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Abstract

Thispaperpresentsahighquality, low cost3D laserrange
finder designedfor autonomousmobile systems. The 3D
laseris built on the baseof a 2D rangefinder by the exten-
sionwith a standardservo. Theservo is controlledby acom-
puterrunningRT-Linux. Thescanresolution( � 5 cm) for a
complete3D scanof an areaof 150 (h) � 90 (v) degreeis
up to 115000pointsandcanbegrabbedin 12 seconds.Stan-
dard resolutionse.g. 150 (h) � 90 (v) degreewith 22500
pointsaregrabbedin 4 seconds.While scanning,different
online algorithmsfor line andsurfacedetectionareapplied
to thedata.Objectsegmentationanddetectionaredoneoff-
line after the scan. The implementedsoftwaremodulesde-
tectoverhangingobjectsblockingthepathof therobot.With
theproposedapproachacheap,precise,reliableandreal-time
capable3D sensorfor autonomousmobilerobotsis available
andthe robot navigation andrecognitionin real-timeis im-
proved.

1. Intr oduction

Prognosesat thebeginningof theninetiesclaimedfor the
new millenniumanumberof about50.000independentlyop-
eratingautonomousservicerobotsin differentareasof pro-
ductionandservicesectors[1]. The reality is different. In
industrialenvironmentsguidedvehicles,i.e. vehiclesguided
by a magneticor optical trackarestandard[2]. Autonomous
mobileservicesystems,i.e. systemsnot restrictedby a track,
areusedextremelyrarelyalthoughmany researchgroupsare
workingonthissinceseveralyears– particularlywith mobile
systemsfor transportationtasks,e.g. [3, 4, 5, 6]. Oneof sev-
eral reasonsfor thegapbetweenprognosesandreality is the
lack of good,cheapandfastsensorsthatallow therobotsto
sensetheenvironmentin real-timeandto acton thebasisof
theacquireddata.

This paperpresentsa 3D laserrangefinder designedfor
autonomousmobilesystems(fig. 1). A largenumberof to-
day’sautonomousrobotsuse2D laserrangefindersasaprox-
imity sensor. They arevery fast(processingtime � 30 ms),
precise( � 1 cm, ������	 ) and becomingcheaper( � $3000)
sincethereareat leasttwo competingproducts[7, 8].

Figure1: Themobilerobotequippedwith 3D laserrangefinder.

A few numberof groupsbuild 3D laser rangefinders
and/orspecialalgorithmson thebasisof 2D laserrangefind-
ersto overcomethedrawbackof only 2D proximity informa-
tion thatmaycauseproblemswith overhangingobjects(e.g.
chairs,tablesor stairways)[9, 10, 11]. Furthermore,themap
building andnavigation process[12] is improved sinceob-
jectsblockingthepatharedetectedandclassified.

Thrun et al. usetwo laserrangefinders,oneshiftedby
90 degrees[9]. The 3D information is generatedwhile the
robot is moving. Theaccuracy of theacquireddatadepends
on the accuracy of the robot pose.Objectdetectionwithout
moving the robot is not possible. Waltheimet al. [11] and
Kristensenet. al. [10] usean amtecrotation module[13]
with high accuracy at highcosts( � $3500).

Ourapproachextendsastandard2D laserrangefinderbya
low costrotationmodulebasedonaservo motor. Combining
suchanextensionwith asetof fastalgorithmshasresultedin
goodobjectdetectionandobstacleavoidingsystem.

2. Constructing a 3D laser range finder

Thepresented3D laserrangefinderis built on thebasisof
a 2D rangefinderby extensionwith a mountanda servomo-
tor. The2D laserrangefinderis attachedto themountsothat
it canberotated.Therotationaxis is horizontal.A standard
servo ( � $75) is connectedon the left side(fig. 2). Anno-
tation: An alternative approachis to rotatethe rangefinder



aroundtheverticalaxis. Throughoutthis paperwe will only
discussthe approachbasedon a horizontalrotation,but all
presentedalgorithmscanbeusedin thesameway. Thediffer-
encesbetweenbothapproachesaretheorientationof theapex
angleandtheeffectsof dynamicobjectsmoving throughthe
scene,e.g. persons.Using vertical scanning,a perturbation
eitherappearswith low probabilitywithin afew scansmaking
themuselessfor furtherdataprocessing,or doesnotappearat
all. Thefirst approachon theotherhandshowsperturbations
throughoutthe whole scene,but thesedatacanstill be used
for robotnavigationandobjectdetection(seealsofig. 9).

Figure2: The3D laserrangefinder. Theservo is mountedat theleft
side.A cameraon top is usedto get texture imagesfor therealistic
appearancesof a 3D scene.

