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Abstract

This paperpresents high quality, low cost3D laserrange
finder designedfor autonomousmobile systems. The 3D
laseris built on the baseof a 2D rangefinder by the exten-
sionwith a standardseno. Theseno is controlledby acom-
puterrunningRT-Linux. The scanresolution(~ 5 cm)for a
complete3D scanof an areaof 150 (h) x 90 (v) degreeis
upto 115000pointsandcanbegrabbedn 12 secondsStan-
dard resolutionse.g. 150 (h) x 90 (v) degreewith 22500
points are grabbedin 4 seconds.While scanningdifferent
online algorithmsfor line and surfacedetectionare applied
to the data. Objectsegmentationanddetectionare doneoff-
line after the scan. The implementedsoftware modulesde-
tectoverhangingobjectsblockingthe pathof therobot. With
theproposedpproactacheapprecisereliableandreal-time
capable3D sensorfor autonomousnobilerobotsis available
andthe robot navigation and recognitionin real-timeis im-
proved.

1. Intr oduction

Prognosesatthe beginning of the ninetiesclaimedfor the
new millenniumanumberof about50.000independentlyp-
eratingautonomouservicerobotsin differentareasof pro-
ductionand servicesectorg[1]. Thereality is different. In
industrialenvironmentsguidedvehicles,i.e. vehiclesguided
by a magneticor opticaltrackarestandard2]. Autonomous
mobile servicesystemsi.e. systemsotrestrictecby atrack,
areusedextremelyrarely althoughmary researchgroupsare
working onthis sinceseveralyears- particularlywith mobile
systemdor transportationtasks.e.g.[3, 4, 5, 6]. Oneof ses-
eralreasondor the gapbetweerprognosesndreality is the
lack of good,cheapandfastsensorghatallow the robotsto
sensahe ervironmentin real-timeandto acton the basisof
theacquireddata.

This paperpresents 3D laserrangefinder designedor
autonomousnobile systemgfig. 1). A large numberof to-
day’sautonomousobotsuse2D laserangefindersasaprox-
imity sensor They arevery fast(processingime ~ 30 ms),
precise(~ 1 cm, 180°) and becomingcheaper(~ $3000)
sincethereareatleasttwo competingproductq?7, 8].

Figurel: Themobilerobotequippedvith 3D laserrangefinder.

A few numberof groupsbuild 3D laserrangefinders
and/orspecialalgorithmson the basisof 2D laserrangefind-
ersto overcomethe drawvbackof only 2D proximity informa-
tion that may causeproblemswith overhangingobjects(e.g.
chairs tablesor stairmays)[9, 10, 11]. Furthermorethe map
building and navigation procesq12] is improved since ob-
jectsblockingthe patharedetectedandclassified.

Thrun et al. usetwo laserrangefinders,one shifted by
90 dggrees[9]. The 3D informationis generatedvhile the
robotis moving. The accurag of the acquireddatadepends
on the accurag of therobot pose. Objectdetectionwithout
moving the robotis not possible. Waltheimet al. [11] and
Kristensenet. al. [10] usean amtecrotation module[13]
with high accurag athigh costs(~ $3500).

Ourapproactextendsastandar®D laserrangefinderby a
low costrotationmodulebasedn a seno motor. Combining
suchanextensionwith a setof fastalgorithmshasresultedn
goodobjectdetectionandobstacleavoiding system.

2. Constructing a 3D laserrange finder

Thepresente®D laserrangefinderis built onthe basisof
a 2D rangefinder by extensionwith a mountanda senomo-
tor. The2D laserrangefinderis attachedo themountsothat
it canberotated. Therotationaxisis horizontal. A standard
seno (~ $75)is connectedn the left side (fig. 2). Anno-
tation: An alternatve approachis to rotatethe rangefinder



aroundthe vertical axis. Throughoutthis paperwe will only
discussthe approachbasedon a horizontalrotation, but all
presente@lgorithmscanbeusedn thesameway. Thediffer-
encedetweerbothapproachearetheorientationof theapex
angleandthe effectsof dynamicobjectsmoving throughthe
sceneg.g. persons.Using vertical scanninga perturbation
eitherappearsvith low probabilitywithin afew scansnaking
themuselessor furtherdataprocessingor doesnotappeaat
all. Thefirst approactonthe otherhandshows perturbations
throughoutthe whole scene put thesedatacanstill be used
for robotnavigationandobjectdetection(seealsofig. 9).

