonly a
topologicalmapof thetestnet,consistingof agraphandmanholeshapanformation(L-, T-, X-shaped)Thepresence
of a manholecould be detectedy ultrasoundsensormdataevaluation.The manholewasthenscannedy a different,
pivotedultrasoundransducefThemanholeshapecouldbeclassifiedrom thescandataby a speciallytrainedartificial
neuralnetwork. Although it hasa high rate of correctclassificationg75 out of 81 samples)this methodlacksthe
capabilityof identifying individual manholes.

S10

]si1

Fig.3. Dry sewertestnet,correspondingnap.

For a more fine-grainedlocalization,the methodhas beenfurther enhancedy inlet detectionusing a second
pivoted ultrasoundtransduceiSchnherret al. (1999) that permanentlyscansthe walls of upperhalf pipe sections.
This procedureis time consumingand requiresa speedmaximumthat lies clearly belowv the recommendedever
inspectionspeedmaximumof 20 cm/s.

Palettaet al. (1999)describesxperimentswith a methodfor discoveringinletsin grayscalédmagestakenwith an
onboardCCD camera.The methodinvolvesa time consumingtraining phase whereasdetectionof trainedinlets is
ratherfast.In realsavers,therobotwould needto exploreunknonn sever sectionsn orderto performthemandatory
trainingphaseThis procedurds notdesirablen practice.



Campbellet al. (1995)andClarke (1995),usedifferentpipeprofiling methoddor 3D reconstructiorof sever pipes
in orderto automaticallydetectdamagesThe sensordevices are mountedon teleoperatedeaver robot equipment,
andthe dataevaluationis performedby a stationarycomputerin a surwillancevehicle.In principle, theseprofiling
methodsarealsosuitedfor inlet detectionBut therequiredhardwareequipmenbf Campbells (1995)PIRAT system
andClarke’s (1995)profiling instrumentaretoo largeandheavy to beintegratedinto the caseof a smallautonomous
mobilerobot.

KuntzeandHaffner (1998) describea device combiningstructuredight projectorsand camerador saver pipe
profiling with theteleoperatetKARO robot. KARO hasasimilarly smallheadasMAKR O, but thedevice leaveslittle
spacefor theothersensorshatMAKR O needdor autonomousavigation(cf. figuresin section3).

Alternatively, we proposeto scanpipewall sectiondor inletsusinga cheapcustominfrareddistancesensomwith
ahigh samplingfrequeng.

3 A Custom IR Scanner for Landmark Detection

3.1 Sensor Construction

We chosean ldecactive infrareddistancesensoiof type SA1D-LL4. This sensoremplogys a positionsensitivedevice
(PSD)andis capableof measuringlistancesn arangeof 20 to 50 centimeterswith the usuallimitations of thistype
of sensarFigure4(a) shavs a sideview of the sensors measuringscheme.
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(a) Measuringschemeof IR (b) Constructionsketch of MAKRO sensothead(sidesiew) and photo of
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Fig.4. Thecustominfraredscanner

The sensoris mountedin a headsegmentof MAKR O suchthatthe emittedIR beampointsto the top. A double-
sidedmirror is mountedbetweernthe sensomevice andthe sggmenttop. The mirror is attachedo the axis of a small
motor (Fig. 4(b)). This axisis parallelto therobot’s longitudinalaxis.

The IR beamis reflectedby the slowly revolving mirror (2 Hz) andrepeatedlypassedhroughtwo small coated
glasswindows flush-mountedn thetop left andright of the endsegments housing.deally, enoughof the IR beamis
reflectedandreacheshe measuringpartof the sensarFigure5(a) shavs the positionof the IR scanneinsideoneof
therobot's sensoheadghrougha left window.



Right window Left window

|
IR distance sensor

Pipe (300 mm) Reed contact

(a) Frontsggmentof MAKRO 1.1with sensorsTheidec (b) Schematidrontview of scanningangefor

IR sensoitis visible throughthe window. inlet detection(Sketchbasedn CAD drawing
by InspectorSystemditzel).

Fig.5. Scanwindows andscanrange.

Sewer inletsare not equallydistributedalongthe pipe perimeter Rather they appeaiin certainknown locations,
namelyin thetop left andright of pipes.This allows usto restrictthe searcharea(grey regionsin figure 5(b)) andto
designthe sizeandpositionof thewindows asdescribedThe smallwindow sizealsocontributesto the stability of the
robotcase.

3.2 Data Sdection

Thesensoarrangemendescribedn the previoussubsectiomalkesthe permanentlyotatingmirror reflectmostof the
IR beamsdnto theheadsegmentcase Thuswe hadto distinguishpotentiallyusefuldatawhich comefrom outsidethe
robotfrom uselesslatafrom theinterior. We attachedha tiny permanentagnetto the mirror carriet A Reedcontact
is placedsuchthatit fireswhenthe mirror is in avertical position. This senesasa referencepoint. The Reedcontact
anda specialcircuit disablethe sensors dataoutputline for a shorttime, producinga zerovaluethatcanclearly be
distinguishedrom measuredeal data.

