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Abstract. The development of tel eoperated autonomous robots occurred due the existence of environments unsuitable for human
action. These robots usually need a representation of the environment (a map) and the capacity to interpret that representation to be
able to plan a path towards some target location and to move safely in an environment where there may be variationsin the position
of the objects. This work describes a navigation system with remote monitoring through the Internet for the Nomad XR4000 mobile
robot. The system builds bidimensional maps of the environment that surrounds the robot, through a combination of sonar and
infra-red sensors, and also the estimated position of the robot. The navigation is carried out through stored environment maps. The
user, through a graphical interface in a Web browser, can define a target to be reached by the robot. A path planner based on
artificial intelligence defines a trajectory and controls the robot motion without collisions.
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1. Introduction

Nowadaysmobile robotsare utilized in manyapplicationssuchas performingtasksthatarehazardougor humans
or evensimply guiding peoplein museumgThrun et al. 1999). The greatvariety of tasksthatcanbe accomplishedy
autonomous mobile robots has stimulated a growing interest in this field of knowledge in recent years.

For an autonomousmobile robot, the control problem is translatedinto a navigation concept. According to
Nehmzow (2000), nagation can be defined by three fundamental competences:

- Selflocalization;
— Path planning;
— Map-building and majnterpretation.

Selflocalizationdenotesthe robot’s capacityto establishits own positionin relationto a referencesystem.Path
planningrequiresthe determinatiorof the robot’s currentpositionandthe positionof a targetlocationin relationto the
samereferencesystem.Thosetwo competencessuallyrequirethe useof a representationf the environmentia map)
and the ability to intemet that representation.

In general,approacheso representinghe environmentare divided into topologic and geometricmaps.Topologic
mapsconsiderthe environmentas a seriesof placeswith connectiondbetweenthem,thesebeingnaturallyrepresented
by a graph. One of the main advantages of this representation is the ease of path planing.

Geometricmaps, such as occupancygrids (or evidencegrids, Martin, 1996 and Moravec, 1985), representhe
environmentin discretecells forming a grid. Here,eachcell representa squareareaof the environmentandit stores
the value that indicatesthe occupationstatefor this area.This is usually doneby labelingthe cells with “unknown”,
“free” or “occupied” values or with a value that represents the protyabilthe cell being occupied or not.

To fill the grid througha probabilistictreatmentmay be computationallyexpensiveand becomeanore expensive
asthe environmentmapincreasesln this way, someapplicationsin real time becomenonviable(Dissanayke, 2001).
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The facility to representhe environmentand the possibility for integrationof datafrom different kinds of sensors
constitutes the main advantages of the geometric maps.

The fundamental problem of maphbuilding and mapinterpretationis knowing the robot's location in the
environmentA simple methodfor mobile robot localizationis called deadreckoning,in which the position and the
orientationare estimatedby summingeachmovementin relationto an initial point (pathintegration).Becauseof the
odometerdrift problemsthat are continually accumulateit is more commonto find systemsthat also add sensors
information, since this error cannot be eliminated without an external perception.

Another problem that has been getting attention in the field of robotics is teleoperation.The existenceof
environmentallyunsuitablesites, where human action is dangerousor not viable, brought about the needfor the
developmenof remotelyoperatedsystemsin Byrd (1996),a mobile robot remotelyoperded is usedto visualizeand
monitor dangerougplaces.Nehmzowet al. (1996) and Simmons(1998) usethe Internetasa communicatiorvehicleto
remotely control mobile robots.

This work presentaspectf the methodologyandthe implementatiorof a navigation systemfor a mobile robot.
The system developed allows teleoperation through the Internet.

In section2 we describethe mobile robot usedin this work. In section3 we detail the navigation system
implementedand somesimulatedresults.The teleopeation architectures describedn section4. In the section5 the
experimental results are presented. The conclusions are given in section 6.

2.The Nomad XR4000 mobile robot

The NomadXR4000mobilerobot(fig 1) is anintegratedsystemdesignedor industrialapplications or research. Its
features include (Nomadic Technologies, 1999):

Onboard dead reckoning system (odometer);

Infrared, sonar and tactile sensors;

Two PC Pentiumcomputersunningthe Linux operationalsystem(programmedn C languagg interconnected
by TCP/IP protocol;

Camera, pattilt unit and frame grabber for vision task;

Wireless network connection.

