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Abstract

This paper describesthe Player/Stagesoftwae tools
applied to multi-robot, distributed-obot and sensornet-
work systems.Player is a robot device serverthat pro-
videsnetworktranspaentrobot control. Player seekgo
constain controller designaslittle aspossiblejt is device
independentyon-loking andlanguage- andstyle-neutal.
Stageis a lightweight,highly conEguablerobotsimulator
that supportdarge populations Player/Stage is a commu-
nity Free Softwae project. Current usage of Player and
Stege is reviewed,and someinterestingreseach opportu-
nitiesopenedup by thisinfrastructue are identi£ed.

1 Intr oduction

Programming robots is complicated and time-
consuming. Working with multiple and distributed
robot systemsis further complicatedby (i) more robots
and (ii) the difEculties of network programming. The
Player/Stge Project provides Open Source tools that
simplify controllerdevelopmentparticularlyfor multiple-
robot, distributed-robot, and sensor network systems
(hereaftereferredto collectively asMulti-Robot Systems
(MRS)).

This paperprovides an overview of the Player/Stage
toolsandtheir applicationto MRS. We describethe tools
and review publishedMRS work using Player/Stageas
well asdescribesomeof the underexploredresearchop-
portunitiesopenedup by thisinfrastructure.

The Player/Stageproject began at the USC Robotics
Researcliabin 1999to addressninternalneedfor inter-
facingandsimulationfor MRS. It hassincebeenadopted,
modi£edand extendedby researcheraroundthe world.
We suggestthat for mary applications, particularly in
MRS, Player/Stageffers a combinationof transpareng
aexibility and speedthat makesit the mostuseful robot
developmentervironmentavailable.

2 The software

Theprojectprovidesthe Playerrobotdevice senerand
the Stage multiple robot simulator plus supportingtools
andlibraries.
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Runningonarobot,Playerprovidesa cleanandsimple
interfaceto the robot's sensorsand actuatorsover a net-
work. Clientcontrolprogramgalk to Playerover a Trans-
missionControl Protocol(TCP) soclet [23], readingdata
from sensorswriting commandgo actuatorsandcon£g-
uring deviceson the oy, Playersupportsa variety of robot
hardware and provides implementationf sophisticated
sensingandcontrolalgorithms,suchaslandmarktracking
andprobabilisticlocalization.

Stageprovides a populationof simulatedrobots and
sensorsoperatingin a two-dimensionabitmappedervi-
ronment. The devices are accessedhroughPlayer asif
they werereal hardware. Stageaimsto be efEcientand
con£gurableatherthan highly accurate.In practicethis
meangthat Stagecan simulatetensor hundredsof robots
onadesktopPC,andthatcontrollerscommonlywork sim-
ilarly onsimulatedandrealrobots.

Playerand Stagerun on mary UNIX-lik e platforms,
are releasedas Free Software under the GNU General
Public License[6], andare maintainedby the authorsat:
http://playerstage.sf.net

2.1 Player goalsand design

ThePlayerarchitecturavasoriginally describedn [9],
but muchhaschangedsincethattime. In this sectionwe
reporton the currentstateof Player focusingon thoseas-
pectsof the designthat facilitate the explorationof novel
distributedsensingandcontrolalgorithms.

2.1.1 Client interface. Playeris asoclet-basedevice
sener thatallows control of awide variety of roboticsen-
sorsand actuators. Playerexecuteson a machinethat is
physically connectedo a collectionof suchdevicesand
offersa TCPsocletinterfaceto clientsthatwishto control
them. Clients connectto Playerand communicatewith
the devices by exchangingmessagesvith Playerover a
TCP soclet. In this way, Playeris similar to otherdevice
seners,suchasthe standardJNIX printer daemonipd .
Likethoseseners,Playercansupporimultiple clientscon-
currently eachon adifferentsoclet.

BecausePlayers external interface is simply a TCP
soclet, client programscan be written in ary program-



Figure 1: Playercancontrolmary popularrobotdevices,
including the Pioneer2-DX mobile robot andperipherals
picturedhere.

ming languagethat provides soclet support,and almost
every languagedoes. Client libraries, which encapsulate
the details of the Player messageprotocol and facilitate
the developmentof control programsare currently avail-
ablein: C, C++, Tcl, Python,Java, and CommonLISP.
With languageneutrality comesplatform neutrality; con-
trol programswrittenin Tcl, Python,andJava canrun on
almostary modernsystemgventhoserunningWindows.
In addition,the C++ client library hasbeenportedto the
Win32 environment.

