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Abstract
This paperpresentsa novel ultrasonicsensingsystemfor
autonomousmobilesystems.Wedescribehow wide-angled
ultrasonictransducerscanbeusedtoobtainsubstantialinfor-
mationof theenvironment.Thiscanbeachievedby exploit-
ing theoverlappingof thedetectionconesfromneighborsen-
sors.Theultrasonicsensingsystemalsoallowsthedetection
of multipleechoesfrom differentechopathsfor eachsensor.
In this way a significantlyhighernumberof echoescanbe
obtainedin comparisonto conventionalultrasonicsensing
systemsfor mobile robots. In orderto benefitfrom the in-
creasedsensorinformationadequatedatapost-processingis
required. In this context we describehow an environment
modelcanbecreatedfrom realultrasonicsensordata.
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INTRODUCTION
Consideringthe navigation of autonomousmobile systems
in only partially known or unknown dynamicenvironments,
thecompletecontact-lesssensorycoverageof theworkspace
representsa fundamentaldifficulty. To overcomethis prob-
lem, several sensorsystems(having different positive and
negativeproperties)areusedin combination.However, dur-
ing operationof autonomoussystemsin real environments
(e. g. homes,industrialplants,railway stations,exhibition
halls)many objectsappearwhichcannotbereliablydetected
by any of theemployedsensorsystems(e. g. mirrors,panes,
shiny metalsurfaces,tableedges,fences,clotheslines,stair-
heads,show-cases,shelfsandracks). In suchcasestactile
sensorsserveassafetydeactivation,whereasthey oftenalso
cannotcover the whole potentialcollision range. Our ob-
jective is to improve the recognitionof objectswith sonar
sensors.
Ultrasonictransducersarepreferablyusedto obtain three-
dimensionalinformationof theenvironment.Themostcom-
monlyusedsonardevicefor mobilerobotsis thewell known
Polaroidultrasonicrangingsystem[12] with adetectioncone
of
�����

. Due to the relatively narrow detectionrangeof the
Polaroidsensorsaswell astheangularandspatialdisplace-
ment of the sensors,crossechoesfrom neighborsensors
ratherarisefrom specularreflectionsthanfrom anobjectlo-
catedwithin thebeam-widthoverlappingof thesensors.The
standardPolaroidsystemis configuredto sendout a short
ultrasonicpulseand measuringthe "time of flight" until a

first echofrom anobjectcanbedetectedby thesamesensor.
In orderto improverobotperceptionwedecidedto usewide-
angledultrasonictransducersandto detectmultiple echoes
per sensoras well as crossechoesfrom neighborsensors.
For this reasona novel sensingsystemwasdesignedandal-
gorithmsweredevelopedto post-processthesensordatain
orderto obtainimprovedenvironmentalinformation.
Theultrasonicsensingsystemwasdeployedonanintelligent
wheelchair(MAid) developedat FAW Ulm aswell ason an
experimentalrobot XR4000 from Nomadic Technologies.
MAid (mobility aid for elderly and disabledpeople)was
designedto autonomouslyor semi-autonomouslytransport
peoplethroughprivateandpublic environments[13]. The
experimentalrobotXR4000atFAW servesfor simulatingan
automaticallyguidedhospitalbed(AutoBed)[1]. For such
applicationsahighperceptionof therobotis particularlyim-
portantdueto safetyreasons.Within this paperwedescribe
the circular sensorarrangementon the experimentalrobot
andwe demonstratethe behavior of the ultrasonicsensing
systemin a typical indoorenvironment.