Figure2: The 3D laserrangefinder. Theseno is mountedattheleft
side. A cameraon top is usedto gettexture imagesfor therealistic
appearancesf a 3D scene.

The given setupdeterminesan intrinsic order of the ac-
quireddata. The datacomingfrom the 2D laserrangefinder
is orderedanticlockwise.In additionthe 2D scang(scanned
planes)areordereddueto the rotation. A digital camerafor
texture mappingis mountedon top of the 3D laserrange
finder While rotating, seneral photosare taken so that the
texture mappingcanbe appliedto alargerarea.

The 3D laserrangefinder usesonly standardinterfaces
of a computer The senomotoris directly connectedo the
parallelport, the 2D laserrangefinder to the serial port and
the camerais connectedo an USB port. Nowadays,every
computer(esp. laptops)doeshave theseinterfacesandthe
built 3D laserrangefinder canthereforeeasily be usedon
mobileplatforms.

The mountandthe serno areinexpensve and no special
electronicdevicesareused,sothe price of thewhole system
mainly depend®ontheused2D laserrangefinder.

The maximal scanresolutionfor a complete3D scanof
an areaof 150°(h) x 90°(v) is up to 115000 points and
can be grabbedin 12 seconds. Standardresolutionse.g.
150°(h) x 90°(v) with 22500pointsaregrabbedn 4 seconds.
Thegrabbingspeedtanbeincreasedy afactorof ~ 4 using
a RS-422insteadof a RS-232which is the standardinter-
faceof thelaserrangefinder. Thescanresolutionis basically
determinedby the resolutionof the laserrangefinderandis
~ 5cm|[8]. It canbeincreasedo ~ 1 cm with otherlaser
rangefinders[7].

3. Realtime control and online algorithms

The seno of the new 3D laserrangefinderis controlled
by a computerrunning RT-Linux, a real-timeoperatingsys-
tem which runsLINUX asa taskwith lowestpriority. The
senomotor expectsa signal every 20 ms, the length of the
signaldetermineghe positionof the motor (1 ms = leftmost
position, 1.5 ms = middle position, 2 ms = rightmostposi-
tion). Thisverytime critical job hasto bedoneby arealtime
operatingsystemsincea lateng of about10 us corresponds
to a deviation of ~ 1°. Realtime Linux hasan averagela-
teng of about5 us (P11-333) and thus the rotation can be
realizedwith anaveragedeviation of 0.5°.

While scanningdifferentonline algorithmsfor line and
surfacedetectionareappliedto the data,thusno extratimeis
neededTwo differentkindsof line detectioralgorithmshave
beentested.

The first algorithm is a simple straightforvard match-
ing algorithmrunningin O(n), (n is the numberof points)
with small constants. The algorithm implementsa simple
lengthcomparisonThe dataof thelaserrangefinder (points
ap,a1,---,0,) IS orderedanticlockwiseso that one com-
parisonper point is sufiicient. We assumethat the points
ai,...,a; arealreadyonaline. For a; we haveto checkif
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To obtain betterresultsthis algorithmrunson preprocessed
data.Datapointslocatedclosetogetherarejoinedsothedis-
tancefrom one point to the next point is almostthe same.
This processminimizesthe fluctuationswithin the dataand
reduceghe pointsto be processedHencethis algorithmruns
very fast,but the quality of thelinesis limited.

The secondline detectionalgorithm implementeds the
well known Hough-Transform[14]. A (p, #) parametrisation
of thespaceof linesis usedwheref is theangleof thenormal
to theline andp the distancealongthis normalfrom theline
to the origin of the image. Using this parametrisationall
pointsof aline fulfill thefollowing equation:

p = zcos(f) + ysin(h). )

Solvingthis equationfor every point (z, y), thatis calculat-
ing p for every angle#, resultsin a histogram(seefig. 3).
The maximumof the histogramcorrespondso a line andthe
numberof pointsbelongingto this line is maximal.

The iteration of the following threestepsreturnsall line
sggments.

1. find maximum= find straightline andcalculatetheline
equationy =a xx +b

2. tagall pointsbelongingto thisline

3. remove thesepointsfrom the histogramandmake line
sgments.