More importantly the soclet abstractionallows loca-
tion neutrality Regardlessof the physical location of a
collection of robotic devices, a client programcan exert
controloverthemfrom ary machineto which thereis net-
work connectity. Whencombinedwith Players ability
to supportmultiple clientsconcurrentlythis locationneu-
trality providesnew opportunitiesfor building distributed
sensingandcontrol systems.We take up this ideafurther
in Section3.

As a transportprotocol, TCP is not without its draw-
backs.For example,in ad hocnetworksandnetworksthat
experiencehigh-loadconditions thelatengy andoverhead
in trafEc requiredby TCP canoutweighthereliability that
the protocol provides. For suchervironments,the User
DatagramProtocol (UDP) [22] is likely a better choice
than TCR, and multicastmessaging5] shouldbe usedin
placeof broadcastessaging.We are currently working
to implementin Playersupportfor alternatve transports,
including UDP.

2.1.2 Devicemodel. In orderto provide a uniform ab-
stractionfor a variety of devices,we choseto follow the
UNIX modelof treatingdevicesas£les. Thusthe famil-
iar £le semanticsold for Playerdevices. For example,to
begin receving sensoreadingstheclientopengheappro-
priatedevice with read access|ikewise, beforecontrol-

ling an actuator the client mustopenthe appropriatede-
vice with write  accessln additionto the asynchronous
dataandcommandstreamsthereis arequest/replynech-
anism,akin to ioctl() , that clientscanuseto getand
setcon£gurationinformationfor Playerdevices. As this
model hassened UNIX-lik e operatingsystemswell for
decadesyve expectthatit will be suitablefor Playerde-
viceswell into thefuture.

Playerdoesnotimplementary devicelocking,sowhen
multiple clientsareconnectedo a Playersener, they can
simultaneouslyissuecommandgo the samedevice. In
generalthereis no queuingof commandsandeachnev
commandwill overwritethe old one. We chosenotto im-
plementlocking in orderto provide maximal power and
oexibility to the client programs.In our view, if multiple
clientsare concurrentlycontrolling a single device, such
asa robot's wheels,thenthoseclientsare probablycoop-
erative, in which casethey shouldimplementtheir own
arbitrationmechanisnat a higherlevel thanPlayer If the
clientsarenot cooperatie, thenthe subjectof researchs
presumablytheinteractionof competitve agentsjn which
casedevice locking would be a hindrance.

We have borraved further from classicoperatingsys-
tem designin the way that we have separatedlevice in-
terfacesfrom device drivers. For example,in an oper
ating systemthereis a joystick interfacethat de£neshe
API for interactingwith joysticks, andthereare joystick
driversthatallow the programmeto control variousjoy-
sticksthroughthatsameAPI. Similarly, in Player adevice
interfaceis a specifcatiorof data,commandandcon£g-
urationformats,anda device driver is a modulethatcon-
trols a device andprovidesa standardnterfaceto it.

For example,probablythe mostcommonlyusedPlayer
interfaceis theposition  interface whichis usedto con-
trol a mobile robot base. This interfacespecifesa com-
mandformatthatincludesvelocity and/orpositiontargets
anda dataformatthatincludesvelocity and positionsta-
tus. Oneimplementationof the position interfaceis
Playersp2os driver, whichcontrolsresearctobotsmade
by ActivMedia, includingthe popularPioneer2-DX (Fig-
urel). Otherdriversthatcontrolotherkindsof robotsalso
supportthe position  interface,which meansthatthey
all acceptcommandsandreturndatain the sameformat.
In generalmultiple driverscansupporthesameinterface,
anda driver can supportmultiple interfaces. We discuss
someadwantage®f this designin Section3.