Approximatelyonly onefourth of all datahave to beinterpretednamelythosethatcomefrom therobot'’s exterior.
A typical dataseriesfor a secondj.e. two full rotationswherethe IR beampasse®othwindows eighttimes—since
the mirror is double-sided—ishown in figure 6. For a given scannemountedin a given endsegment,we have to
calibratethe interpretationroutinesin orderto filter out uselesdatathat stemfrom refelectionswithin the robot’s
caseThisis describedn the next section.

3.3 Scanning Frequency Considerations

One preconditionfor detectinginlets reliably is that the scanrastermustbe suficiently densefor all pipe diame-
tersbetween300 and 600 millimeters. If possibleno inlet shall be overlooked while the robot travels at speedsup
to 20 cm/s. An ultrasoundbasedscanneiis inherentlytoo slow for this task, asa respectie investigationrevealed
(Schhnherr,1998).

Typical inlet sizesrangebetweenl10 and 15 cm. To detectsuchan inlet, the distanceshetweenthe centersof
successie IR beamsshouldnot be larger than 5 cm, peripherallyas well as horizontally The largestpipesunder
considerationwith a diameterof 600 mm, have perimeterof approximatelyl85 cm. Thus,37 measurementsufiice
to achieve the peripherabeamcenterdistanceof 5 cm for this classof pipes.For 300 mm pipes,the samenumberof
measurementgeldsanarrover raster wherethe peripherallistances 2.5 cm. Thetypical diameterf abeamranges
from 14 mm atadistanceof 30 cmto 20 mm at a distanceof 50 cm.
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Fig.6. Scannemeasurementduringtwo full mirror rotations.Error peakgeneratedby in-robotreflection.Detection
stateis “in sewer pipe”.

In orderto fully exploit the sensors capacityof up to 150 measurementper second the double-sidedmirror
may rotatewith 2 Hertz, yielding four completescansper second.Thus,the horizontalbeamcenterdistancecanbe
limited to 5 cm simply by limiting the robot’s speedto the typical sever inspectionspeedmaximumof 20 cm/s (=
scanfrequeny timesdesireddistance).

3.4 DataProcessing Architecture

MAKR Qs steeredy ahighlevel controlprogramthatrunsonafull featured®C/104operatedinderRealTimeLinux.
ThePC/104communicatesia CAN buswith sevenC167microcontrollersThelatteronescontrolthe propulsionand
joint motorsandreadthe dataof mostof theinternalandexternalsensorg26 IR distanceransducergwo ultrasound
transducersathermometertwo inclinometers;15 opticaljoint anglereadersandmore(cf. (Kepplinetal., 1999)for
adescriptionof MAKR O’s mechatroniconcept).

Sensorreadingghatarerelevantfor high level control programsaretransferredvia the CAN busto the PC/104.
Othersensordatamay be processedocally on the C167 microcontrollers.The C167is fastenoughto processhe
150readingsof theldec SA1D-LL4 while performingothercontroltasks.A speciallycalibratedevaluationprogram
decideswhetherthe dataindicatethat an inlet hasbeenscannedThe resultsare passedo the high level control
programonthe PC/104.

4 Algorithmsand Experimental Results

4.1 Auto-Calibration Procedure

As mentionedn previoussection,the IR scannehasto be calibratedIn half a secondtherotatingmirror turns360
degreesbetweentwo triggersof the Reedcontactand sweepsalongthe two windows. In the linear streamof data
recordedduringthathalf secondfour interestingregionshave to be detectednamelythe “positions” of thewindows.

For performingthe calibrationprocessthe robotis moved outsidea sever pipe suchthat the scannerdetects
no obstaclesand shawvs the maximumdistance Figure 7 shavs a typical distribution of datacollectedduring a full
rotationwhile therobotis outsideof a pipe. The ramp-like spikesat the abscissaregraphicalrepresentationsf the
dataindices(cf. below).

In the situationdescribedabore, all datameasuredn a periodof five secondsi.e. during 10 full mirror rotations,
arerecordedandtransformednto a histogram During the recordingprocedureanindex variablei is initialized with
0 whenthe Reedcontactis closed,andi is increasedvhena new measuremerdrrives.For every measuremerit is
checledif thedigital valueliesin theinterval of [100: 100( and.if so,thehistogramvalueatpositioni is increasedy
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Fig.7. Measuredangeswhile robotis outsideof a pipe.

one.A typical histogramof the distribution of thesemeasurementis showvn in figure 8. Consequentlythe positions
of thefour largestlocal maximaareselectecandthe interestingregion areadjustedat +7 index positionsaroundthe
local maxima(the number=7 hasbeendeterminecempirically in our experiments)The obtainedintervals,i.e. the
regionsof interestarethenbeingusedto selectvely filter out uselesslatain furtherscanoperations.

This auto-calibratiorprocedurehasto be performedseparatelyfor eachscannedevice, sincemanufcturingtol-
erancesisuallycaussslight differencesn theindex positionsof thelocal maxima.
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Fig.8. Datahistogramfor autocalibrationphase.

