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Abstract. Coordinatingthe motion of multiple mobile robotsis one of the fundamentaproblemsin robotics.The predominant
algorithmsfor coordinatingteamsof robotsare decoupledand prioritized, therebyavoiding combinatoriallyhard planningprob-

lemstypically facedby centralizedapproachedn this paperwe presenta methodfor nding solvable priority schemedor such

prioritizedanddecoupleglanningtechniquesExistingapproacheapplyasinglepriority schemevhich malkesthemoverly prone
to failure in caseswherevalid solutionsexist. By searchingn the spaceof priorization schemespur approachovercomesghis

limitation. To focusthe searchour algorithmis guidedby constraintgyeneratedrom the task speci cation. To illustratethe ap-

propriatenessf this approachthis paperdiscussegxperimentalresultsobtainedwith real robotsandthroughsystematiaobot

simulation.The experimentakresultsdemonstratéhatour approactcansuccessfullysolve mary morecoordinationproblemsthan

previous decoupledandprioritizedtechniques.

1 Intr oduction

Path planningis oneof the fundamentaproblemsin mobilerobotics.As mentionedoy Latombe[11], the capability
of effectively planningits motionsis “eminentlynecessargince by de®nition,arobotaccomplishesasksby moving
in therealworld”

In this paperwe considerthe problemof motion planningfor multiple mobile robots. The goal is to compute
trajectoriedfor theindividual robotssuchthat collisionsbetweerthe robotsareavoided.Especiallyin the contet of
multi-robotsystemdifferentundesirableituationscanoccurlik e congestionsr evendeadlocksSincethesizeof the
joint statespaceof the robotsgrows exponentiallyin the numberof robots,planningpathsfor teamsof mobilerobots
is signi®cantlyharderthanthe pathplanningproblemfor singlerobotsystemsThereforetheexisting approachefor
singlerobotsystemsannotdirectly be transferredo multi-robotsystems.

The approache$or multi-robot pathplanningcanroughly be dividedinto two major categories[11]: centralized
anddecoupledln the centralizedapproachi3, 22 the con®guratiorspace®f theindividual robotsarecombinednto
onecompositecon®guratiorspacewhichis thensearchedor a pathfor thewhole compositesystemBecausehesize
of the joint con®gurationspacegrows exponentiallyin the numberof robots,this approactsuffers intrinsic scaling
limitations. The major alternatve aredecoupledapproaches|8, 18, 15, 7, 21, 14, 6, 24, 1, 9]. Decoupledapproaches
®rst computeseparatgathsfor theindividual robotsandthenresole possiblecon icts of thegenerategbaths.

While centralizedapproachegat leasttheoretically)areableto ®nd the optimal solutionto ary planningproblem
for whichasolutionexists,theirtime compleity is atleastexponentiain thedimensiorof thecompositecon®guration
spacg19]. In practiceoneis thereforeforcedto useheuristicsfor the explorationof the hugejoint statespaceMany
methodsusepotential®eld techniqueg?2, 3, 23] to guidethe searchThesetechniquespply differentapproacheso
dealwith the problemof local minimain the potentialfunction. Othermethodsrestrictthe motionsof the robotsto
reducethesizeof thesearctspaceFor example,[10, 22, 12] restrictthetrajectorief therobotsto lie onindependent
roadmapsThe coordinationis achievedby searchinghe Cartesiarproductof the separateéoadmaps.

Decoupledplanners,in contrast,determinethe pathsof the individual robotsindependentlyand then employ
different stratgiesto resole possiblecon icts. Accordingto that, decoupledechniquesare incomplete,i.e., they
may fail to ®nd a solutionevenif thereis one.A populardecoupledapproachs planningin the con®gurationtime-
spacd8], which canbeconstructedor eachrobotgiventhe positionsandorientationf all otherrobotsat every point
in time. Techniquef this type assignpriorities to the individual robotsand computethe pathsof the robotsbased
on the orderimplied by thesepriorities. The methodpresentedn [24] usesa ®xed orderandappliespotential®eld
techniquesn the con®guratiortime-spaceo avoid collisions. Theapproactdescribedn [9] alsousesa®xedpriority
schemeandchoosesandomdetoursfor therobotswith lower priority.