2.2 Stagegoalsand design

Stagesimulatesa populationof mobile robots,sensors
andervironmentalbbjects.It hastwo original purposes(i)
to enablerapiddevelopmenbf controllershatwill eventu-
ally drive realrobots;and(ii) to enablerobotexperiments
without accesgo the real hardwareandervironments.In
the last yearor so, we have beenextendingandgeneral-
izing the sensomodelsbeyondthelimits of ary available
hardware, adding anotherpurpose: (i) to enable“what



Figure 2: Stagescreenshahaving two robots(solid rect-
angles)with visualizationof the top robot's laserrange
scannersonarandcolor blob-£nderdata. Stages modular
architectureallows multiple GUIs; thisis GNOME2.

if?” experimentswith novel devicesthatdo not (yet) exist.
This pathis developingwith the help of DARPA, with the
goalof usingStageasatool to determinghelik ely bene£ts
of developingonetype of sensormver another We return
to thisideawhendiscussingpportunitiefor researchbe-
low.

Stagewasspecifcallydesignedo supportresearctinto
multi-robotsystemsWhenprogrammingandexperiment-
ing with mary robotsthebene£tof rapiddevelopmentre
multiplied, andStageenablesexperimentswith large pop-
ulationsof robotsthatwould be prohibitively expensve to
buy andmaintain.Thereareseveralaspect®f Stages de-
signthatmake it suitablefor multi-robotsystems:

2 Good enough £delity: Stageprovides fairly sim-
ple, computationallycheapmodelsof lots of devices
rather than attemptingto emulatearny device with
greatEdelity. Low £delity simulationcanactuallybe
an advantagewhen designingrobot controllersthat
mustrunonrealrobots,asit encouragetheuseof ro-
bustcontroltechniqueg14]. Low computationabtle-
mandsmeanwe cansimulatemary deviceson com-
modity hardware.

2 Linear scaling with population: All sensormod-
elsusealgorithmsthatareindependensdf population
size. Thus Stages computationatequirementgrow
linearly with populatior.

2 Con£gurable,composabledevice models: Various
sensorandactuatorsaareprovided,including sonars,
scannindaserrange£ndersyisual color sggmenters,
£ducial detectorsand a versatilemobile robot base

1Somefuture devices may not follow this rule, as somealgorithms
that scaleasa power of the populationsize canbe corvenientto imple-
mentandwill performwell with smallpopulations.

with odometry The modelsare often more general
and eexible thanary specifEcpieceof hardware, so

eachmodelis conEguredo approximatehe (real or

imagined)tamget device. Seethe manual[28] for a
completdist of devicesandtheir properties.

2 Player interface: All sensorndactuatomodelsare
available throughPlayers standardnterfaces. Typ-
ically, clients cannottell the differencebetweenthe
real robot devices andtheir simulatedStageequia-
lents(unlessthey try very hard). ThusStageinherits
the mexibility of Players non-locking,platform-and
language-neutranterfacefor all its devices.

2.2.1 Devices, populations and performance. De-
vicescanbe composedn treestructurego build up com-
plex robots. For example, most usersbasetheir robots
ontheposition  modelwith a selectionof sensomod-
els on top. Several users[12, 15, 18, 29| have simu-
latedthe Pioneer2DX picturedin Figurel1 with a posi-
tion modelcarryinga sonar arrayandlaser scan-
ning range£nder The Stagedistribution includessome
commonly-usedconf£gurationssuchas the geometryof
the Pioneers sixteensonartransducers.

By default, Stageattemptgo runin real-time. Models
are updatedat a £xed (con£gurable)nterval. If the up-
datetakeslongerthanthe suggestednterval, simulations
will runslowerthanrealtime. Device modelsvary greatly
in computationalemandsthe authors 600MHz Pentium
[l Linux PCruns200sonarguidedrobots(position &
sonar models)or 15 laserguidedrobots(position &
laser models)in realtime at spatialandtemporalreso-
lutionsof 0.02mand100ms respectiely.

In the optional“f astmode”, Stagedoesnot wait for the
real-timeclock. Simplesimulationswill run muchfaster
thanreal time, which is useful for long or batchexperi-
ments(e.g.,[4]). Time-sensitie clientsusePlayersinter-
nal clock to avoid time-warpingissues.

