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Abstract. Coordinatingthe motion of multiple mobile robotsis oneof the fundamentalproblemsin robotics.The predominant
algorithmsfor coordinatingteamsof robotsaredecoupledandprioritized, therebyavoiding combinatoriallyhardplanningprob-
lemstypically facedby centralizedapproaches.In this paperwe presenta methodfor �nding solvablepriority schemesfor such
prioritizedanddecoupledplanningtechniques.Existingapproachesapplyasinglepriority schemewhichmakesthemoverly prone
to failure in caseswherevalid solutionsexist. By searchingin the spaceof priorizationschemes,our approachovercomesthis
limitation. To focusthesearch,our algorithmis guidedby constraintsgeneratedfrom the taskspeci�cation.To illustratetheap-
propriatenessof this approach,this paperdiscussesexperimentalresultsobtainedwith real robotsandthroughsystematicrobot
simulation.Theexperimentalresultsdemonstratethatour approachcansuccessfullysolve many morecoordinationproblemsthan
previousdecoupledandprioritizedtechniques.

1 Intr oduction

Pathplanningis oneof thefundamentalproblemsin mobilerobotics.As mentionedby Latombe[11], thecapability
of effectively planningits motionsis “eminentlynecessarysince,by de®nition,a robotaccomplishestasksby moving
in therealworld.”

In this paperwe considerthe problemof motion planningfor multiple mobile robots.The goal is to compute
trajectoriesfor the individual robotssuchthatcollisionsbetweentherobotsareavoided.Especiallyin thecontext of
multi-robotsystemsdifferentundesirablesituationscanoccurlikecongestionsor evendeadlocks.Sincethesizeof the
joint statespaceof therobotsgrowsexponentiallyin thenumberof robots,planningpathsfor teamsof mobilerobots
is signi®cantlyharderthanthepathplanningproblemfor singlerobotsystems.Therefore,theexistingapproachesfor
singlerobotsystemscannotdirectlybetransferredto multi-robotsystems.

Theapproachesfor multi-robotpathplanningcanroughlybedividedinto two majorcategories[11]: centralized
anddecoupled.In thecentralizedapproach[3, 22] thecon®gurationspacesof theindividual robotsarecombinedinto
onecompositecon®gurationspacewhichis thensearchedfor apathfor thewholecompositesystem.Becausethesize
of the joint con®gurationspacegrows exponentiallyin the numberof robots,this approachsuffers intrinsic scaling
limitations.Themajoralternativearedecoupledapproaches[8, 18, 15, 7, 21, 14, 6, 24, 1, 9]. Decoupledapproaches
®rst computeseparatepathsfor theindividual robotsandthenresolvepossiblecon�icts of thegeneratedpaths.

While centralizedapproaches(at leasttheoretically)areableto ®nd theoptimalsolutionto any planningproblem
for whichasolutionexists,theirtimecomplexity isat leastexponentialin thedimensionof thecompositecon®guration
space[19]. In practiceoneis thereforeforcedto useheuristicsfor theexplorationof thehugejoint statespace.Many
methodsusepotential®eld techniques[2, 3, 23] to guidethesearch.Thesetechniquesapplydifferentapproachesto
dealwith theproblemof local minima in thepotentialfunction.Othermethodsrestrictthemotionsof the robotsto
reducethesizeof thesearchspace.For example,[10, 22, 12] restrictthetrajectoriesof therobotsto lie on independent
roadmaps.Thecoordinationis achievedby searchingtheCartesianproductof theseparateroadmaps.

Decoupledplanners,in contrast,determinethe pathsof the individual robots independentlyand then employ
differentstrategies to resolve possiblecon�icts. According to that, decoupledtechniquesare incomplete,i.e., they
mayfail to ®nd a solutionevenif thereis one.A populardecoupledapproachis planningin thecon®gurationtime-
space[8], whichcanbeconstructedfor eachrobotgiventhepositionsandorientationsof all otherrobotsateverypoint
in time. Techniquesof this type assignpriorities to the individual robotsandcomputethe pathsof the robotsbased
on the orderimplied by thesepriorities.The methodpresentedin [24] usesa ®xed orderandappliespotential®eld
techniquesin thecon®gurationtime-spaceto avoid collisions.Theapproachdescribedin [9] alsousesa®xedpriority
schemeandchoosesrandomdetoursfor therobotswith lowerpriority.

