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ABSTRACT

In this paper, we considertheproblemof exploring an un-
known environmentwith a teamof mobile robotsusinga
communicationlink with limited bandwidth.Thekey prob-
lem to be solved in this context is to decidewhich infor-
mation shouldbe transmittedover the network to enable
the robotsto chooseappropriatetarget points. In this pa-
per, eachrobotapproximatesits mapby a setof polygons.
We presentan ef�cient way to incrementallyimprove the
representation.We furthermoreadaptanexistingcoordina-
tion strategy sothatit is ableto dealwith ourapproximated
mapsin a distributedfashion.Our techniquehasbeenim-
plementedandtested.Theresultsdemonstratethatour dis-
tributed techniquecan ef�ciently spreadthe robotsin the
environmenteven if thecommunicationlink providesonly
a low bandwidth.As a result,therobotsareableto quickly
accomplishtheirexplorationmissiondespitetheconstraints
introducedby thelimited bandwidth.

1. INTRODUCTION

Exploringanenvironmentbelongsto thefundamentalprob-
lemsin mobilerobotics.Thereareseveralapplicationslike
planetaryexploration[1], rescue[16, 18], mowing [11], or
cleaning[13, 17] in which the completecoverageof a ter-
rainbelongsto theintegral partsof a roboticmission.

To ef�ciently accomplishanexplorationtaskwith mul-
tiple robots,a coordinationstrategy is neededto assigntar-
getlocationsto thedifferentrobots[4]. To implementsuch
a techniqueusinga teamof realrobots,a fastnetwork con-
nectionis requiredin orderto sendtheenvironmentalinfor-
mationto eachrobot. In real applications,all sensormea-
surementsneedto be sentto all otherrobotsor the whole
teamhasto exchangethemap.Whereasthis is feasiblefor
smallgroupsof robots,it introducesa seriouscommunica-
tion overheadfor big teams.Therefore,takingtheavailable
bandwidthinto accountwhenexchanginginformationis an
importantrequirementfor largerrobotteams.

In thiswork, wepresentadistributedapproachto multi-
robot explorationfor situationsin which the network con-
nectionshaveunlimitedrangeandarereliablebut only pro-
videa limited bandwidth.Ouralgorithmcomputesapolyg-

onal approximationfor eachmap learnedby a robot and
transmitsonly changesandre�nementsof this mapto the
other robotsover the communicationlink. Basedon their
own mapsandthe approximateddescriptionsof the areas
coveredby theotherrobots,eachteammatechoosesa tar-
getlocationit plansto attain.It thenbroadcaststhislocation
to theotherrobots,which considerthis planwhencalculat-
ing their own targetlocation.

2. RELATED WORK

The variousaspectsof the problemof exploring unknown
environmentswith teamsof mobile robotshave beenstud-
iedintensively in thepast.Forexample,Yamauchietal. [21]
presenta techniqueto learn mapswith a teamof mobile
robots. In their approach,the robotsexchangeinformation
aboutthe mapthat is continuouslyupdatedwhenever new
sensorinput arrives. They furthermoreintroducedthe idea
of a frontier, which separatesthe environmentinto known
and unknown areas. Burgard et al. [4] presenteda tech-
niqueto coordinateteamsof mobilerobotswhichextendsa
work publishedin 2000[3]. Their approachtradesoff the
costof moving to frontierswith theexpectedamountof in-
formationthatcanbeobtainedwhena robotarrivesat that
frontier. Ko et al. [14] apply a similar coordinationtech-
niquethatusestheHungarianMethod[15] to computethe
assignmentsof frontier cells to robots. Howard et al. [10]
presentedanincrementaldeploymentapproachthataimsto
coordinatethe robotsin a similar way. Zlot et al. [22] as
well as Gerkey and Mataríc [7] have proposedan archi-
tecturefor mobile robot teamsin which the explorationis
guidedby a market economy. Their approachtradestasks
usingsingle-item�rst-price sealed-bidauctionsbetweenthe
robots.In theseapproaches,it is typically assumedthatthe
network connectionshavea suf�ciently highbandwidth.In
contrastto that, thealgorithmproposedin this paperis de-
signedto dealwith low bandwidthcommunicationlinks.