The given setupdeterminesan intrinsic orderof the ac-
quireddata.Thedatacomingfrom the2D laserrangefinder
is orderedanticlockwise.In additionthe 2D scans(scanned
planes)areordereddueto the rotation. A digital camerafor
texture mappingis mountedon top of the 3D laser range
finder. While rotating,serveral photosaretaken so that the
texturemappingcanbeappliedto a largerarea.

The 3D laserrangefinder usesonly standardinterfaces
of a computer. The servomotor is directly connectedto the
parallelport, the 2D laserrangefinder to the serialport and
the camerais connectedto an USB port. Nowadays,every
computer(esp. laptops)doeshave theseinterfacesand the
built 3D laserrangefinder can thereforeeasily be usedon
mobileplatforms.

The mountandthe servo are inexpensive andno special
electronicdevicesareused,sothepriceof thewholesystem
mainlydependson theused2D laserrangefinder.

The maximalscanresolutionfor a complete3D scanof
an area of ��
��	 (h) ������	 (v) is up to 115000points and
can be grabbedin 12 seconds. Standardresolutionse.g.��
��	 (h) ������	 (v) with 22500pointsaregrabbedin 4 seconds.
Thegrabbingspeedcanbeincreasedby a factorof ��� using
a RS-422insteadof a RS-232which is the standardinter-
faceof thelaserrangefinder. Thescanresolutionis basically
determinedby the resolutionof the laserrangefinderandis� 5 cm [8]. It canbe increasedto � 1 cm with otherlaser
rangefinders[7].

3. Real time control and online algorithms

The servo of the new 3D laserrangefinder is controlled
by a computerrunningRT-Linux, a real-timeoperatingsys-
tem which runsLINUX asa taskwith lowestpriority. The
servomotor expectsa signalevery 20 ms, the length of the
signaldeterminesthepositionof themotor (1 ms= leftmost
position,1.5 ms = middle position,2 ms = rightmostposi-
tion). Thisvery timecritical job hasto bedoneby arealtime
operatingsystemsincea latency of about10 � s corresponds
to a deviation of ����	 . Real time Linux hasan averagela-
tency of about5 � s (PII-333) and thus the rotation can be
realizedwith anaveragedeviationof ����
�	 .

While scanning,differentonline algorithmsfor line and
surfacedetectionareappliedto thedata,thusnoextra time is
needed.Two differentkindsof line detectionalgorithmshave
beentested.

The first algorithm is a simple straightforward match-
ing algorithmrunningin ������� , ( � is the numberof points)
with small constants. The algorithm implementsa simple
lengthcomparison.Thedataof thelaserrangefinder(points �!�"# �$%" �&��� "# (' ) is orderedanticlockwiseso that one com-
parisonper point is sufficient. We assumethat the points )#" ���&� "* �+ arealreadyona line. For  �+#,-$ wehaveto checkif.  ()/"# �+#,-$ .0 + 1�2 ) .  1 "# 1 ,-$ .4365 �87(�9� (1)

To obtainbetterresultsthis algorithmrunson preprocessed
data.Datapointslocatedclosetogetherarejoinedsothedis-
tancefrom one point to the next point is almostthe same.
This processminimizesthe fluctuationswithin the dataand
reducesthepointsto beprocessed.Hencethisalgorithmruns
very fast,but thequalityof thelinesis limited.

The secondline detectionalgorithm implementedis the
well known Hough-Transform[14]. A ( : "/; ) parametrisation
of thespaceof linesisused,where; is theangleof thenormal
to theline and : thedistancealongthis normalfrom theline
to the origin of the image. Using this parametrisation,all
pointsof a line fulfill thefollowing equation:

:=<?>A@9BC�� ; ��DFEGC#H8IJ� ; �K� (2)

Solving this equationfor every point ��> " E�� , that is calculat-
ing : for every angle ; , resultsin a histogram(seefig. 3).
Themaximumof thehistogramcorrespondsto a line andthe
numberof pointsbelongingto this line is maximal.

The iterationof the following threestepsreturnsall line
segments.