Anotherapproachto decoupledplanningis thepathcoordinationmethodwhich was®rst introducedin [18]. The
key ideaof this techniqueis to keepthe robotson their individual pathsand let the robotsstop,move forward,or



even move backward on their trajectoriesin order to avoid collisions (seealso [5]). To reducethe complexity in
the caseof hugeteamsof robots[14] recentlypresenteda techniqueto separatethe overall coordinationproblem
into sub-problems.This approach,however, assumesthat the overall problemcanbe divided into very small sub-
problems,a seriousassumptionwhich, asvariousexamplesdescribedbelow demonstrate,is often not justi®ed. In
general,therefore,aprioritizedvarianthasto beapplied.

Unfortunatelytheproblemof ®nding theoptimal scheduleis NP-hardfor mostof thedecoupledapproaches.To
see,we noticethat theNP-hardJob-ShopSchedulingproblemwith thegoal to minimizemaximumcompletiontime
with unit processingtime for eachjob [13] canberegardedasaspecialinstanceof thepathcoordinationmethod.The
decoupledandprioritized methodsdescribedabove leave openhow to assignthe priorities to the individual robots.
In thepast,differenttechniquesfor selectingprioritieshave beenused.For example,in [6] heuristictechniquesare
describedthatassignhigherpriority to robotswhich canmoveon a straightline from thestartingpoint to their target
location.In [1] all possiblepriority assignmentsareconsidered.Dueto its (exponential)complexity thisapproachhas
only beenappliedto groupsof up to threerobots.
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Fig.1. Situationin whichnosolutioncanbefoundif robot3 hashigherpriority thanrobot1.

However, for decoupledandprioritizedmethodstheorderin which thepathsareplannedhasa seriousin�uence
on whetherat all a solutioncanbefound.Figure1 showsa situationin which nosolutioncanbefoundif robot3 has
a higherpriority thanrobot1. Sincethepathof robot3 is plannedwithout consideringrobot1, it entersthecorridor
containingits targetlocationmarked

���

beforerobot1 hasleft this corridor. Becausethecorridorsaretoo narrow to
allow two robotsto passby, robot3 blockstheway of robot1 sothat it cannotreachits targetpoint

���

. However, if
we changetheprioritiesandplanthetrajectoryof robot1 beforethatof robot3, thenrobot3 considersthetrajectory
of robot1 duringpathplanningandthuswill wait in thehallwayuntil robot1 hasleft thecorridor.

Pleasenote,that in orderto ®nd a solutiononegenerallyhasto considerdifferentpriority schemes.Sinceeach
changeof aschemerequiresthecomputationof thepathsfor many of therobots,it is of utmostimportanceto minimize
thetimerequiredto ®nd priority schemesfor whicha solutionto thepathplanningproblemcanbecomputed.

In this paperwe presenta techniquewhich interleaves the searchfor an appropriatepriority schemewith the
planningof thepathsfor the individual robots.Our approachis a randomizedsearchtechniquewhich startswith an
initial priority schemeandchangesthis by swappingtwo randomlychosenrobots.Therebyit exploits constraints
betweentheoptimalpathsof theindividual robotsin orderto focusthesearch.This way thenumberof problemsfor
whichasolutioncanbefoundin agivenamountof timeis increasedsigni®cantly. Ourtechniquehasbeenimplemented
andtestedon real robotsandin extensive simulationruns.In all experimentsit hasbeenshown to bevery effective
evenfor largeteamsof robots,for differentenvironments,andusingtwo differentdecoupledpathplanningtechniques.