Figure3: Histogramof the Houghtransformatiorwith 1, 3,5 andn
points

Thefinal stepusestheintrinsic orderof the dataasit comes
from the laserrangefinder Due to the intrinsic order of

the dataon a line only one checkis necessaryo determine
whethera point belongsto a line segment. An advantageof

the Houghtransformatioris thatit computeghe generaline

equationandall of the belongingline sggmentsin one step
whichis helpfull in furtherprocessingtep(fig. 4).
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Figure4: Linesfound by the Houghtransformatiorn(onehorizontal
planeof 3D imageof figure 9)

TheHough-Transformatiomunsin O(d-n), whered is the
distanceto thefurthestdatapoint. This maximumdistanceis
currentlylimited to 10 m, so that the transformatiorcanbe
donein real-time. For indoor ervironmentsthis limitation is
sufficient.

After line detectionthe transformatiorof the 2D coordi-
natesinto 3D coordinatess done.All following dataprocess-
ing stepsoperateon thethreedimensionabata.

3.1. The third dimension

All algorithmsdescribedsofarrunon 2 dimensionabata.
After line detectionis donethe datais corvertedinto 3D.

Basedon the detectedines, the following algorithmtriesto
detectsurfacesin the 3-dimensionakcene.
Scanningaplanesurface theline detectionalgorithmwill
return a sequencef lines in successie 2D scansapproxi-
matethe shapeof this surface. Thetaskis to recognizesuch
structureswithin the 3D datainput andto concatenat¢hese
independeniinesto onesinglesurface. Thesurfacedetection
algorithmproceedshefollowing steps:

0. Thefirst setof lines— comingfrom the very first 2D
scan-is stored.

1. Everyotherline is beingchecledwith the setof stored
lines. If a matchingline is found, thesetwo lines are
transformednto a surface.

2. If nosuchmatchingline exists,the line maybe anex-
tensionof analreadyfoundsurface.
In this case the new line is matchingwith thetop line
of asurface.Thistopline is beingreplacedy the new
line, resultingin anenlagedsurface(fig. 5).

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

To achieve realtime capabilitiesthe algorithmmalkesuse
of the characteristic®f the dataasit comesfrom the range
finder, i.e. it istheorderby the scanneglanes.Thereforethe
lines are sortedthroughoutthe whole scene(with regardto
their locationwithin the virtual scene)dueto their inherited
order Thusanefficientlocal searchcanberealized.

Two criteriahaveto befulfilled in orderto matchlines: On
onehandthe endpointsof the matchingline mustbe within
an e-areaaroundthe correspondingpoints of the givenline
(fig. 5). Onthe otherhandthe anglebetweenthe two lines
hasto be smallerthana givenvalued. The seconcconstraint
is necessarfor correctclassificatiorof shortlines,sincethey
fulfill thedistancecriterionvery easily

To illustrate this aspectthe readermay imaginethe 3D
scanof a complex object,a chair, for example. The specific
structureof this objectwill yield in a setof small, differently
orientedlines, approximatinghe mary small surfacesof the
chair (fig. 11). Becauseof the closenes®f theselinesthey
would betransformednto somefewer, lagersurfaces.
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Figure5: Expansiorof asurfaceby anew line



This step,merelyajoining of linesfoundin formerscans,
canbe doneonline, too, sinceno datafrom future scansis
necessaryThis meanghattherobotor a usergetsmuchin-
formationaboutobjectsin thesceneryright duringthe scan.

4. Offline algorithms

Offline algorithmsare usedto createa 3D map of the
room andto enablea safe navigation of the robot. Despite
of the prior algorithms,this steprequiresinformation about
the whole sceneandhasto be doneafter the scanprocesss
finished.

Objectsggmentatioris doneby sequentiallymerging con-
glomeration®f points,linesandsurfacesnto oneobject:

1. Startwith onearbitraryelement,e.g. a surface. This
elemenis alreadytreatedasa “real” objectin this state
of the algorithm.

2. Iterateover the previously found elementsand check
whetherthereareary elements'near enough”to this
object.

3. If suchanelements found,theobjectis enlageduntil
it encloseghis element.

4. Repeauntil no moreelementdit thegivenobject.

During this processall elementdelongingto the objectare
marked. The objectsggmentationalgorithmstartsagain,un-
til no moreconglomeration®f elementsxists, i.e. until no
moreobjectscanbefoundwithin thescannedcene.

Figure6: Representationf anobject

The objectsare characterizedy boundingboxes(cubes)
(fig. 6). A boundingbox s givenby 3 orthogonalines, cor
respondingdo theaxesof thevirtual world coordinatesystem.
In addition,eachobjectis surroundedy a spherewhich en-
closesthe whole boundingbox. This spheres usedto check
very fastwhethera singlepoint is nearenoughto this object
to be examinedaspartof the boundingbox.