In [2], Balch and Arkin analyzethe effects of differ-
entkindsof communicationontheperformanceof teamsof
mobile robotsthatperformtaskslike searchingfor objects
or covering a terrain. The “grazetask” carriedout by the
teamof robotscorrespondsto anexplorationbehavior. One



Figure1: This �gure shows thepolygonmap(right) that is
derivedby our algorithmfrom thegrid map(left).

of the resultsis that the communicationof goal locations
doesnothelpif therobotscandetectthe“grazeswathes”of
otherrobots. In this paper, we seekto minimize the com-
municationbetweentherobotsby utilizing a polygonalap-
proximationof themapsof theindividual robots.Recently,
specializedcoordinationtechniqueshavebeenpublishedfor
certaindomains. In the context of RoboCup,differentco-
ordinationbehaviors areusedin combinationwith role as-
signmenttechniques[12, 19].

In theliterature,severaltechniquesareavailablethatre-
ducepolygonsconsistingof originally n verticesto similar
polygonsconsistingof asubsetof m vertices(seeHeckbert
andGarland[8] or Buzer[5] for comprehensivesurveys). In
our approach,we apply theDouglas-Peucker algorithm[6]
which, accordingto [20], is one of the most visually ef-
fective line simpli�cation algorithms. In the past, many
improvementshave beenproposedfor the basicDouglas-
Peuckeralgorithm.HershbergerandSnoeyink [9] proposed
an O(n logn) variant of the basicDouglas-Peucker algo-
rithm whosetime complexity is O(nm). Anotherimprove-
mentof thisalgorithmthatavoidsself-intersectingapproxi-
mationsis thestar-shapedDouglas-Peuckeralgorithm[20].

Thecontributionof thispaperis anapproachthatis able
to ef�ciently exploreanunknown environmentwith mobile
robotsthat only have a low bandwidthconnectionto ex-
changeinformation. Our algorithm approximatesthe en-
vironmentusing line simpli�cation techniquesto obtaina
compactgeometricmodelwhich thenis usedto coordinate
the robots. Comparedto the full map,thesepolygonalap-
proximationsrequireseriouslyfewer memoryandthis way
canbemoreef�ciently communicated.

3. APPROXIMA TING THE ENVIRONMENTAL
MODEL

Thekey ideaof our approachto dealwith a low bandwidth
communicationlink duringexplorationis to computeanap-
proximativebut compactrepresentationof theenvironment
andto communicateonly this compactmodelbetweenthe
robots.To obtainthecompactapproximationof themap,we
computea setof polygonswhich areextractedfrom a grid
mapof eachrobot. The polygonscontainedin a polygon
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Figure2: Case1: A vertex, which waslocatedon Bt � 1 is
no longerlocatedonBt dueto newly observedareas.

mapcancontaineither free or unknown space. Polygons
thatarecontainedinsideof otherpolygonshaveahigherpri-
ority andthusoverwrite theoccupancy valuesof theouter
polygons(compareFigure 1). The boundariesof a poly-
gon canrepresenteither free, occupiedor unknown areas.
Thesepolygonmapsarelearnedby extractingthecontours
of a robot's �eld of view andof theobservedobstacles.We
thenapply an adaptedversionof the Douglas-Peucker al-
gorithm [6] to approximatethe extractedcontours. In the
following, thecontouris alsoreferredastheboundaryB of
theobservedarea.

We mergepolygonmapsby building a grid mapin the
following way. If the informationgiven by otherrobotsis
not contradictory, a joinedgrid mapcanbeconstructedin a
straightforwardmanner. If in contrasttheinformationgiven
by otherrobotsis contradictory, we preferoccupiedto free
and free to unknown information. Note that a robot only
updatesits own mapaccordingto thereceivedinformation
in areasit hasnotobservedon its own.