2.2.2 Validity. Thereis no guaranteghatexperiments
in Stageare directly comparablewith thoseusing real-
world robots. However, usershave found that clientsde-
velopedusing Stagewill work with little or no modi£ca-
tion with the real robotsandvice versa[l15, 18, 29]. As

the numberof transfersbetweenStageandreal robotsin-

creasesysershave anincreasinglypowerful amgumentto

supportthereal-world validity of Stage-onlyexperiments.
This is a major advantageof using a well-known simu-

lator insteadof home-gravn, project-speciEcode. Also,

Stages OpenSourcdicenseallows peerreview of thesim-

ulation code,andencouragesharingof models,con£gu-
rationsand ernvironments. Justas Playerfacilitatescode
re-useandsharing,Stageenablesxperimentsharing.We

hopeto seestandardestscenarioemege,in which users
cancomparetheir controllers. Already simulationexperi-

mentsareroutinely carriedout with oneof Stages exam-

ple worlds,suchas*“cave” and“hospital’



3 Opportunities for reseach

Playermalesit very easyfor clientsto readdatafrom
andsendcommanddo ary device on the network, aswell
assendarbitrarymessageto oneanother Stageallowsfor
convenientandrapidevaluationof mary clients. Both pro-
gramsconstrainthe designof clientsvery little; they aim
to provide transpareninfrastructurefor MRS researchin
this sectionwe describesomeof theresearclopportunities
enabledby thedesigndecisionglescribedabove.

3.1 Embeddedsystems

The designof Playerhasbeenguidedin part by our
desireto maximizeits utility andapplicability by keeping
it small and fast. Thusthe sener core, which provides
sophisticatedtlient services,is actually quite simpleand
hasbecomemore so over time as, for example,we have
collapsedmostof its functionality into a single threadof
execution. The device driver systemis modular allowing
the systemdesignetto includeonly thosedriversthatare
necessarjor a particularapplication? Becauset is small
andfast,Playeris equallywell-suitedto run on low-power
embeddedystemandhigh-paverworkstations Playeris
currentlyin useon embeddedPPC/LinuxandARM/Linux
systems.As part of the DARPA Softwarefor Distributed
Robotics (SDR) program, the £rst-eser (to the authors'
knowledge) 100-robotexperimentswill comprisea net-
work of suchembeddedcomputers.eachrunning Player
andcontrollinga smallmobilerobot.

3.2 Sophisticateddevices

In additionto “regular” device driversthat provide an
almost transparentontrol interface to a piece of hard-
ware, Players extensible device model allows sophis-
ticated sensingand control algorithmsto be encapsu-
lated in drivers. These“abstract” drivers can perform
arbitrary computation rangingfrom signal processingo
closed-loopcontrol. For example, Playerincludesboth
awaveaudio driver that deliversraw audiodataanda
fixedtones  driver that performsa FastFourier Trans-
form on the raw dataandreportsthe frequenciesandam-
plitudes of the highestpeaksin the frequeng domain.
Similarly, Playercontainsa collectionof fiducial de-
tectors,eachdesignedo £nda differentkind of landmark
by processingdatafrom various sensors. One suchde-
tector fusesinformation from a laserrange-£ndeand a
cameramageandincorporatesontrol of a pan-tilt-zoom
unit to £nd landmarks. Recently we have addeddrivers
thatimplementdifferentforms of the widely-usedMonte
CarlolocalizationschemeWhenincludedasdriversin the
sener, thesealgorithmsbecomestandarderviceghatary
client can exploit, even without knowledge of how they
work.

2Without ary device drivers, the Playersener binary asof version
1.3,is about64KB.

3.3 Commondeviceinterfaces

As mentionedin Section2.1.2, Players device model
permitsdrivers that control different hardware or imple-
mentdifferentalgorithmsto presenthe sameinterfaceto
theclient. As aresult,controlprogramscanlargely ignore
the detailsof the underlyinghardwareor algorithm, treat-
ing the systemasa collectionof genericdevices. For ex-
ample,the Playerdriversthat control mobile robot bases
madeby ActivMedia, RWI, and K-Teamall presentthe
sameposition interface. Thusa Playerclient program
cancontrolary of thoserobots,with little or no changes
requiredto move betweerplatforms.Several IMU drivers
alsopresentheposition  interfaceandsoappeaitto be
immobile bases. Similarly, the landmarkdetectorsmen-
tionedabove all presenthe fiducial interface,so, for
example, a client programthat builds a landmark-based
mapcanemplg the £ducialsthatare mostappropriateo
agivenenvironmentbut largely ignorewhich detectoiis in
use.