Anotherapproacho decoupledblanningis the pathcoordinationrmethodwhich 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 orderto avoid collisions (seealso[5]). To reducethe compl&ity in
the caseof hugeteamsof robots[14] recentlypresenteda techniqueto separatehe overall coordinationproblem
into sub-problemsThis approachhowever, assumeghat the overall problemcan be divided into very small sub-
problems,a seriousassumptiorwhich, as variousexamplesdescribedbelonv demonstrateis often not justi®ed. In
generaltherefore a prioritizedvarianthasto be applied.

Unfortunatelythe problemof ®nding the optimal schedulds NP-hardfor mostof the decoupledapproacheslo
seewe noticethatthe NP-hardJob-Shopschedulingoroblemwith the goalto minimize maximumcompletiontime
with unit processindime for eachjob [13] canberegardedasa specialinstanceof the pathcoordinatiormethod.The
decoupledand prioritized methodsdescribedabove leave openhow to assignthe priorities to the individual robots.
In the past,differenttechniquedor selectingpriorities have beenused.For example,in [6] heuristictechniquesare
describedhatassignhigherpriority to robotswhich canmove on a straightline from the startingpoint to their target
location.In [1] all possiblepriority assignmentareconsideredDueto its (exponential}compleity this approacthas
only beenappliedto groupsof up to threerobots.
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Fig. 1. Situationin which no solutioncanbefoundif robot3 hashigherpriority thanrobot1.

However, for decoupledandprioritized methodsthe orderin which the pathsareplannedhasa seriousin uence
onwhetheratall a solutioncanbe found.Figure1 shawvs a situationin which no solutioncanbefoundif robot3 has
a higherpriority thanrobot 1. Sincethe pathof robot3 is plannedwithout consideringobot 1, it entersthe corridor
containingits targetlocationmarked  beforerobot1 hasleft this corridor. Becausehe corridorsaretoo narrav to
allow two robotsto passby, robot 3 blocksthe way of robot1 sothatit cannotreachits targetpoint . However, if
we changehe prioritiesandplanthetrajectoryof robot1 beforethatof robot 3, thenrobot 3 considerghetrajectory
of robot1 during pathplanningandthuswill wait in the hallway until robot1 hasleft thecorridor.

Pleasenote,thatin orderto ®nd a solutiononegenerallyhasto considerdifferentpriority schemesSinceeach
changeof aschemeaequireshecomputatiorof the pathsfor mary of therobots,it is of utmostimportancdo minimize
thetime requiredto ®nd priority schemegor which a solutionto the pathplanningproblemcanbe computed.

In this paperwe presenta techniquewhich interleaves the searchfor an appropriatepriority schemewith the
planningof the pathsfor the individual robots.Our approachis a randomizedsearchtechniquewhich startswith an
initial priority schemeand changeghis by swappingtwo randomlychosenrobots. Therebyit exploits constraints
betweerthe optimal pathsof theindividual robotsin orderto focusthe searchThis way the numberof problemsfor
whichasolutioncanbefoundin agivenamountof timeis increaseaigni®cantly Ourtechniquenasbeenmplemented
andtestedon realrobotsandin extensve simulationruns.In all experimentst hasbeenshown to be very effective
evenfor largeteamsof robots for differentervironmentsandusingtwo differentdecouplegathplanningtechniques.

The paperis organizedasfollows. The following sectiondescribeghe prioritized and decoupledpath planning
techniquesve apply our algorithmpresentedn Section3 to. Section4 containsexperimentalresultsillustrating the
capabilitiesof our approach.

2 Prioritized  -basedPath Planning and Path Coordination

The basicalgorithmto computeoptimal pathsfor singlerobotsappliedthroughoutthis paperis the well-known
searchprocedure The next sectionbrie y describeghe variantwe are using. To representhe ervironmentof the



robotswe apply occupang grids[17] which separatehe ervironmentinto a grid of equallyspacedellsandstorein
eachcell theprobability thatit is occupiedoy a staticobject.In theremaindeiof this sectionwe then
presenthekey ideasof decoupledrioritized pathplanninganddiscusshow the  procedurecanbe utilized to plan
the motionsof teamsof robotshy this approach.

2.1 -basedPath Planning

The  proceduresimultaneouslyakesinto accounthe accumulateaostof reachinga certainlocation from
the startingpositionaswell asthe estimatedcostof reachingthe target location from . In our case,
the costfor traversinga cell is proportionalto its occupang probability . Furthermorethe estimated
costfor reachingthe targetlocationis approximatedy where is chosenasthe minimum
occupanyg probability in the mapand is the straight-linedistancebetween and

. Sincethis heuristicis admissible, determineshe cost-optimapathfrom the startingpositionto thetarget
location.