Sincethe �eld of view of eachrobot changesin every
step,the polygonalmodelcanget out-datedquickly. Ac-
cordingly, the polygonmapneedsto be updatedappropri-
ately. Since the robotsonly have a low bandwidthcon-
nection,it is not appropriateto transmitthewholepolygon
map after eachupdate. Instead,we communicatethe in-
crementalchangesof the modelonly. This is achieved by
introducingthe constraint,that pointswhich are a part of
thecurrentpolygonmapmodelwill alsobepartof theup-
datedmodel.Thisconstraint,of course,only holdsfor those
points,whichaftertheupdatestill lie on theboundaryof an
obstacleor ona frontier to unknown terrain.

To updatea polygonmapbasedon sensoryinput, we
distinguishthefollowing cases(seeFigures2-4):

1. Verticesof thepolygonalapproximationof thebound-
ary Bt � 1 at time stept � 1 areno longerlocatedon
the boundaryBt of the observed areain the current
timestept (seeFigure2),

2. the boundaryof the observed areacan changein a
way so that all pointsof the approximationarestill
locatedon the boundarybut the approximationbe-
comesinadequateanyway(seeFigure 3), or

3. new boundariescanariseor a boundarycansplit up
into severalboundarieswhicharenot connectedany-
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Figure3: Case2: All verticesof theapproximationlie on
theboundaryBt but theapproximationgetsinadequateany-
way.

f

a b

e

c

d

cf

a b

e
d

cf

a b

e
d

g

(a) (b) (c)

e
jk

g
f

b
h

i
c

d

a b
g

e
k i

h c

d

f

a

j f

a

e
l
g

k j i
h

b

c

d
(d) (e) (f)

Figure4: Case3: A newly raisedboundary(a)-(c) anda
boundarywhich splits up into several new boundaries(d)-
(f).

moreandwhichcanbecontainedin theoriginalbound-
ary (seeFigure4).

To updatethepolygonmap,we markall verticeswhich
lay on theboundaryof thevisibleareaBt � 1 in theprevious
stept � 1 but donot lie onBt anymore.After that,weitera-
tively discardall pointsthathave beenmarkedandconnect
theirformerneighbors.After thisstep,all pointsthatremain
partof theapproximationarelocatedon Bt . In casepoints
have beenremoved,we typically have to re�ne theapprox-
imationagainto appropriatelymodeltheenvironment.

In thenext step,wehaveto identify whetherpartsof the
boundaryBt � 1 have split up into severalparts(like shown
in Figure4 (a)-(c)and(d)-(f)). This is achievedby labeling
theverticesof thepolygonmapwith thenumberof thecon-
touronwhichthey aresituatedonBt . Whenevertwo former
neighboringverticesof the polygonmapnow have differ-
entlabels,they aredisconnectedby discardingtheedgebe-
tweenthesevertices.To closeall polygonsagaintherobot
tracesthe underlyingcontourBt of eachvertex v having
lessthantwo neighbors.The processfor a vertex v stops
whenwe �nd anothervertex w on the underlyingcontour
that also is part of the polygonmapandhasthe samein-
dex asv. Eachpair of verticesv andw is connectedand
soall polygonsgetclosedagain.In case,v is theonly ver-
tex still lying on theunderlyingcontourBt , a new arbitrary
point w of theunderlyingcontouris taken to closetheap-
proximation.This is alsodonefor contoursthatarenot yet
approximatedby any vertex of thenew polygonmap.

After this step,we canre�ne thenew polygonmapus-

ing the Douglas-Peucker algorithm by splitting up edges.
Usually, the Douglas-Peucker algorithminsertsa new ver-
tex having thebiggestdistanceto its closestsegmentinto its
closestline segment.Sincewe work with setsof polygons,
we would,accordingto theoriginal Douglas-Peuckeralgo-
rithm, split up the edgehaving the biggestsegment-point-
distanceof the polygon that has the maximum segment-
point-distanceof all polygons.