The paperis organizedasfollows. The following sectiondescribesthe prioritized anddecoupledpathplanning
techniqueswe applyour algorithmpresentedin Section3 to. Section4 containsexperimentalresultsillustrating the
capabilitiesof ourapproach.

2 Prioritized ��� -basedPath Planning and Path Coordination

Thebasicalgorithmto computeoptimalpathsfor singlerobotsappliedthroughoutthis paperis thewell-known �
	

searchprocedure.The next sectionbrie�y describesthe variantwe areusing.To representthe environmentof the



robotswe applyoccupancy grids[17] which separatetheenvironmentinto a grid of equallyspacedcellsandstorein
eachcell ��������� theprobability 	�

��������� ��� thatit is occupiedby astaticobject.In theremainderof thissectionwethen
presentthekey ideasof decoupledprioritizedpathplanninganddiscusshow the � 	 procedurecanbeutilized to plan
themotionsof teamsof robotsby thisapproach.

2.1 ��� -basedPath Planning

The � 	 proceduresimultaneouslytakesinto accounttheaccumulatedcostof reachinga certainlocation ��������� from
the startingpositionaswell as the estimatedcostof reachingthe target location ��� 	���� 	�� from ��������� . In our case,
thecostfor traversinga cell ��������� is proportionalto its occupancy probability 	�

��������� ��� . Furthermore,theestimated
cost for reachingthe target locationis approximatedby �! #"$"$���������&%'��� 	���� 	���"(" where � is chosenasthe minimum
occupancy probability 	�
���������� �)� in themapand "$"$���������*%+��� 	���� 	���"(" is thestraight-linedistancebetween��������� and

��� 	���� 	�� . Sincethisheuristicis admissible,� 	 determinesthecost-optimalpathfrom thestartingpositionto thetarget
location.

2.2 DecoupledPath Planning for Teamsof Robots

In thispaperweapplyoursearchtechniqueto two differentdecoupledpathplanningmethodswhichplanthepathsin
thecon®gurationtime-space.Suchapproachesproceedasfollows.First,onecomputesfor eachrobotits pathwithout
consideringthepathsof theotherrobots.Thenonechecksfor possiblecon�icts in thetrajectoriesof therobots(we
regard it asa con�ict betweentwo robotsif their distanceis lessthan , where ,.-0/21 3�4 in our currentsystem).
Con�icts betweenrobotsareresolved by introducinga priority scheme.A priority schemedeterminesthe order in
which the pathsfor the robotsare re-planned.The pathof a robot is thenplannedin its con®gurationtime-space
computedbasedon themapof theenvironmentandthepathsof therobotswith higherpriority.

Oursystemappliesthe � 	 procedureto computethecost-optimalpathsfor theindividual robots,in theremainder
denotedasthe independentlyplannedoptimal pathsfor the individual robots.We alsoapply � 	 searchto plan the
motionsof the robotsin the con®gurationtime-space.In this casethe costof traversinga location ��������� at time 5

is determinedby the occupancy probability 	�

��������� ��� plus the probability that oneof the otherrobotswith higher
priority covers ��������� at thattime.

In this paperwe considertwo differentstrategies.The®rst methodis thegeneral� 	 -basedplanningin thecon-
®gurationtime-space.The secondmethodis a restrictedversionof this approachdenotedas the pathcoordination
technique[14]. It differs from thegeneralapproachin that it only exploresa subsetof thecon®gurationtime-space
givenby thosestateswhich lie ontheinitially optimalpathsfor theindividual robots.Thepathcoordinationtechnique
thusforcestherobotsto stayontheir initial trajectories.Theoverallcomplexity of bothapproachesis 67
�89 (4: $;(<�=>
�4?���

where8 is thenumberof robotsand 4 is themaximumnumberof statesexpandedby ��	 duringplanningin thecon-
®gurationtime-space(i.e. themaximumlengthof theOPEN-list).

Dueto therestrictionduringthesearch,thepathcoordinationmethodis moreef®cientthanthegeneral� 	 search.
Its majordisadvantage,however, lies in thefactthatit failsmoreoften.