2.2 DecoupledPath Planning for Teamsof Robots

In this paperwe applyour searchtechniqueo two differentdecouplegathplanningmethodswhich planthe pathsin
thecon®guratiortime-spaceSuchapproacheproceedasfollows. First,onecomputedor eachrobotits pathwithout
consideringhe pathsof the otherrobots. Thenonechecksfor possiblecon icts in thetrajectoriesof the robots(we
regardit asa con ict betweentwo robotsif their distanceis lessthan where in our currentsystem).
Con icts betweernrobotsareresohed by introducinga priority schemeA priority schemedetermineghe orderin
which the pathsfor the robotsare re-planned.The path of a robotis thenplannedin its con®gurationtime-space
computedbasedn themapof the environmentandthe pathsof the robotswith higherpriority.

Oursystemappliesthe  procedurdo computethe cost-optimabpathsfor theindividual robots,in theremainder
denotedasthe independentlyplannedoptimal pathsfor the individual robots.We alsoapply =~ searchto planthe

motionsof the robotsin the con®gurationtime-spaceln this casethe costof traversinga location attime
is determinedby the occupanyg probability plus the probability that one of the otherrobotswith higher
priority covers atthattime.

In this paperwe considerntwo differentstratgyies. The ®rst methodis the general -basedplanningin the con-
®gurationtime-spaceThe secondmethodis a restrictedversionof this approachdenotedasthe path coordination
technique[14]. It differsfrom the generalapproachin thatit only exploresa subsetf the con®gurationtime-space
givenby thosestatesvhichlie ontheinitially optimalpathsfor theindividualrobots.The pathcoordinatiortechnique
thusforcestherobotsto stayontheirinitial trajectoriesTheoverallcompleity of bothapproaches
where isthenumberof robotsand is the maximumnumberof statesexpandedby  duringplanningin the con-
®gurationtime-spacdi.e. the maximumlengthof the OPEN-list).

Dueto therestrictionduringthesearchthe pathcoordinatiormethodis moreef®cientthanthegeneral search.
Its majordisadantagehowever, liesin thefactthatit fails moreoften.

3 Searching for Solvable Priority Schemes

As alreadymentionedabove, prioritizedanddecoupledipproachet multi-robotpathplanningareincomplete How-
ever, asthe examplegivenin Figurel illustratesthe orderin which the pathsareplannedhasa signi®cantin uence
onwhethera solutioncanbefound.Thisraiseshe questionof how to ®nd a solvablepriority schemei.e.anorderfor
which collision-freepathscanbe computedisinga decoupledapproach.

3.1 The RandomizedSearch Technique

Recentlyrandomizedearchechniquehave beenusedwith greatsuccesso solve constrainsatishictionproblemsor
to solve satis®abilityproblemg20]. Our algorithmpresentedhereis a variantwhich performsarandomizedsearchn
orderto ®nd a solvableplanningorderfor decoupledandprioritized pathplanningtechniquesTherebyit interleaves
the searchfor collision-free pathswith the searchfor a solvable priority schemelt startswith an arbitrary initial
priority scheme andrandomlyexchangeghe priorities of two robotsin this schemelf we geta scheme for
which collision-freepathscanbefound,we returnthis order In orderto escapdrom possibledead-endi thesearch
space we performrandomrestartswith differentinitial ordersof the robots. The completealgorithmis listed in
Tablel.



Tablel. Thealgorithmto ®nd solvablepriority schemes.

FOR tries ;= 1 TO maxTries BEGIN
select random order
FOR flips = 1 TO maxFlips BEGIN
choose random i, | with i |j
= swap(i, |, )
if  solvable( )
RETURN
END FOR
END FOR

RETURN"No solution found"

3.2 Exploiting Constraints to Focusthe Search

Whereaghe plainrandomizedearchechniquegproducegoodresults it hasthe majordisadantagehatoftenalot of
iterationsarenecessaryo comeup with a solution.For example,we foundthatfor tenrobotsmorethan20 iterations
on averagewerenecessaryo ®nd a solvablepriority schemeln this sectionwe thereforepresenttechniqueo focus
thesearchAs anexampleagainconsidetthe situationdepictedn Figurel. As alreadymentionedijt is impossibleto
®nd a pathfor robot 1 if the pathof robot3 is planned®rst, becausehe targetlocationof robot 3 is too closeto the
optimaltrajectoryfor robot1. Thekey ideaof ourapproachs to introducea constraint betweerthe priorities
of two robots and , wheneerthe target positionof robot is too closeto theinitially optimal pathof robot . In
our examplewe thusobtainthe constraint betweenthe robots1 and 3. Additionally, we getthe constraint
, sincethetargetlocationof robot1 liestoo closeto thetrajectoryof robot2.