Figure5 shows theevolution of theapproximationpro-
cessfor a singlerobotexploring anunknown environment.
In this �gure, white areasoutsideaswell asgray/lightblue
areasinsidethepolygonmapcorrespondto inappropriately
modeledterrain. Suchan approximationis well-suitedto
betransmittedvia a network, becauseit canbeupdatedin-
crementallyandtheindividual updatestepscanberealized
with low spacecomplexity.

4. MULTI-ROBOT COORDINATION

Ourstrategy for coordinatingteamsof mobilerobotsisbased
on the ideasof Burgardet al. [4]. Their approachspreads
therobotsovertheenvironmentby introducingapenaltyfor
placesalreadyvisitedby therobots.In contrastto this, our
algorithmworks in a distributedmanner. Insteadof using
a centralcomponentwhich selectstarget locationsfor all
robots,ourapproachconsidersthedecisionssofarmadeby
other robots. Whenever a robot selectsa new target loca-
tion, it broadcastsits decisionto all otherrobots.Fromthis
point in time, theotherrobotsincorporatethis information
into their plansby discountingthis goal accordingto [4].
Our approachis describedin Algorithm 1. In this formu-
lation, Vt 0 refersto the cost of reachingtarget location t0

from thecurrentpositionof therobot.Ourapproachfurther-
morecombinesthepolygonalmapsof its teammateswith
its own world knowledge. Sincedatareceived from other
robotshave an approximative character, the robotonly up-
datessuchpartsof its own mapusingdatareceivedby other
robotsif the robot hasnot yet coveredthe corresponding
areawith its own sensor.

Whenever a target point t0 is selectedfor a robot, we
reducethe utility of the adjacentgoalsin distanced from
t0 accordingto theprobabilityP(d) thattherobot'ssensors
will covercells in distanced. In our approach,we approxi-
matedP(d) by

P(d) =
�

1:0 � d
max range if d < max range

0 otherwise
;(1)

wheremax rangeis themaximumrangereadingprovided
by therangesensor.

Sucha coordinationtechniqueis well-suitedto spread
the robotsover the environmentand to avoid that several
robotsapproachthesametargetbecauseit is theclosestto
its currentlocation. Comparedto thecoordinationscheme



Figure5: Theapproximationof theenvironmentalmodelduringexploration.

Algorithm 1 GoalAssignmentfor Coordinated,Decentral-
izedMulti-RobotExplorationusingPolygons.

1: Computethe union of all polygonalmapsreceivedby
the other robotsandcombinethemwith the own self
exploredenvironmentaldata.

2: Computethepossiblegoal locationsbasedon thefron-
tier (pointsthatleadto unknown areas).

3: Settheutility Ut of potentialtargetsto 1.
4: for all Receivedtargetsfrom otherrobotsdo
5: Reducethe utility of eachtarget point t0 in the vis-

ibility areaaccordingto Ut 0  Ut 0 � P(jj t � t0jj ):

6: end for
7: Determinetherobot's targett whichsatis�es:

t = maxt 0 (Ut 0 � � � Vt 0).
8: Broadcastthetargett to all otherrobots.

in [4], ourcoordinationmechanismtypically leadsto longer
exploration times. However, it is the only possibility to
usethediscountingtechniquein a decentralizedway. The
centralizedapproachneedsamuchhigherbandwidth,since
moreinformationneedsto beexchanged.

5. EXPERIMENTS

The experimentsdescribedin this paperare designedto
demonstratetheeffectivenessof ourenvironmentalapproxi-
mationto coordinateateamof robotsusingalow bandwidth
network connection.

5.1. In�uence of the Network Bandwidth on the Explo-
ration Time

In thisexperiment,weanalyzedthedependency of thequal-
ity of theenvironmentalapproximationontheoverallexplo-
rationtime.

Thecentralparameterthatdeterminesapproximationqual-
ity is thesplit rate(SR).With this parameter, we determine
anupperboundfor thenumberof edgesplitspersecond.So
whenwe have a SRof 0.04therobotperformsat mostone
edgesplit every 25 seconds.Edgesplitsarenot performed
whentheapproximationof therobotis appropriatemeaning
thattheapproximationerroris equalto zero.