Therobot'smotor systemis holonomic,providingthreedegree®f freedom(X, Y andq): two of translation and one
of rotation. The wheelshaveindependentranslationand rotation axes,summarizingeight motorsfor the four system
wheels. Three DSP (Digital Signal Processing)units and a dedicatedmicrocontroller control the eight axes and
calculatethe estimatedposition (deadreckoring) basedon the robot'skinematicmodel and input dataobtainedfrom
encoders located at each actuator (motors and wheels).

The sonarsensorsystem,Sensus250, consistsof two rings containing 24 sensorseach.A sonarcan provide
information on objectsat between150 and 7000 mm distancesThe Sensus350 systemconsistsof two rings of 24
infrared light sensors capable of providing information on close objects (typically between 200 and 500 mm distance).

The Nomad XR4000 also hastactile sensorsthat return information about physical contactwith objectsin the
environment. In this work, these sensors were only used for emergencies, since robot collisions should be avoided.

The Nomad XR4000 is programmedusing the XRDev architectureprovided by the manufacturer.This multi-
process architecture is composed mainly of three processes:

— Nrobot, the server process that communicates with the robot’s hardware;

— Ngui, a graphical interface for robot control;

— Userprocesswhich communicatesvith Nrobotin orderto allow the performancef severatasksdefinedby the
user.

The network connection is made through a Proxin RangelLan2 wireless Ethernet card adapter
(http://www.proxim.com).This system communicateswith a bridge serverthat connectsthe robot with the local
network using the TCP/IP protocol.

Figure 1. The Nomad XR4000 mobile robot



3. Navigation System

Figure 2 showsthe navigationsystemarchitecturebasedon static and dynamic mapsdevelopedfor the Nomad
XR4000 mobile robot. In the following subsections aspects of its architecture and implementation will be detailed.

Femote Client
Maviapheb

Internet

TCPIP Local Navddap 1.0 | Local Client

TAWVA G Local

Enternet — TCRTP

bemmmm = =

THI = Shared Library

switch B
at GRACO '
f:iharrd. » t-% .
1 brar '
HAVIapsErver e o hibMavigater =l
> :
=
B
Shared library =
L :
ibXR4000 ]
Intranet
TCPIP (wireless)
w
Intranet
TCRIP (wireless) upper.graco.unb hr
—_ lower. graco.unks_br

Bridge
radio.graca.unb.br

Figure 2. Navigation system architecture remotely operatiogigrthe Internet.

3.1.Mapping and Selflocalization Module

In our systemwe useoccupationgrids to representhe environmentthat surroundsthe robot. This approachwas
chosen mainly because it supplies a simplified way to integrate different sepsoséptions.

In this approachthe environments divided into cells, and eachonerepresents squareareaof the realworld. In
this work the state of occupationof eachcell is indicatedby an integer value. Thesevaluesand their respective

meaning are:

(-1) Nonrexploredareaof space.Initially, the stateof occupationis unknownin all cells. Then, all cells are
initialized with-1;

(0) Free space;

(8) Tolerance:This informationis usedto avoid collision with obstaclesdueto differencebetweenthe robot's
diameter and the cell dimension.

(9) Occupied space: This identifies the obstacles in the environment.

The cell sizein the occupationgrid mustbe chosenconsideringaspectsuchas computationakost, precisionand
real environmat dimensionslin the developedsystem,the cell size was definedas 100 x 100 mm. The structureto
storethe mapsis a onedimensionalvector with 90000 elements equivalentto a threehundredorder squarematrix.
Thus, the map can represent an area mékimum dimensions of 30 x 30 m or 908. m

The cells arefilled out basedon the sensorialprocessinghat integratesdatafrom ultrasonicandinfrared sensors
with the estimatedrobot position in the environment.A safety margin is addedaroundthe obstclesto prevent
collisions.

The positionand orientationof the robot are obtainedfrom the deadreckoningsystem.Deadreckoning,however,
suffersfrom severalsourcesof inaccuracyike noiseandwheelsslippage,andthe cumulativeeffectsof theseerrors
canresultin alargeerrorin the robot position estimate Positionerrorscanaffect not only the building of the mapbut
also its interpretation.