Thealgorithmfirst checksf the pointis insidethe sphere.
This can be done by a test of the euclidian distance. If
the elementpasseghis test, the algorithmhasto determine
whetherthe pointis nearenoughto the actualboundingbox.
In this casethe lines definingthe boundingbox have to be
re-adjustedo enclosethis new point, the spherdik ewise.

Thisprocedureanbegeneralizedo handleotherkindsof
elementsaswell, sincelines arerepresentethy 2 pointsand
surfacesby 2 lines.

5. Results

To visualizethe data,differentviewer programsbasecdon
OPENGL andJava3D wereimplemented.Thetaskof these
programds the projectionof the 3D scendo theimageplate,
i.e. the monitor. A graphicaluserinterfacedevelopedwith
Java (fig. 7) enablesasimpleandeasywayto usethescanner
applicationandthe externalviewers.
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Figure7: The JAVA userinterface

Thefirst example(fig. 8) shavs amansitting onachairin
acorridor. Durring the 12 secondscan,a personis crossing
the scenetwo times (at the right side). Figure 9 shaws the
115000scanpointsasthey comefrom the scanner The two
pertubatiorcanbe seenaswhite stripesat theright side.

Figure8: Thethird authorsitting ona chair

Basedon figure 9 the implementedalgorithmscomputea
line view asshawn in figure 10. This picture demonstrates
clearly that the line detectionis donein 2D planescoming
from thescanner



Figure9: Scannegoints

Figure10: Detectedinesin fig. 9

Figurell: Detectedsurfacesn fig. 10

Figurel2: Detectedsurfacesandobjectsin fig. 11

Figure 11 shaws the detectedsurfacesderived from the
lines of figure 10. On the left sidethelines arejoinedto a
large surfacerepresentinghe wall very well. In contrastthe
othersideconsistof severalsmallsurfacesdueto theperson
crossingthe scenewhile scanning(for the dynamicview of
the planesseethe url [15]. This perturbationdid not change
thegeneralook of thesceneasshown in the previousfigures.

Figurel2illustratestheresultsof theobjectdetectiorstep.
The personin themiddle consistingof a bunchof surfacess
placedwithin one single boundingbox and clearly marked
asan obstacle.The pertubatedsurfaceson theright sideare
placedin differentboxes. Theseboxesstill canbe usedfor
safenavigation of amobilerobot,to derive a patharoundall
obstaclestegardlesf the scanningerror.

The secondexample shavs a stairway without ary dy-
namicobjectsduring the scanningprocesgfig 13). It shavs
thatfine structuredik ethe staircaseailing canbedetectedy
thesystem.Surfaceswith a similar orientation(thatis, with a
sufficiently smallanglebetweertheir normalvectors)getthe
samecolor. This labelingenablegshe algorithmto detecta
wall evenif it is separatedhto severalsmallersurfaces.Fur-
thermoreit is possibleto detectwalls asawhole evenif they
wereinterruptedoy doors,for example.

6. Conclusion

Thispaperhaspresente@cheappreciseandreliablehigh
quality 3D sensorfor autonomousnobile robots. With the
proposedipproachareal-timecapable3D sensotis available
andthe robot navigation and recognitionin real-timeis im-
proved. The3D laseris built on baseof anordinary2D range
finder andusesonly standardcomputerinterfaces. The 3D
scannersenseghe environmentcontactlesswithout the ne-
cessityof settinglandmarks.The scanresolutionfor a com-
plete 3D scanof anareaof 150 (h) x 90 (v) degreeis up to
115000pointsand canbe grabbedn 12 seconds.The pre-
cisionis mainly determinedby the laserscanner(~ 5 cm).



Figure13: Picture,scanof the stairnay in our building, detectedinesandsurfaces.The pictureis assembleaf 3 photos.

Standardesolutionse.g.150(h) x 90 (v) degreewith 22500
points are grabbedin 4 seconds.While scanningdifferent
online algorithmsfor line and surfacedetectionare applied
to the data. Objectsegmentationanddetectionare doneoff-
line afterthescan.Theimplementedoftwaremodulesdetect
overhangingbjectsblockingthe pathof therobot.

Needlesdo say muchwork remainsto be done. Future
work will concentraten four furtheraspects.

Improving objectclassificatiorwhile fusingcameran-
formationandan objectdatabase.

Improving facility managemensystemsby construct-
ing andupdatingdigital building modelsincluding the
inventory(scanmatching).

Increasingherotationangleof theseno.
Detectingnon-flator quadrangulasurfaces.
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