Figure6 depictshow exploration time for coordinated
robotsdecreaseswhenthequalityof theapproximation(and
thusthe network bandwidth)increases.In theseplots, we

comparetheperformanceof theoriginalcentralizedcoordi-
nationapproachpresentedby Burgardet al. [4] to our de-
centralizedapproach.It furthermorecomparesour method
to an adaptedversionof the centralizedapproach,which
usesour decentralizedcoordination.It is importantto note
that the decentralizedcoordinationleadsto worseresults
thanthe original centralizedapproach,sincethe target as-
signmentprocessis donein a decentralizedway. Only a
centralizedcoordinationtechniquehastheability to choose
that robot-target tuple that provides the (globally) highest
expectedutility. Thedecentralizedmethodusedthroughout
thispaperisnecessaryto keepthecommunicationcostslow.
Therelative advantageof theoriginal coordinationmecha-
nism comparedto the decentralizedvariant increaseswith
the numberof robots. Figure 6 demonstratesthat for an
increasingcommunicationlink bandwidththeperformance
of our approachconvergestowardstheperformanceof the
decentralizedcoordinationapproachwithout polygonalap-
proximationsandbandwidthrestrictions.

5.2. Comparison to Other Approaches

In the secondexperiment,we comparedour approachto
thecoordinationtechniquepresentedby Burgardet al. [4],
which usesan unrestrictedcommunicationlink. In their
approach,the environmentalmodelneedsto be integrated
by eachrobotof theteamandthesensorinformationof all
robotsneedto betransmittedto all otherrobots.In scenar-
ioswith ahugeamountof robots,thiscausesahugeamount
of network traf�c.

Our decentralizedcoordinationmethodis derivedfrom
thecentralizedcoordinationtechniquein [4] andwasadapted
to our underlyingrepresentationand to the bandwidthre-
strictions.Thus,theoriginal approachwith unlimitedcom-
municationdescribesa lowerboundfor ouralgorithm.This
is illustratedin Figure6. As canbe seenfrom this exper-
iment, evenwith low bandwidthconnections,which allow
to transmitaround7.500integersper secondandrobot, a
similar coordinationresultcanbeachievedcomparedto the
centralizedcoordinationapproachwhichrequiresanetwork
bandwidthof about200.000integerspersecond.

5.3. Analyzing the Network Traf�c

In this experiment,we analyzedthenetwork traf�c. In par-
ticular, weanalyzedwhichkindsof datapackagesoccurred
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Figure6: Explorationtime for differentsplit rates(approx-
imation qualities)andnumbersof robots. The plot in the
�rst row showstheresultfor 3 robotsin anunstructureden-
vironmentand the secondrow depictsthe evolution for 5
robotsin acorridorenvironment.

SR TPT(%) ES(%) B (%) VP (%) EP(%)
0.04 31.12 19.82 11.32 6.16 31.58
0.05 29.00 23.06 13.51 5.45 28.97
0.07 25.68 26.89 15.25 5.37 26.81
0.1 22.00 36.09 16.02 4.54 21.35
0.2 16.77 52.52 14.24 3.90 12.58

1 5.62 78.95 3.46 9.52 2.45
5 1.56 79.90 0.26 17.78 0.50

10 1.01 78.57 0.04 19.97 0.41
15 0.85 78.14 0.03 20.68 0.29
20 0.77 77.99 0.02 20.93 0.28
25 0.76 77.88 0.02 21.05 0.30

Table1: Therelative network traf�c introducedby thedif-
ferentpackagesfor differentapproximationre�nementfre-
quencies(SR).

and what was their sharecomparedto the full amountof
network traf�c.