3 Searching for SolvablePriority Schemes

As alreadymentionedabove,prioritizedanddecoupledapproachesto multi-robotpathplanningareincomplete.How-
ever, astheexamplegivenin Figure1 illustrates,theorderin which thepathsareplannedhasa signi®cantin�uence
onwhetherasolutioncanbefound.This raisesthequestionof how to ®nd asolvablepriority scheme,i.e.anorderfor
whichcollision-freepathscanbecomputedusingadecoupledapproach.

3.1 The RandomizedSearch Technique

Recently, randomizedsearchtechniqueshavebeenusedwith greatsuccessto solveconstraintsatisfactionproblemsor
to solvesatis®abilityproblems[20]. Ouralgorithmpresentedhereis avariantwhichperformsarandomizedsearchin
orderto ®nd a solvableplanningorderfor decoupledandprioritizedpathplanningtechniques.Therebyit interleaves
the searchfor collision-freepathswith the searchfor a solvablepriority scheme.It startswith an arbitrary initial
priority scheme@ andrandomlyexchangesthe priorities of two robotsin this scheme.If we get a scheme@ for
whichcollision-freepathscanbefound,wereturnthis order. In orderto escapefrom possibledead-endsin thesearch
space,we perform randomrestartswith different initial ordersof the robots.The completealgorithm is listed in
Table1.



Table1. Thealgorithmto ®nd solvablepriority schemes.

FOR tries := 1 TO maxTries BEGIN
select random order �

FOR flips := 1 TO maxFlips BEGIN
choose random i, j with i � j

� := swap(i, j, � )
if solvable( � )

RETURN �

END FOR
END FOR
RETURN"No solution found"

3.2 Exploiting Constraints to Focusthe Search

Whereastheplainrandomizedsearchtechniqueproducesgoodresults,it hasthemajordisadvantagethatoftena lot of
iterationsarenecessaryto comeupwith a solution.For example,we foundthatfor tenrobotsmorethan20 iterations
onaveragewerenecessaryto ®nd asolvablepriority scheme.In this sectionwe thereforepresenta techniqueto focus
thesearch.As anexampleagainconsiderthesituationdepictedin Figure1. As alreadymentioned,it is impossibleto
®nd a pathfor robot1 if thepathof robot3 is planned®rst, becausethe target locationof robot3 is too closeto the
optimaltrajectoryfor robot1. Thekey ideaof ourapproachis to introduceaconstraint�������	� betweenthepriorities
of two robots 
 and � , whenever the targetpositionof robot � is too closeto the initially optimalpathof robot 
 . In
our examplewe thusobtainthe constraint�

�

���

�

betweenthe robots1 and3. Additionally, we get the constraint
��
����

�

, sincethetargetlocationof robot1 lies toocloseto thetrajectoryof robot2.
Althoughthesatisfactionof theconstraintsdoesnotguaranteethatcollision-freepathscanbefoundfor apriority

scheme,orderssatisfyingtheconstraintsmoreoftenhave a solutionthanpriority schemesviolating constraints.Un-
fortunately, dependingon theenvironmentandthenumberof therobotsit is possiblethatthereis no ordersatisfying
all constraints.In sucha casetheconstraintsproducea cyclic dependency. Thekey ideaof our approachis to reorder
only thoserobotswhichareinvolvedin suchacycle in theconstraintgraph.Thus,weseparateall robotsinto two sets.
The®rst group �

�

containsall robotsthat,accordingto theconstraints,donot lie onacycleandhaveahigherpriority
thantherobotwith highestpriority which liesonacycle.Thissetof robotsis orderedaccordingto theconstraintsand
thisorderis not changedduringthesearch.Thesecondset,denotedas �


 containsall otherrobots.During thesearch
only theorderof therobotsin thesecondgroupis changed.
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Fig.2. Independentlyplannedpathsfor tenrobots.