Althoughthesatishctionof the constraintgloesnot guarante¢hatcollision-freepathscanbefoundfor a priority
schemeprderssatisfyingthe constraintanoreoften have a solutionthanpriority schemewiolating constraintsun-
fortunately dependingon the ervironmentandthe numberof the robotsit is possiblethatthereis no ordersatisfying
all constraintsin sucha casethe constraintgproducea cyclic dependeng The key ideaof our approacthis to reorder
only thoserobotswhich areinvolvedin suchacycle in theconstraingraph.Thus,we separateall robotsinto two sets.
The®rstgroup containsall robotsthat,accordingo the constraintsgdo notlie onacycle andhave ahigherpriority
thantherobotwith highestpriority which liesonacycle. This setof robotsis orderedaccordingo the constraintsand
this orderis notchangediuringthe searchThesecondset,denotecas  containsall otherrobots.During thesearch
only theorderof therobotsin thesecondyroupis changed.

G6

SO G3

S2

G1 G4 59

ST
G8f Go

N

= sg
sq
ca G5
G2

S1

S5 G7 S3

Fig.2. Independentlyplannedpathsfor tenrobots.

Figure2 shavs a simulatedsituationwith tenrobots.Whereaghe startingpositionsaremarked by the
correspondingoalpositionsaremarkedby . Theindependentlyplannedoptimaltrajectoriesareindicated



Fig.3. Constraintgeneratedccordingo the pathsshavn in Figure?2.

by solidlines.Giventhesepathswe obtaintheconstraintsiepictedn Figure3. Accordingto theconstraintssix robots
belongto the®rst groupof robotswhoseorderremainsunchangediuringthe searchprocessTherobotsin theirorder
of prioritiesare 3, 6, 7, 2, 4, 9. Only the otherfour robotsare consideredduring the searchfor a solvable priority
schemeOur approactstartswith the orderO0, 1, 5, and8 for the remainingrobotsfor which our systemimmediately
candeterminghe collision-freepathsshovn in Figure4. Thus,the constraintsmmediatelyleadto a solvablepriority
scheme.
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Fig.4. Pathsresultingafterpriority optimization.

4 Experimental Results

The algorithmdescribedabove hasbeentestedthoroughlyon real robotsandin extensve simulationruns. The key
guestionaddresseéh our experimentsvas: Doesour approactsucceednorefrequentlyin ®nding valid multi-robot
pathsthan approachesvith ®xed prioritization? All experimentswere carriedout using differentenvironments.To
evaluatethegenerahpplicability, we appliedour methodto thetwo decouplecéndprioritizedpathplanningtechniques
describedabove. The currentimplementationis highly ef®cient. It requireslessthan 0.1 secondson a 1000 MHz
Pentiumlll to planacollision-freepathfor onerobotin all environmentsdescribedelow.

4.1 Real Robot Experiment

Figure 6 illustratesa typical applicationexamplecarriedout in our of®ce ervironmentwith our robotsAlbert and
Ludwig. Therobotsareshowvn in Figure5. In this example,we usedthe general  proceduren the con®guration
time-spacdor local pathplanning.While Albert startsat the right end of the corridor of our lab andhasto move to
left end, Ludwig hasto traversethe corridorin the oppositedirection.Notice thatno pathfor Albert canbe found if
thepathof Ludwig is planned®rst, sinceAlbert cannotreachits targetpointif Ludwig staysonits optimaltrajectory
Becausef that, the systemaltersthe orderof the two robots.Giventhe optimal pathfor Albert, our systemplansa
pathfor Ludwig which ®rstleadsit into adoorwayin orderto let Albert passy. Theresultingtrajectorieaareshavnin



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

Figure6. Noticethatat somepoint, therobotLudwig waitsto let therobotAlbert passy. In comparisonno solution
canbefoundin this situationif the pathcoordination14] techniquds used.

