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Abstract

Coordinatingthe motion of multiple mobile robotsis one
of the fundamentalproblemsin robotics. The predomi-
nant algorithmsfor coordinatingteamsof robotsare de-
coupledand prioritized, therebyavoiding combinatorially
hard planningproblemstypically facedby centralizedap-
proaches.In this paperwe presenta methodfor nding
solvable priority schemedor suchprioritized and decou-
pled planningtechniquesExistingapproacheapplyasin-
gle priority schemevhich makesthemoverly proneto fail-
ure in caseswherevalid solutionsexists. By searching
in the spaceof priorization schemespur approachover-
comesthis limitation. To focusthe search,our algorithm
is guided by constraintsgeneratedrom the task speci -
cation. To illustrate the appropriatenessf this approach,
this paperdiscussesxperimentatesultsobtainedwith real
robotsandthroughsystematicobotsimulation. Theexper
imentalresultsdemonstratéhat our approachsuccessfully
solvesmary morecoordinatiorproblemghanpreviousde-
coupledandprioritizedtechniques.

1 Intr oduction

Pathplanningis oneof thefundamentaproblemsn mobile
robotics. As mentionedby Latombe[10], the capability
of effectively planningits motionsis “eminently necessary
since,by de nition, arobotaccomplishesasksby moving
in therealworld”

In this paperwe considerthe problemof motion planning
for multiple mobile robots. The goal is to computetra-
jectoriesfor the individual robotssuchthat collisions be-
tweenthe robotsare avoided. Especiallyin the context of
multi-robotsystemdlifferentundesirableituationscanoc-
cur like congestionr even deadlocks.Sincethe size of
the joint statespaceof the robotsgrows exponentiallyin
the numberof robots,planningpathsfor teamsof mobile
robotsis signi cantly harderthanthe pathplanningprob-
lem for singlerobot systems. Therefore,the existing ap-
proachedor singlerobotsystemsannotdirectly betrans-
ferredto multi-robotsystems.

The existing methodsfor solving the problemof motion
planningfor multiple robotscanbe dividedinto two cate-
gories[10]. In thecentralizedapproach3, 13, 17] thecon-
guration space®f theindividualrobotsarecombinednto
onecompositecon guration spacewhich is thensearched
for a pathfor thewhole compositesystem.In contrastthe
decoupledapproacH®6, 8, 12, 15] rst computesseparate
pathsfor the individual robotsandthenresoles possible
con icts of thegenerategbaths.

While centralizedapproachegat least theoretically) are
ableto nd the optimal solutionto ary planningproblem
for which a solution exists, their time compleity is ex-

ponentialin the dimensionof the compositecon guration

space.In practiceoneis thereforeforcedto useheuristics
for theexplorationof the hugejoint statespace.

Many methodsusepotential eld techniqued2, 3, 18] to
guide the search. Thesetechniquesapply different ap-
proachego dealwith the problemof local minimain the
potentialfunction. Othermethodsrestrictthe motionsof
therobotsto reducethesizeof thesearctspace For exam-
ple, [9, 11, 17] restrictthe trajectoriesof the robotsto lie
onindependentoadmapsThecoordinationis achievedby
searchinghe Cartesiarproductof the separateoadmaps.

Decoupledplannersdeterminethe pathsof the individual

robotsindependenthandthenemploy differentstratgies

to resole possiblecon icts. Accordingto that,decoupled
techniquesreincompletej.e. they mayfail to nd asolu-

tion evenif thereis one. A populardecoupledapproachs

planningin the con guration time-spacg6] which canbe

constructedor eachrobot giventhe positionsandorienta-
tions of all otherrobotsat every pointin time. Techniques
of this type assignpriorities to the individual robotsand

computethe pathsof therobotsbasedn the orderimplied

by thesepriorities. The methodpresentedn [19] usesa

x edorderandappliespotential eld techniquesn thecon-

guration time-spaceéo avoid collisions. Theapproacide-

scribedin [7] alsousesa x edpriority schemendchooses
randomdetoursfor therobotswith lower priority.

Anotherapproacho decoupledplanningis the pathcoor
dination methodwhich was rst introducedin [15]. The
key idea of this techniqueis to keepthe robotson their
individual pathsandlet the robotsstop, move forward, or
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Figurel: Situationin which no solutioncanbefoundif robot3
hashigherpriority thanrobot1.

evenmove backwardon their trajectoriedn orderto avoid
collisions (seealso[4]). To reducethe compleity in the
caseof hugeteamsof robots[12] recentlypresenteétech-
nigueto separat¢heoverallcoordinatiorprobleminto sub-
problems.This approachhowever, assumeshatthe over
all problemcanbe divided into very small sub-problems,
aseriousassumptiomwhich, asvariousexamplesdescribed
belon demonstrates oftennotjusti ed. In generalthere-
fore, a prioritizedvarianthasto be applied.

The methodsdescribedabove leave openhow to assign
the priorities to the individual robots. In the past, differ-

enttechniquedor selectingpriorities have beenused. [5]

applieda heuristicwhich assignshigherpriority to robots
which canmove on a straightline from the startingpoint
to their targetlocation. In [1] all possibleassignmentare
considered.Dueto its compleity this approachhasonly

beenappliedto groupsof up to threerobots.