Figure2 showsasimulatedsituationwith tenrobots.Whereasthestartingpositionsaremarkedby ���2��1�1�1������ the
correspondinggoalpositionsaremarkedby

�

����1�1�1��

�

� . Theindependentlyplannedoptimaltrajectoriesareindicated
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Fig.3. Constraintsgeneratedaccordingto thepathsshown in Figure2.

by solid lines.Giventhesepathsweobtaintheconstraintsdepictedin Figure3.Accordingto theconstraints,six robots
belongto the®rst groupof robotswhoseorderremainsunchangedduringthesearchprocess.Therobotsin theirorder
of priorities are3, 6, 7, 2, 4, 9. Only the other four robotsareconsideredduring the searchfor a solvablepriority
scheme.Our approachstartswith theorder0, 1, 5, and8 for theremainingrobotsfor which our systemimmediately
candeterminethecollision-freepathsshown in Figure4. Thus,theconstraintsimmediatelyleadto asolvablepriority
scheme.
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Fig.4. Pathsresultingafterpriority optimization.

4 Experimental Results

The algorithmdescribedabove hasbeentestedthoroughlyon real robotsandin extensive simulationruns.The key
questionaddressedin our experimentswas:Doesour approachsucceedmorefrequentlyin ®ndingvalid multi-robot
pathsthanapproacheswith ®xed prioritization?All experimentswerecarriedout usingdifferentenvironments.To
evaluatethegeneralapplicability, weappliedourmethodto thetwo decoupledandprioritizedpathplanningtechniques
describedabove. The currentimplementationis highly ef®cient. It requireslessthan0.1 secondson a 1000MHz
PentiumIII to plana collision-freepathfor onerobotin all environmentsdescribedbelow.

4.1 RealRobot Experiment

Figure6 illustratesa typical applicationexamplecarriedout in our of®ce environmentwith our robotsAlbert and
Ludwig. The robotsareshown in Figure5. In this example,we usedthegeneral��	 procedurein the con®guration
time-spacefor local pathplanning.While Albert startsat the right endof thecorridorof our lab andhasto move to
left end,Ludwig hasto traversethecorridor in theoppositedirection.Noticethatno pathfor Albert canbefound if
thepathof Ludwig is planned®rst, sinceAlbert cannotreachits targetpoint if Ludwig stayson its optimaltrajectory.
Becauseof that,thesystemalterstheorderof the two robots.Giventheoptimalpathfor Albert, our systemplansa
pathfor Ludwig which®rst leadsit into adoorwayin orderto let Albert passby. Theresultingtrajectoriesareshown in



Fig.5. ThemobilerobotsAlbert (left) andLudwig (right).

Figure6. Noticethatatsomepoint, therobotLudwig waitsto let therobotAlbert passby. In comparison,nosolution
canbefoundin thissituationif thepathcoordination[14] techniqueis used.

In variousothertestsoperatingour two robotsin our narrow hallways,we frequentlyobservedtheemergenceof
solutionswhererobotssensiblycoordinatedtheir behavior, e.g.,by waiting for eachother. However, we alsonotice
that with only two robots,theseexperimentsdo not evaluatethe utility of our searchalgorithmin priority scheme
space,sincethereexist only two suchschemes.Unfortunately, wecurrentlyhaveonly two physicalrobotsavailablein
our lab,sothattheexperimentcouldnotbecarriedoutwith largergroupsof robots.

wait

Albert
Ludwig

Fig.6. Realworld applicationof general�
	 -basedplanningin thecon®gurationtime-space.

4.2 Simulation Experiments

This setof experimentsis designedto illustratethat theoverall numberof failurescanbereducedsigni®cantlyusing
our randomizedsearchtechniqueandevenmoresigni®cantlyby takinginto accountthegeneratedconstraintsduring
thesearch.

In all experimentswe neverobservedthattheconstrainedsearchfailedmoreoftenthantheunconstrainedsearch.
Furthermore,therewasnosigni®cantdifferencebetweenthelengthsof thegeneratedpaths.