3.4 Novel sensing& control systems

As a resultof its innovative network-centricarchitec-
ture, Playerpermitsary client, locatedanywhereon the
network, to accesary device; arobotcaneffectively “see”
throughits teammateskyes. Using Playerasa substrate,
novel distributed sensingand control systemsthat were
previously unrealizablecannow be constructedjuite eas-
ily. This featurewasexploitedin recentwork on concur
rentcontrol[8], in which approximatel\£fty independent
agentswere simultaneouslycontrolling a single robot's
motorsthroughPlayer Similarly, Playerallowed a team
of robotsengagedin cooperatie localization[12] to di-
rectly acces&achothers'sensorstherebyfacilitatingsen-
sorfusion. In building suchsystemsthe designetis free
to chooseghemostappropriatgprogrammindanguagexnd
computingplatformto implementeachcomponent.

A recentaddition to the sener is the “passthrough”
driver. Executingwithin the contet of a Playersener,
this driver actsasa client to anotherPlayersener. The
passthrougtdriver connectsto a remotesener and pro-
videsalocal proxyfor aremotedevice by forwardingcom-
mandsanddata.In thisway, remoteresourcesanbemade
to appearaslocal resourceswhich offers interestingav-
enuedor futureresearch.

Considerthe encapsulatiomf sophisticateclgorithms
into Playerdriversdescribedn Section3.2. Whenalgo-
rithms are madeinto drivers,they mustrun within Player
onthesener side,whichis oftenarobot. If therobothas
only modestcomputationaffacilities, thenit may not be
well-suitedto run, for example,an expensve probabilis-
tic localizationalgorithm. In this case,anotherinstance
of Playercan run off-board, on a more powerful desk-
top machine with passthroughgroviding datafrom and
control of the remotedevices. An expensve algorithm
canthenrun in the off-board instanceof Player Using
the passthrougldriver, the computationaload of a sens-



ing and control systemcan be distributed and arbitrarily

locatedarounda network, so asto bestexploit available

resources.Also, whenworking with systemscomposed
of mary robots,a singleinstanceof Playerthat contains
passthroughsor all of the robots' sensorsand actuators
canactasa mechanisnto aggreate data(e.g.,for visu-

alizationor logging) and/ordistribute commandge.g.,for

anoperatorconsole).

3.5 Comparing controllers and performance metrics

As a result of their sexibility and the Open Source
developmentmodel, both Player and Stageare becom-
ing widely adopted. This provides the potential for an
openstandardtest platform which would encourageob-
jective evaluationand comparisonof robot control algo-
rithms. Thereare currentlyvery few practicalmetricsor
othercharacterizationsf robotbehaior, yetthereis alot
of interestin thisarea.Suchevaluationwill berequiredfor
the£eldto transitionfrom aprimarily ad hocexperimental
scienceao amoreprincipleddiscipline.

3.6 Fantasticsensors

Stageis normally usedto simulateexisting robot de-
vices,asuserdestthefeasibility of theirideasfor control-
ling realrobots.But Stagecanbeusedasa “what if” tool,
to explore robot controllersthat use devices that do not
exist. Thisis usefulasa conventionaldesigntool, allow-
ing investigationssuchas: "How would my localization
algorithm performwith a device that performshalf-way
betweera sonaranda laser?',or "Whatarethe trade-ofs
betweerrobotspeedandbatterylife, or sensoupdaterates
andresolution?'," Whatnovel algorithmscould exploit an
ultra-wide-bandadarthat could detectwalls and the ob-
jectsbehindthem?'. Roboticsprojectsthataredeveloping
anew sensorcanexperimentwith controllersin simulation
beforetheir hardwareis ready

Stages modulararchitecturemalesit easyto add en-
tirely new modelsin orderto explorelesscommonground:
‘What could| doif my robotscould changecolor at will,
orvisually expresssomeinternalstatego their colleagues,
or quickly recognizeandcatayorizeeachother[30]?". Ex-
ploring the useof devicesthat are not currently feasible
openaupanew £eldof study;roboticsasit couldbe Free-
domfrom practicalconstraintdistinguishesciencefrom
engineeringhaving a meansto performexperimentsdis-
tinguishessciencerom sciencetction.