RELATED WORK

In orderto understandthemotivation for a novel ultrasonic
sensingsystemwereview relatedwork:
Wilkeset al. [15] presentan algorithm that usesmultiple
peaksin the return signalsfrom several transducerswith
broadbeamsof � � � andoverlappingfieldsof view; but they
do not exploit crossechoesfrom neighborsensors.A grid
basedrepresentationanda Bayesianupdateschemesimilar
to MatthiesandElfes[10] areusedto integratethemultiple
returnsignalsfrom multiple transducersandmultiple robot
positions.
PeremansandVanCampenhout[11] proposeatriauralmea-
surementsystemcomposedof one transmittingand three
receiving ultrasonicsensorsin orderto distinguishbetween
planes,cornersandedgesby meansof triangulation. They
arguethat by triaural sensingmuch lessmeasurementsare
necessaryto recognizethesethreebasicreflector typesin
comparisonto standardtime-of-flight sensorsystems.
Lawitzky et al. [8] comparemonaural(1 transmitter, 1 re-
ceiver), binaural(1 transmitter, 2 receivers)andtriaural (1
transmitter, 3 receivers)sensorsystemconfigurations.They
statethat binaural or triaural sensingallows to get more
informationfrom a singlemeasurementby sensingseveral
featuresat once. For this reasonthey concludethat these
principleshave a large potential for increasingspeedand



precisionof environmentmappingfor obstacleavoidance
andna� vigation.
Jörg and Berg [6] presentan approachwhich allows the
simultaneousfiring of sonarsensorsby eliminatingmisread-
ingscausedby crosstalkor externalultrasoundsources.This
is achievedby usingappropriatepseudo-randomsequences
togetherwith a matchedfilter technique. Polaroid series
transducersareusedandcrosstalkcaneitherbe eliminated
or canbeexploitedto performtriangulation.
Wirnitzer et al. [16] usestochasticcodingof the transmit-
ted signalsandadaptive filtering of the received signalsto
avoid mutual interferenceof the sensorsand interference
with otherultrasonicsensorsystems.Thetargetapplication
is an automotive low-rangedetectionsystemsuchasa car
parking assistant. Wide-angledsensorsare employed and
crossechoesareexplicitly used.An arrayof severalsensors
allows, additionalto distancemeasurements,to localizean
obstacleinside the operatingrangeof at leasttwo sensors
of thearray. Additional shapeinformationcanbeobtained
whenthesensorsoperatein thecrossechomode.Basedon
this ultrasonicsensingsystem,Schmidtet al. [14] describe
antriangulationbasedalgorithmwhichallowsto distinguish
betweencircular andplaneobjectsandto identify obstacle
edges.
Whereasin [16] and[14] only four sensorsareintendedto
be fixed on a car bumper in distancesof about40 or 50
cm, we usea significantlyhighernumberof sensors(e. g.
24 or 32 sensors)andplacethemcloseto eachotheralong
the peripheryof a mobile robot. In this way we obtain
high beam-widthoverlappingwith a numberof neighbor
sensorsandthuscanefficiently take advantageof multiple
crossechoes. Consequentlywe can describeour system
as a multi-aural measurementsystem. Sincetriangulation
basedalgorithmsarenotveryefficient if thesensordistances
are short, we developeda grid basedalgorithm to obtain
increasedinformation of the environment for suchsensor
configurationsonmobilerobots.

SPECIFICATION OF THE ULTRASONIC SENSING
SYSTEM
We explain the ultrasonicsensingsystembasedon a sen-
sorarrangementfor theexperimentalrobotXR4000,which
is usedfor modelingan automaticallyguidedhospitalbed.
TheXR4000at FAW hasbeenadditionallyequippedwith 2
antipodalLaserRangingSystemsfromSICKElectro-Optics.
The new ultrasonicsensingsystemconsistsof a ring of 24
sensors,spacedwith an angulardisplacementof �	� � and
mountedon top of therobot(Figure1). In contrastto other
researchwork ([4], [5], [9]), which widely usedultrasonic
rangefinders from Polaroid Corporationwith a detection
coneof

��� �
, we employ wide-angledsensorsfrom Robert

BoschGmbHwith adetectionrangeof �	
 ��� in oneaxisand
a detectionrangeof � � � in theotheraxis. Thelattersensors
wereprimarily manufacturedfor automotive use,e. g. for
parkingpilots [16].