For eachnumberof robotsconsidered,weperformed100experiments.In eachexperimentwerandomlychosethe
startingandtargetlocationsof therobots.We appliedfour differentstrategiesto ®nd solvablepriority schemes:

1. A singlerandomlychosenorderfor therobotswithoutconsideringtheconstraints.
2. A singleorderwhichsatis®estheconstraintsfor therobotsin R

�

andconsistsof a randomlychosenorderfor the
robotsin R
 .

3. Unconstrainedrandomizedsearchstartingwith a randomorderandwithout consideringtheconstraints.
4. Constrainedrandomizedsearchstartingwith anordercomputedin thesamewayasstrategy 2).

For eachtechnique,we performed� 	 -basedplanningin the con®gurationtime-spaceandcountedthe number
of solved planningproblems.Pleasenotethat in this experimentwe chosea small numberof iterationsin order to



Fig.7. Cyclic corridorenvironmentusedfor thesimulationruns.
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Fig.8. Solvedplanningproblemsfor differentstrategiesusinggeneral� 	 -basedplanningin thecon®gurationtime-
spacein thecyclic corridorenvironmentdepictedin Figure7.

assesstheadvantagesof theconstrainedsearch.Particularly, wechoseavalueof 3 wasfor theparametersmaxFlips
andmaxTries , in bothrandomizedsearchmethods.Obviously, thelargerthenumberof iterations,thehigheris the
probabilitythata solutioncanbefoundby anarbitraryrandomizedsearch.

Figure8 summarizesthe resultswe obtainedfor the cyclic corridor environmentdepictedin Figure7. Whereas
the x-axis representsthe numberof robots,the y-axis containsthe numberof solved problemsin percent.As this
®gureshows,ourconstrainedsearchtechniqueis signi®cantlymoreoftenableto ®nd asolutioncomparedto all other
strategies.Interestingly, the secondstrategy, which exploits the constraintsbut considersonly oneschemein each
experiment,showsasimilar performancethantheunconstrainedrandomizedsearch.

Additionally, we performeda similar seriesof experimentsfor the noncyclic corridor environmentdepictedin
Figure4.Theresultsareshown in Figure9 (left). Again,ourconstrained-basedsearchoutperformsall otherstrategies.

Furthermore,we analyzedall four strategiesto ®nd solutionsfor thepathcoordinationmethod.Throughoutthese
experimentswe useda variantof the environmentdepictedin Figure4 with ®ve corridorson both sides.Sincethe
pathcoordinationmethodrestrictstherobotsto stayon their independentlyplannedoptimal trajectories,thenumber
of unsolvableproblemsis muchhighercomparedto thegeneral�

	 -basedplanningin thecon®gurationtime-space.
As canbeseenfrom Figure9 (right) ourconstrainedbasedsearchagainleadsto a muchhighersuccessrate.

4.3 Speed-upObtained by Exploiting the Constraints

Thepreviousexperimentsillustratedthatthenumberof casesin whichasolutioncanbefoundis increasedsigni®cantly
by focusingthe searchaccordingto the constraints.In this sectionwe want to analyzethe speed-upobtainedby
restrictingthesearch.Moreprecisely, weposethequestionhow muchtimetheunconstrainedsearchwould requirein
orderto achievethesameperformanceasourconstraint-basedsearchtechnique.

Figure10 shows for bothcorridorenvironmentsconsideredherethenumberof robotswhich couldnot besorted
topologicallywith respectto thegeneratedconstraintsbecausethey lie on a cycle in theconstraintgraph.Obviously,
this numberincreasesin thenumberof robotsin bothenvironments.Sinceour constrainedsearchonly reordersthe
robotslying on thecycle, thesearchis signi®cantlyfocusedin bothenvironments.Obviously, thenoncyclic corridor
environmentdepictedin Figure 4 posesharderplanningproblemsthan the cyclic corridor environmentshown in
Figure 7. Accordingly, the searchrequiresmore iterationsin the ®rst case.Averagedover 1200 experiments,the
unconstrainedsearchrequiredover ®ve asmany iterationsin the®rst caseandfour asmany iterationsin thesecond
caseto achievethesameperformanceasourconstrainedsearch.
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Fig.9. Numberof solvedplanningproblemsin thenoncyclic corridorenvironmentshown in Figure4 for thedifferent
strategies using general � 	 -basedplanningin the con®gurationtime-space(left) and using the path coordination
method(right).
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Fig.10.Numberof robotslying onacycle in theconstraintgraph.