In variousothertestsoperatingour two robotsin our narrav hallways,we frequentlyobsenedthe emegenceof
solutionswhererobotssensiblycoordinatedheir behaior, e.g.,by waiting for eachother However, we alsonotice
that with only two robots,theseexperimentsdo not evaluatethe utility of our searchalgorithmin priority scheme
spacesincethereexist only two suchschemesUnfortunatelywe currentlyhave only two physicalrobotsavailablein
ourlab, sothatthe experimentcould not be carriedout with largergroupsof robots.

Fig.6. Realworld applicationof general -basedblanningin thecon®guratiortime-space.

4.2 Simulation Experiments

This setof experimentds designedo illustratethatthe overall numberof failurescanbe reducedsigni®cantlyusing
our randomizedsearchtechniqgueandevenmoresigni®cantlyby takinginto accounthe generateaonstraintgduring
thesearch.

In all experimentswve never obseredthatthe constrainesgearchailed moreoftenthanthe unconstrainedearch.
Furthermoretherewasno signi®cantdifferencebetweerthe lengthsof thegenerateghaths.

For eachnumberof robotsconsideredye performedLO0experimentsin eachexperimentwe randomlychosethe
startingandtargetlocationsof therobots.We appliedfour differentstratgiesto ®nd solvablepriority schemes:

1. A singlerandomlychoserorderfor the robotswithout consideringhe constraints.

2. A singleorderwhich satis®eghe constraintdor therobotsin R andconsistof arandomlychoserorderfor the
robotsin R .

3. Unconstrainedandomizedsearchstartingwith arandomorderandwithout consideringhe constraints.

4. Constrainedandomizedsearchstartingwith anordercomputedn the sameway asstratey 2).

For eachtechniquewe performed -basedplanningin the con®gurationtime-spaceand countedthe number
of solved planningproblems.Pleasenotethatin this experimentwe chosea small numberof iterationsin orderto
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Fig.8. Solved planningproblemsfor differentstratgiesusinggeneral -basedplanningin the con®gurationtime-
spacen thecyclic corridorenvironmentdepictedn Figure?.

assestheadwantage®f theconstrainedgearchParticularly, we choseavalueof 3 wasfor the parametersaxFlips
andmaxTries , in bothrandomizedsearchmethodsObviously, the largerthe numberof iterations the higheris the
probabilitythata solutioncanbefoundby anarbitraryrandomizedsearch.

Figure 8 summarizeghe resultswe obtainedfor the cyclic corridor environmentdepictedin Figure7. Whereas
the x-axis representshe numberof robots,the y-axis containsthe numberof solved problemsin percent.As this
®gureshows, our constrainedearchtechniques signi®cantlymoreoftenableto ®nd a solutioncomparedo all other
stratgies. Interestingly the secondstratey, which exploits the constraintsbut considersonly one schemein each
experimentshawvs a similar performancehanthe unconstrainedandomizedearch.

Additionally, we performeda similar seriesof experimentsfor the nongyclic corridor ervironmentdepictedin
Figure4. Theresultsareshowvn in Figure9 (left). Again,our constrained-baseskarctoutperformsall otherstratayies.

Furthermorewe analyzedall four stratgjiesto ®nd solutionsfor the pathcoordinationmethod.Throughouthese
experimentswe useda variantof the ervironmentdepictedin Figure4 with ®ve corridorson both sides.Sincethe
pathcoordinationmethodrestrictsthe robotsto stayon their independentlyplannedoptimaltrajectoriesthe number
of unsohableproblemsis muchhighercomparedo the general -basedplanningin the con®gurationtime-space.
As canbeseenfrom Figure9 (right) our constrainedasedsearchagainleadsto a muchhighersuccessate.

4.3 Speed-upObtained by Exploiting the Constraints

Thepreviousexperimentsllustratedthatthenumberof casesn whichasolutioncanbefoundis increasedigni®cantly
by focusingthe searchaccordingto the constraintsin this sectionwe wantto analyzethe speed-upobtainedby
restrictingthe searchMore preciselywe posethe questiorhow muchtime the unconstrainedearchwould requirein
orderto achiese the sameperformancesour constraint-basesgearchechnique.