Figure 1. Sensor arrang ement on a cir cular robot

Wide-angledultrasonictransducerscanon theonehandde-
tect objectswithin a broaderrange,but on the other hand
make it moredifficult to estimatetheactuallocationof the
objectcausingtheechowithin thisbroderrange.In orderto
gain a substantialadvantageof thebroaderdetectionrange,
weproposeto exploit theoverlappingof thedetectioncones
from neighborsensorswhenthey areplacedcloseenoughto
eachotherand the angulardisplacementis not larger than
thedetectionrange.

In thecaseof thenew sonarsensingsystemfor theXR4000
we arrangedthe 24 Boschsensorsexactly above the upper
ring of 24 Polaroidsensorswhich this robot is originally
equippedwith. This facilitatescomparisonof thetwo sonar
sensingsystems.The2 laserrangefindersarealsomounted
ontopof therobotin orderto justscanabovethesonarrings,
which allows comparisonbetweensonarreadingsandlaser
readings.

We orientatethe ultrasonicsensorswith the � � � detection
rangeto a horizontalposition and we usethe �

 � � range
for vertical object detection. With this kind of sensorar-
rangementweobtainbeam-widthoverlappingupto thethird
neighborsensoron eachside. We could alsoorientatethe
sensorswith the �	
 � � detectionrangeto a horizontalpo-
sition andwould thenobtainbeam-widthoverlappingwith
evenmoreneighborsensors.

Whenbeam-widthoverlapsup to the third neighborsensor
on eachside, every eighth sensorin the ring can be fired
simultaneouslywithout mutualinterference.Theothersen-
sorsarein alisteningmodeduringthistime. Themiddleone
of seven passive sensorsin betweentwo firing sensorswill
normally not receive any echoes,thoughthis might occur
dueto specularreflections.After thefirst threesensorshave
beenfiredandtheultrasoundenergy within theenvironment
hasfallenbeneatha detectablelevel, thenext threesensors
canbefired. Sincetheemployedsensorshave anattainable



Figure 2. Ultrasonic sensor type 2.1 from Rober t Bosc h
GmbH

distancedetectionrangeof about 
�� , which correspondsto
a "time of flight" of about �	
���� for anultrasonicpulse,we
definea measurementperiodof this duration.Subsequently
wewait for additional����� to allow theultrasoundenergy in
the surroundingto further decline. Thuswe obtaina basic
measurementcycle time of 
 � ��� . Firing all 24 sensorsin
groupsof threesensorssuccessively, resultsin a cumulative
measurementcycle time of �
� � ��� . In addition to this we
provideanother� � ��� for transferringthecollecteddatawith
atransferrateof ���	��
 ����������� � viaserialinterfaceto therobot
PC.Consequentlythe overall systemcycle time is 
�� � ��� ,
whichcorrespondstoasamplingrateof ���! . Thissampling
rateis sufficient for amobilerobotdriving with velocitiesof
up to ��" � � � � . However, the samplingrate of the system
couldbeincreasedby severaloptimizationmeasures.

ULTRASONIC SENSOR

Theemployedsensingdevicesareultrasonicsensorsof type
2.1fromRobertBoschGmbH(Figure2)whichareprimarily
manufacturedfor automotive use,e. g. for parkingpilots.
Thesensorshave thefollowing features[3]:
# specifieddistancedetectionrange:

� " 
���� - ��"$
��# attainabledistancedetectionrange:
� " 
�� - 
%" � �# detectionangle(elliptical): &'� � �)( & ��� �# frequency range: ��
�*+�! - ����*+�! # typical pulseduration:

������, �# resonatordecaytime: � ����, �# digital bidirectionaldatatransfer# integratedsignalconditioning

Theultrasonicsensorsutilize thepulse-echo-principle.The
distancebetweenthe sensoranda reflectingobjectcanbe
calculatedby multiplying the speedof soundin air by the
measured"time of flight" of ashortultrasonicpulsetraveling

to theobjectandits echotravelingbackto thesensor:

-/. �

10
243�5�687

9 � : �	;
Thespeedof soundin air is temperaturedependentandcan
becalculatedaccordingto thefollowing formula[7]:
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The sensorsuse the samepiezo-ceramicdisc to transmit
pulsesandto receive echoes.During an excitation time of
typically