Figure 3 showsdetailsof the graphicaluserinterface(GUI), called NavMapWeb,developedn Javaprogmamming
languaggSunMicrosystems2003a).Throughthis GUI, the usercanconstantlyisualizethe environmentmapandthe



robot position, both being constantlyupdated.ln the map, free spacesare representedyy white, obstacleshy black,
safetyareasarecoloredgreenandunknownspacesrein gray. Therobotis representedly a bluecircle in its respective
position. This interfacealso allows a mapto be savedor loaded,the grid resolutionto be adjustedandthe stateof the
batteries to be visualized.

It canbe observedn figure 2 that the NavMapWebinterfaceis remotelyexecutedand communicatiorwith other
partsof the systemis carried out throughthe Internet. This interfacecan also executelocally and, in this case,it is
referenced by Local Nawap.
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Figure 3. GUI (NavMapWeb) running the application.

3.2.Path Planning Module

The path planner'sproblemis to find a free path leadingfrom the robot's currentposition to a targetposition.
Besides the current and target piosit to plan a path for a mobile robot a map of the environment is necessary.

Sincein most casesthereare severalpossiblewaysto lead a robot from an initial point to a targetpoint, some
desirablecharacteristicgor the route can be defined.For example,someroutesmay be shorterwhile othersmay be
more secure. These characteristics directly affect the choice of the path planning method.

Most of the approacheso path planningvisualizethe searchspacein a graphof possibleroads,for example the
approachedy Voronoi diagramand visibility graph(Latombe,1991). This approximationcan naturally lead to the
learningof the environment, where the robot can take several paths to map the environment.

To selectthe bestpath from a graphof se\eral possiblepathswe utilize, also, many very well known artificial
intelligence techniques (Al), such as the branch and bound search variations (Winston, 1984).

In the developedsystemthe A* searchalgorithm was used(Winston, 1984), which is a refinementof the branch
andboundsearchln this algorithm,the searchspaceis reduceddeletingmultiple pathsto a subnodeandleavingonly
thelowestcostpath. The choiceof the lowestcostpathfor expansiorat eachstageis improvedby addingan estimaed
costfor theremainingpathto the actualcostof the pathsofar. If the estimatectostis alwayslower thanthe actualcost,
the searchA* producesan optimal solution. A typical lower boundusedin path planningis the straightline distance
betweerthe position represented by the current node and the target position.

Figure 4 displaysa simulatedresult using an imaginary map. Free cells are white. The black cells representhe
obstaclesLettersR andM indicate,respectively the robot'sinitial andtargetposition. The pathwasfound by the A*
search and it is represented by the gray cells. In this simulation, a safety margin to avoid collisions was incorporated.

In the implementedsystem,the path planningmoduleis activatedeverytime a movenentis requestedThe user
can specify the targetposition, i.e. the targetcoordinatessimply by clicking the mouseon the GUI map (figure 3).
When this eventoccurs, the path planning module immediately verifies the existenceof a path without collisions
betweenthe origin and destinationpoint and, whenit exists,the robotis commandedy the navigationsystemto the
target position. The control of the whole movement is automatic.



Figure 4. Simulated A* search result.

While the navigationsystemdrivesthe robotto the targetposition,it executesensoriakoutinesto detectobstacles
not foreseenn the map.Whenan obstacleis detectedoo closeto the robot (distancesqualor inferior to 300 mm), a
new path is calculated to avoid such ob&taghd thereby any potential collisions.

4. Internet teleoperation

~ Theimplementedsystemcanbe teleoperatedhroughthe Internetbasedon the clientserverarchitecturedefinedby
Alvares (1998, 1999a, 1999b), which is composed of the following parts:

— The server, represented by programs that run in the robot;
— The client, represented by the Java applets located in the user browser.

A similar architecturewas usedin anotherwork in the laboratory,in which Tourino (2002) directsthe Nomad
XR4000mobile robot through the WEB.

In the implementedsystem the developedserver,called NavMap, runson a Pentiumll, 600Mhz microcomputer,
with a Linux Suse8.1 operationakystem Jocatedin the laboratory.The NavMap servercommunicatesvith the robot's
server, Nrobot, through the Ethernet local network using the TCP/IP protocol, as shown in figure 2.