1. find maximum= find straightline andcalculatetheline
equationEL<  �4>MD6N

2. tagall pointsbelongingto this line

3. removethesepointsfrom thehistogramandmake line
segments.
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Figure3: Histogramof theHoughtransformationwith 1, 3, 5 and O
points

Thefinal stepusesthe intrinsic orderof thedataasit comes
from the laser rangefinder. Due to the intrinsic order of
the dataon a line only onecheckis necessaryto determine
whethera point belongsto a line segment. An advantageof
theHoughtransformationis thatit computesthegeneralline
equationandall of the belongingline segmentsin onestep
which is helpfull in furtherprocessingsteps(fig. 4).
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Figure4: Linesfoundby theHoughtransformation(onehorizontal
planeof 3D imageof figure9)

TheHough-Transformationrunsin ���QP-R8� ), whereP is the
distanceto thefurthestdatapoint. Thismaximumdistanceis
currently limited to 10 m, so that the transformationcanbe
donein real-time.For indoorenvironmentsthis limitation is
sufficient.

After line detectionthe transformationof the 2D coordi-
natesinto 3D coordinatesis done.All followingdataprocess-
ing stepsoperateon thethreedimensionaldata.

3.1.The third dimension

All algorithmsdescribedsofar runon2 dimensionaldata.
After line detectionis done the data is convertedinto 3D.

Basedon the detectedlines, the following algorithmtries to
detectsurfaces in the3-dimensionalscene.

Scanningaplanesurface,theline detectionalgorithmwill
return a sequenceof lines in successive 2D scansapproxi-
matetheshapeof this surface.Thetaskis to recognizesuch
structureswithin the 3D datainput andto concatenatethese
independentlinesto onesinglesurface.Thesurfacedetection
algorithmproceedsthefollowing steps:

0. The first setof lines – comingfrom the very first 2D
scan– is stored.

1. Everyotherline is beingcheckedwith thesetof stored
lines. If a matchingline is found, thesetwo lines are
transformedinto a surface.

2. If no suchmatchingline exists,the line maybeanex-
tensionof analreadyfoundsurface.
In this case,thenew line is matchingwith thetop line
of a surface.This top line is beingreplacedby thenew
line, resultingin anenlargedsurface(fig. 5).

3. Otherwisetheline is storedasa stand-aloneline in the
setmentionedabove.

To achieve realtimecapabilities,thealgorithmmakesuse
of the characteristicsof the dataasit comesfrom the range
finder, i.e. it is theorderby thescannedplanes.Thereforethe
lines aresortedthroughoutthe whole scene(with regardto
their locationwithin the virtual scene)dueto their inherited
order. Thusanefficient local searchcanberealized.

Two criteriahaveto befulfilled in orderto matchlines:On
onehandthe endpointsof the matchingline mustbe within
an 5 -areaaroundthe correspondingpointsof the given line
(fig. 5). On the otherhandthe anglebetweenthe two lines
hasto besmallerthana givenvalue S . Thesecondconstraint
is necessaryfor correctclassificationof shortlines,sincethey
fulfill thedistancecriterionveryeasily.

To illustrate this aspect,the readermay imaginethe 3D
scanof a complex object,a chair, for example. Thespecific
structureof this objectwill yield in a setof small,differently
orientedlines,approximatingthemany smallsurfacesof the
chair (fig. 11). Becauseof the closenessof theselines they
wouldbetransformedinto somefewer, lagersurfaces.
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Figure5: Expansionof a surfaceby a new line



Thisstep,merelya joining of linesfoundin formerscans,
canbe doneonline, too, sinceno datafrom future scansis
necessary. This meansthat therobotor a usergetsmuchin-
formationaboutobjectsin thesceneryright duringthescan.

4. Offline algorithms

Offline algorithmsare usedto createa 3D map of the
room andto enablea safenavigation of the robot. Despite
of the prior algorithms,this steprequiresinformationabout
thewhole sceneandhasto bedoneafter thescanprocessis
finished.

Objectsegmentationis doneby sequentiallymergingcon-
glomerationsof points,linesandsurfacesinto oneobject:

1. Startwith onearbitraryelement,e.g. a surface. This
elementis alreadytreatedasa“real” objectin thisstate
of thealgorithm.

2. Iterateover the previously found elementsandcheck
whetherthereareany elements“near enough”to this
object.

3. If suchanelementis found,theobjectis enlargeduntil
it enclosesthis element.

4. Repeatuntil no moreelementsfit thegivenobject.

During this process,all elementsbelongingto theobjectare
marked. Theobjectsegmentationalgorithmstartsagain,un-
til no moreconglomerationsof elementsexists, i.e. until no
moreobjectscanbefoundwithin thescannedscene.

Figure6: Representationof anobject

The objectsarecharacterizedby boundingboxes(cubes)
(fig. 6). A boundingbox is givenby 3 orthogonallines,cor-
respondingto theaxesof thevirtual world coordinatesystem.
In addition,eachobjectis surroundedby a spherewhich en-
closesthewholeboundingbox. This sphereis usedto check
very fastwhethera singlepoint is nearenoughto this object
to beexaminedaspartof theboundingbox.