������, � the acoustictransducersendsout a pulse
whichcanbereceivedafteraresonatordecaytimeof � ����, � .
Consequentlywe obtaina deadtime of ��" 
���� for thetrans-
mittingsensorto receiveechoes.Thisdeadtimecorresponds
to a minimal attainabledistancevalueof circa

� "$
�� . The
presenceof nearerobjectscanberecognizedby thetransmit-
ting sensorwithoutobtaininganabsolutedistancevalue.We
remarkthat no deadtime appliesto idle neighborsensors,
whichareableto receive crossechoesfrom thetransmitting
sensorinstantlyandthusareableto measurethe distances
of closerobjects. For this reasononly sensorswith non-
overlappingdetectionrangesshould be fired at the same
time.
The digital bidirectional signal line of the sensoris used
for transmittingpulsesand for detectingechoes. The idle
potentialof the signal line is High. In order to transmita
pulsethesignalline canbedrawn to Low for aperiodof e. g.������, � by theelectroniccontrolunit. Subsequentlythesignal
line will remainLow for aperiodof � ����, � in orderto allow
theresonatorto decay. Thereafterthesignalline switchesto
High andthesensoris readyto detectechoes.Thereceived
echosignalsarepre-processedbyanintegratedcircuitwithin
thesensor(bandpassfiltering andthreshold-logic).For each
detectedechothe sensordraws the signal line to zero for
aslong asthe returnsignalexceedsthe threshold,i. e. the
sensoroutputsabinarysignalthatreflectsthetimeinstantsof
arriving echoes.The"time of flight" of theultrasonicpulse
canbe determinedby measuringthe elapsedtime between
firing the sensorand detectinga High-Low-edgeresulting
from anecho.A typical timing diagramof a sensor’s signal
line is shown in Figure3.
By usingasinglesensor, only thedistancebetweenthesensor
andan objectcanbe determined.Hencean objectcanbe
locatedanywherein therespectivedistanceonacirculararc
within thedetectionangleof thesensor. If two sensorswith
overlappingdetectionrangesareusedandanobjectis located
within the overlappingrange,a direct echoexists between
eachsensorandtheobjectaswell ascrossechoesfrom each
sensorvia the objectto the othersensor. In suchcasesthe



Figure 3. Timing diagram of a sensor’ s signal line
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Figure 4. Radiation characteristic of the ultrasonic sen-
sor

exact locationof the objectcanbe calculatedby meansof
triangulation.
Thetransducersdonotemitenergy homogeneouslyover the
detectionrangeandthereceivedenergydependsontheangle
of incidenceof the echoat the sensor. For this reasonthe
maximalattainabledistancevaluevarieswith the detection
angle(Figure4).
If thesurfaceof anobjecthasa perpendicularfalling within
thedetectionconeof asensorandif thereturnenergyexceeds
the sensor’s threshold,the object can be detected. If the
normalto thesurfacedoesnot fall within thedetectioncone,
theultrasoundwill bespecularreflectedby thesurfaceand
noechowill bereceivedby thesensor.

HARDWARE

DSP-Boar d
As hardwaredevice for dataacquisition,pre-processingand
transmissionvia serial interface to the robot PC we uti-
lized a DSP-Boardfrom Texas Instruments. The DSP-
Boardconsistsof a 32-Bit Fixed-PointDigital SignalPro-
cessorTMS320C6211operatingat �
� ��T �! and �	
 ���VU
� ������TXW�Y�Z

, 4 MB External SDRAM, 128 KB External

FlashROM, a Power ManagementDevice, an Expansion
DaughterCardInterfaceandaPCParallelPortInterface.
Up to 32 ultrasonicsensorscanbe connectedto the 32-Bit
databus of the ExpansionMemory Interfaceof the DSP-
Board. The acquiredsensordatacan be transferedto the
robot PC via one of the two multichannelbuffered serial
portsprovidedon theExpansionPeripheralInterfaceof the
DSP-Board.