3.7 Challengesin scalingsensorbasedsimulation
Stagesimulatesmultiple devices and scalesto a few
hundreddevices, but is not currently useful for simulat-
ing massve populationssayon the scaleof anantcolory,
which would be of greatinterestfor MRS researcherslt
would be interestingto distribute Stage$ computeload
over a clusterof computergo supportvery large popula-
tions (tensof thousandsjn realtime. Thisis a signi£cant
technicalchallengethat posesunsohed problemsin rep-
resentatiorandsynchronization Stagewould alsobene£t

from advancedspatialrepresentatioto improve speecand
memoryefEcieny in large and/orsparselypopulateden-
vironments.

4 Usage

In 2002, software from the Player/Stageproject was
downloadedover 2000times. Playerand Stageare cur-
rently in usein morethantwenty majoracademiandin-
dustrialresearcHabsaroundthe world, andarealsoused
in teachingundegraduateand graduateclasses. Given
the modestsize of the target audience(i.e., roboticsre-
searchersand students)we considerthe projectto be a
signi£cantsuccess. An importantfactorin that success
hasbeenthe OpenSourcemodel, which encouragesn-
clusive, collaboratve softwaredevelopment As thedevel-
operteamanduserbasehave grovn, majorenhancements
have beenmadeto the software. Becauseof their modu-
lar designs,Playerand Stageare easily extendedby, for
example,encapsulatin@ sophisticateccontrol algorithm
into the sener or addinga modelof anunavailablebut in-
terestingsensoto the simulator

Sinceit is the collective experienceof the usersthat
drivesdevelopmentwe now brieayreview a few projects
in which Playerand/or Stagehave beenused. One such
projectis concernedwith robotic sensornetworks [24],
which arecharacterizedby extremelylarge collectionsof
inexpensve mobilerobots. Giventhe practicallimitations
on£eldingeventensof physicalrobots theability to simu-
late hundredsor thousand®f robotsin Stageis invaluable
to researcherwishingto testcommunicatiorandcoordi-
nationalgorithmsonlarge-scalesystemsA similarproject
[10] aimsto extendthe scalabilityand modularity of the
DecentralizedData Fusion (DDF) architectureto active
sensometworksin which someor all of the network com-
ponentshave actuatorsThe practicalimplementatiorwill
beableto utilize theresourcesf a heterogeneousnddy-
namicteamof sensingplatformsto £ndandtrack station-
ary andmoving featuresn anindoorervironment.Player
is usedasa commonhardware abstractionayer through-
out the diversesetof software modulesand Stageis used
extensvely for codevalidationandinitial performances-
sessment.

Another project [15] studiesresourceallocation for
tamget-tracking in sensofactuator networks, using a
region-basedapproachto control deployment of mobile
robots.A multi-resolutiontaskassignmenarchitectureal-
lows the systemto handlesigni£cantervironmentaloc-
clusion. Becausehe samePlayerinterfaceis usedwith
both physical and simulateddevices, the tracking system
that was developedin Stagewas trivially transitionedto
realrobots.Resourcallocationis alsoinvesticatedfrom a
learningperspecitie [4], with the goal of developinggen-
eral adaptve capabilitiesin robots and multi-robot sys-
tems. Focusingon spatio-temporaadaptvity, this project
usegeinforcementearningto allow robotsto dynamically
adjusttheir behaior to ary given ervironmentwhile per



forming a settask. Of particularusein this projectwas
Stages ability to runsimulationtrials fasterthanrealtime,
and therebygeneratethe substantialamountof datare-
quiredto determinethe run-time characteristicand per
formanceimpactof thelearningsystem.

Playeris alsousedin an investigation of novel multi-
robot task allocationalgorithms[7], providing a unifed
interfaceto a groupof heterogeneousbots. In this case,
an economically-inspiredaskauctioningsystemis devel-
opedand validatedon multi-robot teams,rangingin size
from 3 to 7 robots,engagedin a variety of tasks. The re-
sultingtaskallocationsystem MURDOCH, is alsousedin
a broaderstudy of large-scalehuman-systeninteraction
[25]. Thecoordinationinfrastructurenvasoriginally devel-
opedandtestedin Stagewith a large group of simulated
robotsandwasthenvalidatedon a smallerteamof physi-
cal robots. This simulate-alidateapproacthasalsobeen
successfullyemployed in mary other projects,including
recentwork on multi-robotresourcdransportatiorj29].