In our approach,differentkinds of datapackagesneed
to be sentvia the communicationlink. In our currentim-
plementation,we usetarget point transmissions(TPT) to
publishchosentarget locationsto robotswith lower prior-
ity. Edgesplit packages(ES)referto thesituation,in which
anedgeof theapproximationis re�ned. A brokenboundary
package(B) is sentvia the network if the boundarysplits
up to severalsmallboundariesandtheemergedpointsdata
package(EP) is usedto describea newly detectedobject
(seeSection3, case3). Finally, the vanishedpointspack-
age(VP) correspondsto the situation,in which a point is
removed from approximation.To identify a point or edge
in theapproximation,we useuniqueIDs andeachpoint is
representedby two integervalues.
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Figure 7: Comparisonof network traf�c amountsfor the
polygonalapproach(for differentapproximationqualities)
andfor classicalapproachestransmittingraw sensordatafor
two robots.

Table 1 depictsthe relative network traf�c causedby
thedifferentdatapackages.It demonstrates,that in caseof
low approximationre�nement frequencies(SR) the trans-
missionof thegoalpointscausesahighamountof theover-
all traf�c (33:12%), whereasthis canbe neglectedin case
of high re�nementrates.

To giveamorequantitativeevaluationof thecausedtraf-
�c, wecomparedtheusedbandwidthof ourapproachto the
centralizedcoordinationapproach. Using this technique,
eachrobot transmitsits full laserrangesweepsto theother
robots. This ensures,that all robotshave the sameworld
knowledge.Usingabroadcastnetwork, theoverallnetwork
traf�c grows linearly in thenumberof robots.Figure7 de-
picts theoverall network traf�c causedby bothapproaches
exploring the sameenvironment. As canbe seen,our ap-
proachclearlyoutperformstheothertechnique.Evenin the
caseof high approximationre�nementrates,our approach
requiresonly a fragmentof thenetwork traf�c comparedto
thecentralizedcoordinationalgorithm.

5.4. Approximation Err or

The last experimentin this paperis designedto illustrate
theapproximationerrorof ourapproachcomparedto anon-
distributedalgorithm,which integratesall sensormeasure-
mentsinto onecentralmap.

The approximationerror andthusthequality of an ap-
proximationdirectly dependson theSRwhereasthehigher
the SR the lower is the averageapproximationerror (see
Table2).

Figure8 depictstheapproximationerrorof our polygo-
nal mapsfor two differentapproximationre�nementrates.
Theplot in the�rst row depictstheerrorin caseof a re�ne-
mentrateof 10re�nementoperationspersecond.As canbe
seen,theerror is quitesmall. Whenever therobotobserves
ahugeamountof sofarunknownterrain,theapproximation
error increases.As canbeseenfrom the�gure, theerroris
typically reducedwithin a few steps.Comparedto that,the
errorusinga low bandwidthconnection(seesecondrow of
Figure8), which allows 0.1 re�nementspersecond,is big-
ger. Furthermore,it takesmuchlongerto correcttheerror



Splits per Second Avg. Approximation Err or
0.1 8.92%
1 0.86%
10 0.19%

Table2: Low communicationratesleadto highapproxima-
tion errorsandviceversa.
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Figure8: Approximationerror during explorationfor (top
image)high andlow (bottomimage)communicationband-
width.

comparedto thefasterconnection.

6. CONCLUSIONS

In this paper, we presenteda distributedapproachto multi-
robotcoordinationfor systemswith reliablebut limitedband-
width connections.To dealwith low bandwidthnetworks,
weapproximatethemapscommunicatedbetweentherobots
by polygonalrepresentations.We also describean incre-
mentalschemefor updatingthepolygonswheneverthemap
hasbeenextended.Finally, we proposeda distributedap-
proachto assigntargetsto robots.

Ourapproachhasbeenimplementedandtestedin exten-
sive simulationruns. The resultsreveal that our algorithm
canef�ciently coordinateteamsof mobilerobotsevenunder
severebandwidthrestrictions.One�nding is thatthereis no
signi�cant differenceto decentralizedapproachesassuming
unlimitedbandwidthwheneachrobotbroadcastsonly very
little informationin eachstep.
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