Daughter -Boar d
A self-developedDaughter-Boardprovidesan interfacebe-
tweentheDSP-Boardandtheperipherals.On theonehand
it comprisesthe signalconditioningbetweenthe datalines
of the ultrasonicsensorsand the externaldatalines of the
ExpansionMemoryInterface.On theotherhandit provides
aserialinterfaceto therobotPCby connectingthetwo mul-
tichannelbufferedserialportsof the ExpansionPeripheral
Interfacevia amultichannelRS-232driver-/receiver-device.
TheDaughter-Boardadditionallycomprisesthevoltagesup-
ply for theDSP-Boardandfor theultrasonicsensors.

SOFTWARE
For softwaredevelopmentbasedontheTMS320C6211DSP
theCodeComposerStudiofromTexasInstrumentswasused.
The developedDSPsoftwarecomprisesa modulefor data
acquisitionanddatapreprocessingaswell asa modulefor
sendingthecollecteddatatooneof themultichannelbuffered
serialports.Additionally, theExternalFlashROM waspro-
grammedin orderto boottheDSP-Boardwith thedeveloped
software.
The LINUX software for the robot PC includesa server
programmeandaclientprogramme.Theserverprogramme
receivesthecollecteddatavia a serialport andwritesit into
sharedmemory. Theclient programmereadsthedatafrom
sharedmemoryandprovidesit to therobotsoftware.

DERIVING A SIMULATION MODEL FOR THE UL-
TRASONIC SENSING SYSTEM
A polygonalenvironmentmodel createdfrom laser range
finderdataservesasabasisto deriveasimulationmodelfor
theultrasonicsensingsystem[2].
First we definethedetectionrangesfor thedirectandcross
echoes.Wespeakaboutdirectechoeswhenthetransmitting
sensoralso receives the signal, and we speakaboutcross
echoeswhenoneof the neighborsensorsreceivesit. With
thechosensensororientation,thehorizontaldetectionrange
for directechoesis � � � andfor crossechoesapproximately
��� � , ����� or �
� � , dependingwhetherthefirst, secondor third
neighborsensoris involved,sincetheangulardisplacement
of thesensorsis �
� � . Consequentlyweobtain24directecho
pathsand144(= 6 * 24)crossechopaths.Directechopaths
canbedepictedascirculararcswith � � � andcrossechopaths
aselliptic arcswith about��� � , ����� or �	� � .
Regarding the environmentmodel we distinguishbetween
planes,cornersandedgesaccordingtoLeonardandDurrant-
Whyte [9]:
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Figure 5. Polygonal model of the envir onment and sim u-
lation model of the ultrasonic sensing system

1. A planeis representedby a line in the two-dimensional
environmentmodel. (Linesarerepresentedin Hesse’s nor-
mal form.)
2. A corner is a concave dihedral, and producesspecu-
lar returns. Cornersare representedas points in the two-
dimensionalmodel.
3. An edgeis aconvex dihedral,andproducesdiffusereflec-
tions. Like a corner, anedgeis representedby a point in the
two-dimensionalmodel.

Experimentswith theemployedultrasonicsensorshaveshown
thatdetectableechoespredominantlyarisefrom planesand
corners,sinceedgesproducediffuse reflections. For this
reason,possiblereflectionsfrom edgesare neglected,and
only returnsfrom planesandcornersareconsideredin the
simulationmodelof theultrasonicsensingsystem.

To simulatethe behavior of the ultrasonicsensingsystem
weconsiderall planesandcornersof theenvironmentmodel
andverify whetherthey couldcausedetectableechoes,i. e.
reflectionswhich fall within the detectionrangefor direct
or crossechoesof any sensor. Here we have to consider
thatplanes(lines in the two-dimensionalmodel)or corners
(pointsin the two-dimensionalmodel)canbe occluded.A
line is occludedwhena perpendiculardrawn from the line
to the sensorintersectsanotherelement(of the polygonal
model)anda point is occludedwhena line drawn from the
pointtothesensorintersectsanotherelementof thepolygonal
model.Finally werespectively assigntheshortestdetectable
distanceto eachdirectandcrossechopath. Figure5 shows
the polygonalenvironmentmodelcreatedfrom laserrange
finderdatatogetherwith circularandelliptic arcsfor all direct
andcrossechopaths. Echopathswith no detectableecho
within theoperatingrangeof thesensorsarerepresentedby
arcscorrespondingto themaximumdistancedetectionrange
(
-�[\D^])_ 
�� ).
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Figure 6. Detected straight line elements in workspace