Figure 10 shows for both corridor ervironmentsconsiderecherethe numberof robotswhich could not be sorted
topologicallywith respecto the generatedonstraintdbecauséehey lie on acycle in the constraintgraph.Obviously,
this numberincreasesn the numberof robotsin both ervironments.Sinceour constrainedsearchonly reorderghe
robotslying on thecycle, the searchis signi®cantlyfocusedn both environments Obviously, the nongyclic corridor
ervironmentdepictedin Figure 4 posesharderplanning problemsthan the cyclic corridor ervironmentshowvn in
Figure 7. Accordingly, the searchrequiresmore iterationsin the ®rst case.Averagedover 1200 experimentsthe
unconstrainedearctrequiredover ®ve asmary iterationsin the ®rst caseandfour asmary iterationsin the second
caseto achieve the sameperformancesour constrainedgearch.
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Pleasenotethata furtheradvantageof the constrainedearchcomparedo the unconstrainedearchs thatfor the
robotsin  motionplanningneedgo be performedonly oncesincetheir prioritiesarenever changed.

4.4 In uence onthe Overall Path Length

A furtherimportantquestionin the context of path planningis the minimizationof the overall move costs.We also
appliedthe randomizedsearchtechniquedescribedn this paperto minimize thelengthof thetrajectoriesfor ateam
of robots[4]. In this case the randomizedsearchwas combinedwith a hill-climbing strateyy. If additionaltime is
available,the systemperformsseveralrestartsandalwayskeepsthe bestsolutionfoundsofar. Figure11 (left) shavs
theindependentlyplannedoptimal pathsfor ateamof 30 robotsin anunstructurecgrnvironment.By optimizingthese
pathsover 100iterations,we obtainthe solutionillustratedin Figure11 (right). Figure 12 plotsthe evolution of the
summedmove costsof the bestsolutionfound sofar over time anddemonstratethe capabilitiesof this approacto
reducethe overall pathlength.As canbe seenfrom the ®gure, after 100iterationsthe overall move costsarereduced
by 15%.

5 Conclusions

In this paperwe presentedan approachto ®nd solvable priority schemedor decoupledoath planningmethodsfor
groupsof mobilerobots.Ourapproaclhis arandomizednethodwhichrepeatedlyeordergherobotsto ®nd asequence
for which a plan canbe computed.To reducethe computationtime necessaryo ®nd a solution certainconstraints
betweenthe robotsare extractedand exploited to focusthe search.The approachhasbeenimplementedandtested



Fig.11. Independentlyplannedoptimal pathsfor 30 robots(left) andthe pathsresultingafter priority optimization
(right).
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on real robotsaswell asin extensve simulationruns for two different decoupledpath planningtechniquesThe
experimentsdemonstratehat our techniquesigni®cantly decreaseshe numberof failuresin which no solutionis
found for a given planningproblem.Furthermore pur randomizedsearchmethodcanalsobe usedto minimize the
overall pathlength.

It shouldbe notedthat our algorithmis not limited to the two differentbaselinepath-planningechniquescon-
sideredin this paper In contrast,t canbe usedto ®nd and optimize pathsgeneratedvith arbitrary prioritized path-
planningmethodsThis alsoincludesplanningtechniquesvithout the assumptionsf the methodsconsideredn this
paper like accurateglobal modelsof the ernvironmentand like deterministicexecutionof the plannedmovements.
Additionally, we would lik e to mentionthat our methodis equallysuitedto morecomplex coordinationproblems;n
whichtherobotshave large degreesof freedom.

Apart from the promisingresultspresentedn this paper therearedifferentaspectdor future researchFirst, the
techniquedescribechereprovidesno meandgo reactto possiblefailuresduringthe executionof the motionplans.For
example,if onerobotis delayedbecausainforeseerbjectsblock its path,alternatve plansfor the robotsmight be
moreef®cient. In suchsituationsit is desirablethatthe systemcanquickly revisethe currentplan. Secondthe delay
of asinglerobotmayresultin adead-lockduringthe planexecution.Accordingly, our systemsequiresechniqueso
detectsuchdead-locksandto resole themappropriatelyFinally, the currentapproachreduceghe searchio a ®xed
subsebf the robots.Sincethis restrictionreduceghe numberof possiblesolutions,we will investigatewhetherthe
performanceanbeincreasedurtherby extendingthe searchappropriately
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