4.2 Scanning Algorithms

While moving throughthe pipes,the robot scanghe ervironmentandshouldfind inlets andotherinterestingthings.
Thenominalpipediametetis known andis oneof the criteriaconsideredn evaluationof the scandata.Additionally,
we have definedfive criteriato distinguishdetectionstatesof the datathatstemfrom the adjustedregionsof interest.
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A highervalueof x; (criterion4) is anindicationthataninlet occurs.A big differencebetweenxmax andx.,;,
alsoindicatesaninlet, but only if no singulardatapeakoccurs(criterion5). Singularpeaksaremorelikely to result
from errorsthanfrom detectednlets.

On onehand,largerinlets leadto mary measurement&riteria 1,2,3,5)with large values,whereason the other
handsmallerinlets leadto fewer measurementwith smallervalues(alsocriteria 1,2,3,5).With respecto the above
mentionecdcriteria, therobotcandistinguishnine differentdetectionstateqseetable 1).

State
No. Description Typical Interpretation

0 novisibility robotis in the pipe
1 goodvisibility to theleft side largeinlet ontheleft side
2 gooduvisibility to theright side largeinlet on theright side
3 goodvisibility to theleft andright side robotis outsideof apipe
4 smallvisibility to theleft side smallinlet ontheleft side
5 smallvisibility to theleft sideandgoodvisibility to theright manhole
6 smallvisibility to theleft right side smallinlet ontheright side
7 goodvisibility to theleft sideandsmallvisibility to theright manhole
8 smallvisibility to theleft andright side smallinletson bothsidesor manhole

Tablel. Differentstatesof inlet detection

Ambiguousresults ik e detectiorstate8, canbefurtherprecisedy sensofusion,i.e. by evaluatingthe datafrom
theside-lookingfixed IR transducersThesesensorgandetectbranchingpipesin manholesput cannotdetectinlets,
becauseheir IR beamgointto lower regionsof the pipe walls whereinletsusuallyarenot placed.

4.3 Experimental results

We performedseveral experimentsto testthe customscanneiin dry sever pipes.Inlets were simulatedby drilling
holesin plasticpipesof differentdiameterq30 cm and40 cm). Inlet diametergangedbetweenlO and15 cm,inlets
werepositionedon both sidesof the robotheadandwithin the scananglerange.

Figure9 shows atypical situationwheretherobotdetecteda largeinlet onits left sidein a pipewith adiameterof
40 cm. Depicteddatahadbeenrecordedduringonefull mirror rotation.Figure 9 alsorevealsanerrorwhichis filtered
outsinceit is notin oneof thefour intervalsthathave beendeterminediuringauto-calibration.

We still have to perform a variety of experimentswith smallerinlets, inlets that do not lie completelywithin
the scananglerange,inlet pipeswith differentslopes,and more. Theseexperimentsare necessaryor fine tuning
the evaluationalgorithmandfor collectinga largerbody of datafor statisticalexaminationof the evaluationresults.
However, resultslook promising,sincethe scanroutinesdetectedevery inlet thathasbeenpassedy MAKRO in the
dry sewer pipes.

Experimentsn realwet seversarestill to be performedn orderto testthe systemundertargetapplicationcondi-
tions. Thesehigh-risk experimentswill be performednot earlierthanin the very final phaseof systemdevelopment,
trying to delaypossibledamage®f a valuableresearctprototypeaslong aspossible.

5 Conclusion

We have presented cheapcustombuilt infrareddistancescannefor the detectionof inletsin sewer pipes.Therobust
detectionof inlets is a prerequisitefor reliable self-localizationof the sever robot MAKRO while it is travelling
completelyautonomouslyhrougha sewer net,guidedby a netmapandsteeredy anon-boardcontrol programthat
relieson externalsensodata.
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Fig.9. Detectionstateis “inlet”.

Althoughwe still haveto performmoreexperimentsn orderto fine tunethe evaluationalgorithm,we areconfident
thatafterinitial calibration,theemployedalgorithmwill work reliably in standardsener pipes.

Thescanneis fastenoughto permanenthyscanrelevantpipesectiondor the presencef inletswhile the MAKR O
robotdrivesat commoninspectionspeed®of up to 20 cm/s.Dataevaluationis performedon a C167microcontroller
andonly relevantresultsarepassedo highlevel controlprograms.

Thepresentednethods superiotto other, ultrasoundr vision-basednethodssinceit is fasteranddoesnotrequire
alongtrainingphaseMoreover, thelR scanners muchlighterandsmallerthancomparabl@D Laserscannershatare
availableon the market. The lightestsystemso fa—to our bestknowledge—,beingmanufcturedby Leuze(2001),
isa14 cmcubeof 2.2 kg. Althoughefforts arebeingmadeto shrink Laserscannersywe do not expectto seedramatic
improvementsn this kind of systemdor the next years.

ThelR scannes smallsizeallowsfor moresensora&ndotherdevicesto beintegratednto therobot'ssensoheads.
The light weightreduceghe burdenwhenthe robot hasto lift its segmentsin orderto climb a stepor to overcome
a smallobstacle The describeccustomIR scannerequireslessof the robot’s limited on-boardressources—engy,
spacecomputingpower—thancomparablesystemsandis appropriatdor thetaskat hand.
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