DERIVING AN ENVIRONMENT MODEL FROM REAL
ULTRASONIC SENSOR DATA
Wederiveanenvironmentmodelfrom realultrasonicsensor
databy detectingstraightline elementsasfollows:
Wefirst representall circularandelliptic echoarcswithin the
attainabledistancedetectionrangeby a predefinednumber
of equidistantpoints on the arc. Then we assumethat an
echocould originatefrom the surfaceof an object located
at eachdiscretepoint on thearcandhaving a perpendicular
reflectionline to thesensor. We assumepotentialreflecting
surfacesto bevertical andwe representthemby horizontal
linesonthelevelof thesensor. By usingHesse’snormalform
of theequationof a line (with thedistancè from thepoint
of origin in thecoordinatesystemandtheangle a between
thenormalof theline andthex-axis),thelinescanbeHough
transformedinto parameterspaceandcanbe illustratedas
pointsin a ` ��b -diagram.
We now createa � ��� ( � ��� occupancy grid in parameter
spacewith acell sizeof

� " � ��� in ` -dimensionandacell size
of
� " � ��
���c�d - in

b
-dimension.Weaccumulatethenumberof

pointsin eachcell andthereafterwe applya 2-dimensional
low passfilter to the occupancy grid. Thenwe searchfor
highly occupiedcells in thefilteredgrid by comparingwith
a predefinedoccupancy threshold. According to this, all
pointsbelongingtocellswith anoccupancy valuebeneaththe
thresholdaredeletedandall pointsbelongingtocellswith an
occupancy valuebeyondthethresholdareusedfor building
clustersand to calculatethe cluster centers. The cluster
centersfinally representdetectedstraight line elementsin
parameterspace.Figure6 shows thestraightline elements
in workspace.
It canbe notedthat two of the four detectedstraightlines
correspondto line elementsin the polygonalenvironment
modelderived from laserrangefinder data. The othertwo
straightlinesof theultrasonicenvironmentmodelarisefrom



a tableedgeandfrom a chair back-rest. Due to the lower
heighte of theseobjectsthey couldnot be recognizedby the
laserrangefindersandthey areconsequentlynot contained
in thelaserrangefinderenvironmentmodel.
We remarkthat the four straightline elementsof the ultra-
sonicenvironmentmodelwereobtainedbyasingleultrasonic
scanaroundtherobotfrom afix robotposition.Ongoingex-
perimentshavealreadyproventhatmoredetailedmodelscan
beobtainedby integratingsensordatawhentherobotmoves
aroundandscansthe environmentfrom differentpointsof
view. Thisalsoallowsto modelfurtherdistantobjectswhich
could not be detectedfrom a fix robot position due to the
limited distancedetectionrangeof theultrasonicsensors.

CONCLUSION
We have presenteda novel ultrasonicsensingsystemfor
autonomousmobile systems,and we have describedhow
wide-angledultrasonic transducerscan be usedto obtain
substantialinformationof theenvironmentby exploiting the
overlappingof thedetectionconesfrom neighborsensors.
In orderto incorporatethe propertiesof the ultrasonicsen-
sors,their geometricalconfiguration,and the alignmentof
thedirectandcrossechopaths,wehavedevelopedasimula-
tion modelfor theultrasonicsensingsystem.Thesimulation
modelhasbeenusedasa basisfor deriving a polygonalen-
vironmentmodelfrom realultrasonicsensordata.We have
shown thatanumberof straightlineelementscanbedetected
by asingleultrasonicscanaroundtherobotfrom a fix robot
position. In ongoingresearchwe integrateultrasonicsensor
datafrom different robot positionsin order to obtainmore
detailedenvironmentmodels.
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