5 Relatedwork

Lackof spacerecludesdetailedcomparisorof Player
and Stagewith their alternatves; that is anotherpaper
The distinguishing featuresof tools developed by the
Player/Stagerojectare (i) they seekto constrainthe de-
signof the controlling client programaslittle aspossible;
and(ii) they areefEcientlyimplementedarounda custom
network sener.

By minimizing constraintson the control program,
Player and Stageoffer a uniquely aexible robot devel-
opmentenvironmentcomparedo otherssuchas Saphira
[16], Mission Lab [17], TeamBotg[2], Ayllu [32], DCA
[21], ARIA [1], andCARMEN [26]. As atradeof for pro-
viding supportfor a particularcontrolor coordinationphi-
losoply, thesesystemall restrictthe end-uses choiceof
programminganguageand/orstructure.While suchcon-
straintscanbevery usefulin guidingtheuserin a particu-
lar paradigmwe believe thatsuchlow level constraintsre
unsuitablefor a general-purposeystem;the programmer
should have the choiceto build ary kind of control sys-
temwhile still enjoying device abstractiorandencapsula-
tion. Thusin Playerwe make a cleardistinctionbetween
the programminginterfaceandthe control structure opt-
ing for a highly generalprogrammingnterface,allowing
usersto develop their own tools, including sophisticated
architecturedik e thosementionedabore.

Becausét is designedxplicitly for roboticdevice con-
trol, Playeris efEcientfor this purpose;the primary lim-
itation on its performances currently the speedand £-
delity andtheunderlyingoperatingsystems schedulerBy
building a customprotocolandsener insteadof adhering
to a“generic’ communicationstandardsuchas CORBA
[19] or Jini [31], we arefree from the computationabnd
programmaticoverheadthat is generallyassociatedvith
the practical applicationof sucha standard. Robot in-
terfacesthat do rely on thesestandardssuchas Mobil-

ity [13], OROCOSJ20], andothers[3, 11], bene£tfrom
readily-availableclient-sidelibrariesthathide mary of the
communicatiordetails. However, asdemonstratedy the
proliferationof similar client-sidelibrariesfor Player(cur-
rently availablein 6 languages)pur custommessagero-
tocolis simpleandeasyto implement.

6 Summary and futur e work

Thegoalof the Player/Stag@rojectis to provide Open
Sourcesoftwareinfrastructurego supportexperimentare-
searchwith multi-robot systemsg(MRS). To this end the
projecthasdevelopedthe robot device sener Playerand
the multiple robot simulator Stage. In additionto facili-
tatingongoingMRS researchPlayerand Stageoffer new
opportunitiedor researclin emegingareasincludingdis-
tributedsensingandcontrol systemsWe expecttheseop-
portunitiesto improve andmultiply asthe softwareis used
anddevelopedby moreroboticists.

Playerand Stageare actively developedand we have
numerousenhancementslannedfor the nearfuture. Re-
gardingPlayer we planto incorporateasstandardservices
moresensingandcontrolalgorithms,initially focusingon
enablingtechnologiessuchas localizationand mapping.
To supportthe constructiorandcontrolof complex MRS,
we are investigating methodsfor resourcediscovery, as
discussedh [27]. Wewill alsoadddevice driversthatsup-
port researctwith embeddedystemsjncluding monitor
ing facilities for ad hoc networks and sophisticateccom-
municationservicesIn orderto allow thesimulationof ex-
tremelylarge populationof suchsystemsStagewill soon
be distributible acrossnetworks of workstationsor cluster
computersOneof our neartermgoalsis to deploy sucha
clusterasapublic“Stagesener” thatwould simulatelarge
worldsoverlong periodsof time, allowing thepotentialfor
comparisorandevaluationof proposedontrolalgorithms
in both cooperatie and competitve settings. Simultane-
ously, we areimproving Stages performanceby making
the world representatiomore efEcientfor sensomodel-
ing.

Finally, we are well adwancedin the development
of anotherOpen Sourcemulti-robot simulator: Gazebo.
WhereasStageis designedto simulatevery large num-
bersof robotsin 2D indoor ervironments,Gazebois a
full 3D dynamicsimulationdesignedor the simulationof
small numbersof robotsin outdoorervironments. Like
Stage,Gazebas fully compatiblewith Player andclient
programsanswitchbetweerthetwo simulationswithout
codemodifcation.An earlyversionof Gazeboshouldbe
availablein August2003.
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