Thealgorithmfirst checksif thepoint is insidethesphere.
This can be done by a test of the euclidian distance. If
the elementpassesthis test, the algorithmhasto determine
whetherthepoint is nearenoughto theactualboundingbox.
In this case,the lines definingthe boundingbox have to be
re-adjustedto enclosethisnew point, thespherelikewise.

Thisprocedurecanbegeneralizedto handleotherkindsof
elementsaswell, sincelinesarerepresentedby 2 pointsand
surfacesby 2 lines.

5. Results

To visualizethedata,differentviewer programsbasedon
OPENGL andJAVA3D wereimplemented.Thetaskof these
programsis theprojectionof the3D sceneto theimageplate,
i.e. the monitor. A graphicaluserinterfacedevelopedwith
JAVA (fig. 7) enablesasimpleandeasywayto usethescanner
applicationandtheexternalviewers.

Figure7: TheJAVA userinterface

Thefirst example(fig. 8) showsamansittingonachairin
a corridor. Durring the12 secondsscan,a personis crossing
the scenetwo times(at the right side). Figure9 shows the
115000scanpointsasthey comefrom thescanner. Thetwo
pertubationcanbeseenaswhitestripesat theright side.

Figure8: Thethird authorsitting ona chair

Basedon figure9 the implementedalgorithmscomputea
line view asshown in figure 10. This picturedemonstrates
clearly that the line detectionis donein 2D planescoming
from thescanner.



Figure9: Scannedpoints

Figure10: Detectedlinesin fig. 9

Figure11: Detectedsurfacesin fig. 10

Figure12: Detectedsurfacesandobjectsin fig. 11

Figure 11 shows the detectedsurfacesderived from the
lines of figure 10. On the left side the lines are joined to a
largesurfacerepresentingthewall very well. In contrastthe
othersideconsistsof severalsmallsurfaces,dueto theperson
crossingthe scenewhile scanning(for the dynamicview of
theplanesseetheurl [15]. This perturbationdid not change
thegenerallook of thesceneasshown in thepreviousfigures.

Figure12illustratestheresultsof theobjectdetectionstep.
Thepersonin themiddleconsistingof a bunchof surfacesis
placedwithin one single boundingbox andclearly marked
asanobstacle.Thepertubatedsurfaceson theright sideare
placedin differentboxes. Theseboxesstill canbe usedfor
safenavigationof a mobilerobot,to derive a patharoundall
obstacles,regardlessof thescanningerror.

The secondexampleshows a stairway without any dy-
namicobjectsduringthescanningprocess(fig 13). It shows
thatfinestructureslikethestaircaserailing canbedetectedby
thesystem.Surfaceswith asimilarorientation(thatis, with a
sufficiently smallanglebetweentheirnormalvectors)getthe
samecolor. This labelingenablesthe algorithmto detecta
wall evenif it is separatedinto severalsmallersurfaces.Fur-
thermoreit is possibleto detectwalls asa wholeevenif they
wereinterruptedby doors,for example.

6. Conclusion

Thispaperhaspresentedacheap,preciseandreliablehigh
quality 3D sensorfor autonomousmobile robots. With the
proposedapproachareal-timecapable3D sensoris available
andthe robot navigation andrecognitionin real-timeis im-
proved.The3D laseris built onbaseof anordinary2D range
finder andusesonly standardcomputerinterfaces. The 3D
scannersensesthe environmentcontactlesswithout the ne-
cessityof settinglandmarks.Thescanresolutionfor a com-
plete3D scanof an areaof 150 (h) � 90 (v) degreeis up to
115000pointsandcanbe grabbedin 12 seconds.The pre-
cision is mainly determinedby the laserscanner( � 5 cm).



Figure13: Picture,scanof thestairway in ourbuilding, detectedlinesandsurfaces.Thepictureis assembledof 3 photos.

Standardresolutionse.g.150(h) � 90(v) degreewith 22500
pointsaregrabbedin 4 seconds.While scanning,different
online algorithmsfor line andsurfacedetectionareapplied
to thedata.Objectsegmentationanddetectionaredoneoff-
line afterthescan.Theimplementedsoftwaremodulesdetect
overhangingobjectsblockingthepathof therobot.

Needlessto saymuchwork remainsto be done. Future
work will concentrateon four furtheraspects.a Improvingobjectclassificationwhile fusingcamerain-

formationandanobjectdatabase.a Improving facility managementsystemsby construct-
ing andupdatingdigital building modelsincludingthe
inventory(scanmatching).a Increasingtherotationangleof theservo.a Detectingnon-flator quadrangularsurfaces.
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