The NavMapserverwasimplementedisingtwo librariesdevelopedn the C++ programmindanguagelibXR4000
and libNavigator. The libXR4000 library makesa map of the functions, variablesand structuresavailable at the
manufacturer'dibrary (Nclient_host)for a simple object orientatedmodel, to be usedwithin other applications.The
libNavigator containsthe implementatiorof the mappingand path planningmodules.The communicatiorbetweernthe
Javainterfaceandthe C++ written systemusesthe JNI (JavaNative Interface,SunMycrosystems2003b)technology,
that allows Javacode to operatewith applicationsand libraries written in other languagessuch as C, C++, and
Assembly.

The client executeghe application,whosegraphicinterfaceis shownin figure 3, in the browser(NetscapeMS
IExplorer, etc.) of theuseror in a GUI for the Xfree Linux environmentlt canbe locatedanywherein theworld. The
imagesof somelaboratory’scamerasand of the robot'sown cameraarealsoavailableto the user.The applicationcan
be accessedt the addressittp://NavMap.graco.unb.bihe codesource binariesanddocumentatiorarealsoavailable
in this URL.

Commurncation betweenclient and serveris accomplishedhroughsocketsusingthe TCP protocol. It requiresthe
IP address and the port of the server machine.

5. References

To observeandto testthe systemthe Automationand Control Group (GRACO) laboratorywas mappedusingthe
developedapplication.The robot wasinitially positionedin a fixed point whosecoordinategin relationto the global
reference)wereknown. The systemneedsthesecoordinatego locatethe robotin the environmentThe robotwasthen
guided through the environment as described in the last section. A map was simultaneously generated.

The result can be observedin figure 5 (a). Figures5 (b) and (c) show, respectively,the Graco map obtained
manually and the superimposition of thaps for comparison.

It wasobservedhat somecells indicatednonexistenbbstacleqcircled in redin figure 5) andthat thesemistakes
happenwith morefrequencyin the cells mostdistantfrom the robot, indicatingthat a revaluationof the sensormodé
adopted and/or a better data processing and sensorial fusion is necessary.



Figure 5- (a)Graco’s map obtained through the developed system, (b)Graco’s manual map and (c)Maps superimposed.

In Lora (1998) a Kalmanfilter is usedto integratethe informationfrom a digital compasswith thatfrom the dead
reckoningsystem.Severalotherapplicationsusing Kalmanfiltering to integratesensoriainformationare mentionedn
Lora (1998).

In spite of the observedproblems,the acquiredmap can be usedas a first view of the environment.The motion
control was carried out automaticallyby the developedsystemand there was no collision while the environment
exploration was accomplished, showing the robot's capacity to avoid obstaclesiioremeus and efficient way.

It wasobservedhatthe deadreckoningerror did not significantly affect the obtainedresultsdueto the low robot
displacemenspeed(limited to 300mm/s)andto therelatively smalldimensionsf the exploredenvironmentHowever,
future improvementgo the systemshouldinclude somecalibrationmoduleto correctthe robot'scoordinatesasedon
the global reference system of the map.

In Yamauchi(1996),for example the systemreturnsthe robot to a fixed calibrationpostion every 10 minutesto
calibrate the odometer. In Thrun (1999) the system corrects the robot’s position with an error smaller then 100 mm.

6. Conclusion

In this work the implementatiorof a navigationsystemfor the mobile robot NomadXR4000is presengd. For the
environmentrepresentatiothe occupancygrid approachwasuseddueto the possibility of easily integratingdifferent
sensorialperceptiondo composethe spacerepresentationThe robot location was determinecdby the deadreckoning
system.

The developedsystemhasa graphicalinterfacewherethe usercan visualizethe map being built simultaneously
with the robot’s motion. It allows, through high level user commands,the sendingof target coordinatesto the
navigationsystem.The interfacealso givesthe stateof the batteriesandtheimagespickedup by the cameracarriedby
the robot.

The path planningis carriedout automaticallyby the systemeverytime a movements requestedThis usesan Al
techniqueto draw the route that the robot should proceedalong. The moduleof path planningwas ableto guide the
robot around the obstacles of the environment, thereby avoiding collisions.

The systemalsooffersthe client-serverarchitecturecharacteristi¢thatallows the robot'sremotemonitaing through
the Internet.

The mappingrelatedproblemscould be lessenedhroughbetterdataprocessingsuchasby usingKalmanfiltering
or artificial neuralnets.To be ableto accomplishmoreefficient navigationandto increasehe robot'sautonomy a dead
reckoning calibration system is also necessary.
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