Pleasenotethata furtheradvantageof theconstrainedsearchcomparedto theunconstrainedsearchis thatfor the
robotsin �

�

motionplanningneedsto beperformedonly oncesincetheir prioritiesareneverchanged.

4.4 In�uence on the Overall Path Length

A further importantquestionin thecontext of pathplanningis theminimizationof theoverall move costs.We also
appliedtherandomizedsearchtechniquedescribedin this paperto minimizethe lengthof thetrajectoriesfor a team
of robots[4]. In this case,the randomizedsearchwascombinedwith a hill-climbing strategy. If additionaltime is
available,thesystemperformsseveralrestartsandalwayskeepsthebestsolutionfoundsofar. Figure11 (left) shows
theindependentlyplannedoptimalpathsfor a teamof 30 robotsin anunstructuredenvironment.By optimizingthese
pathsover 100 iterations,we obtainthesolutionillustratedin Figure11 (right). Figure12 plots theevolution of the
summedmove costsof thebestsolutionfoundsofar over time anddemonstratesthecapabilitiesof this approachto
reducetheoverall pathlength.As canbeseenfrom the®gure,after100iterationstheoverallmovecostsarereduced
by 15%.

5 Conclusions

In this paperwe presentedan approachto ®nd solvablepriority schemesfor decoupledpathplanningmethodsfor
groupsof mobilerobots.Ourapproachis arandomizedmethodwhichrepeatedlyreorderstherobotsto ®ndasequence
for which a plan canbe computed.To reducethe computationtime necessaryto ®nd a solutioncertainconstraints
betweenthe robotsareextractedandexploited to focusthe search.The approachhasbeenimplementedandtested



Fig.11. Independentlyplannedoptimal pathsfor 30 robots(left) andthe pathsresultingafter priority optimization
(right).
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Fig.12.Summedmovecostsplottedover time.

on real robotsas well as in extensive simulationruns for two different decoupledpath planningtechniques.The
experimentsdemonstratethat our techniquesigni®cantlydecreasesthe numberof failuresin which no solution is
found for a givenplanningproblem.Furthermore,our randomizedsearchmethodcanalsobe usedto minimize the
overallpathlength.

It shouldbe notedthat our algorithmis not limited to the two differentbaselinepath-planningtechniquescon-
sideredin this paper. In contrast,it canbe usedto ®nd andoptimizepathsgeneratedwith arbitraryprioritizedpath-
planningmethods.This alsoincludesplanningtechniqueswithout theassumptionsof themethodsconsideredin this
paper, like accurateglobal modelsof the environmentand like deterministicexecutionof the plannedmovements.
Additionally, we would like to mentionthatour methodis equallysuitedto morecomplex coordinationproblems,in
which therobotshave largedegreesof freedom.

Apart from thepromisingresultspresentedin this paper, therearedifferentaspectsfor futureresearch.First, the
techniquedescribedhereprovidesnomeansto reactto possiblefailuresduringtheexecutionof themotionplans.For
example,if onerobot is delayedbecauseunforeseenobjectsblock its path,alternative plansfor the robotsmight be
moreef®cient. In suchsituationsit is desirablethat thesystemcanquickly revisethecurrentplan.Second,thedelay
of a singlerobotmayresultin adead-lockduringtheplanexecution.Accordingly, oursystemsrequirestechniquesto
detectsuchdead-locksandto resolve themappropriately. Finally, thecurrentapproachreducesthesearchto a ®xed
subsetof the robots.Sincethis restrictionreducesthenumberof possiblesolutions,we will investigatewhetherthe
performancecanbeincreasedfurtherby extendingthesearchappropriately.
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