For decoupledandprioritized methodsthe orderin which
the pathsare plannedhasa seriousin uence on whether
at all a solutioncanbe found. Figure 1 shows a situation
in which no solution canbe found if robot 3 hasa higher
priority thanrobot 1. Sincethe pathof robot 3 is planned
without consideringobot 1, it entersthe corridor contain-
ingitstargetlocationmarked  beforerobotl hasleft this
corridor. Becausehecorridorsaretoo narrow to allow two
robotsto passby, robot3 blocksthe way of robot1 sothat
it cannotreachits tamgetpoint . However, if we change
the priorities and planthe trajectoryof robot 1 beforethat
of robot 3, thenrobot 3 considerghe trajectoryof robot 1
duringpathplanningandthuswill waitin thehallway until
robot1 hasleft thecorridor.

Pleasaote thatin orderto nd asolutiononegenerallyhas
to considerdifferentpriority schemes.Sinceeachchange
of aschemeequireghe computatiorof the pathsfor mary

of the robots, it is of utmostimportanceto minimize the
time requiredto nd priority schemegor which a solution
to the pathplanningproblemcanbe computed.

In this paperwe presenta techniquewhich interleasesthe
searchor anappropriateriority schemawith the planning
of thepathgfor theindividualrobots.Ourapproachs aran-

domizedsearchtechniquewhich startswith aninitial pri-

ority schemeandchangeghis by swappingtwo randomly
choserrobots. Therebyit exploits constraintdetweerthe

optimal pathsof theindividual robotsin orderto focusthe

search Thisway thenumberof problemsor whichasolu-
tion canbefoundin agivenamounif timeisincreasedsig-

ni cantly. Ourtechniguenasbeenimplementedandtested
on realrobotsandin extensie simulationruns. In all ex-

perimentsit hasbeenshown to be very effective even for

large teamsof robots,for differentenvironments,andus-
ing two differentdecouplecpathplanningtechniques.

The paperis organizedasfollows. The following section
describeshe prioritizedanddecoupledathplanningtech-
nigueswe apply our algorithm presentedn Section3 to.
Section4 containsexperimentalresultsillustrating the ca-
pabilitiesof our approach.

2 Prioritized -based Path Plan-
ning and Path Coordination

The basicalgorithmto computeoptimal pathsfor single
robotsappliedthroughouthis paperis the well-known
searchprocedure. The next sectionbrie y describeghe
variantwe areusing. To representhe ervironmentof the
robotswe apply occupanyg grids [14] which separatehe
ervironmentinto a grid of equallyspacedellsandstorein
eachcell theprobability thatit is occupied
by astaticobject. In theremainderof this sectionwe then
presenthekey ideasof decoupledrioritizedpathplanning
anddiscusshow the  procedurecanbe utilized to plan
the motionsof teamsof robotsby this approach.

2.1 -basedPath Planning

The proceduresimultaneouslytakes into accountthe
accumulatedostof reachinga certainlocation from
the startingpositionaswell asthe estimatedcostof reach-
ing the target location from . In our case,
the costfor traversinga cell is proportionalto its
occupanyg probability Furthermore the esti-
matedcostfor reachingthetargetlocationis approximated
by where is chosenasthe
minimumoccupanyg probability in themapand

is the straight-linedistancebetween

and . Sincethis heuristicis admissible,

determineghe cost-optimalpathfrom the startingposition
to thetargetlocation.

2.2 Decoupled Path Planning for Teams of
Robots

In this paperwe considerdecoupledand prioritized path
planningapproachewhich planthe pathsin the con gura-
tiontime-spaceSuchapproacheproceedasfollows. First,
onecomputedor eachrobotthe pathwithout considering
the pathsof the otherrobots. Thenonechecksfor possible
con icts in thetrajectoriesof the robots(we regardit asa



con ict betweentwo robotsif their distanceis lessthan
where in our currentsystem).Con icts between
robotsareresolhedby introducinga priority schemeA pri-
ority schemealeterminesheorderin whichthepathsfor the
robotsarere-planned.The pathof arobotis thenplanned
in its con gurationtime-spaceomputedasednthemap
of the ervironmentandthe pathsof the robotswith higher
priority.

Our systemappliesthe  procedurgo computethe cost-
optimal pathsfor the individual robots, in the remainder
denotedastheindependentlylannedoptimal pathsfor the
individual robots.We alsoapply ~ searcho planthe mo-
tions of the robotsin the con guration time-space.n this
casethe costof traversingalocation attime isde-
terminedby the occupanyg probability plusthe
probabilitythatoneof the otherrobotswith higherpriority
covers atthattime.

In this paperwe considertwo different stratgies. The
rst methodis the general -basedplanningin the con-
guration time-space. The secondmethodis a restricted
versionof this approachdenotedasthe path coordination
technique[12]. It differs from the generalapproachin
that it only exploresa subsetof the con guration time-
spacegiven by thosestateswhich lie on the initially op-
timal pathsfor the individual robots. The path coordina-
tion techniquethusforcestherobotsto stayon their initial
trajectories.The overall compleity of both approachess
where is thenumberof robotsand
is the maximumnumberof statesexpandedby  during
planningin thecon gurationtime-spacdi.e. themaximum
lengthof the OPEN-list).
Dueto therestrictionduringthe searchthe pathcoordina-
tion methodis more ef cient thanthe general  search.
Its majordisadwantagehowever, liesin thefactthatit fails
moreoften.

3 Searching for Solvable Priority
Schemes

As already mentionedabove, prioritized and decoupled
approacheso multi-robot path planning are incomplete.
However, asthe examplegivenin Figure 1 illustrates,the
orderin whichthe pathsareplannedhasasigni cant in u-
enceon whethera solutioncanbe found. This raisesthe
guestionof how to nd a solvablepriority schemej.e. an
orderfor which collision-freepathscanbe computedising
adecoupledapproach.

3.1 The RandomizedSearch Technique

Recently randomizedsearchtechniqueshave beenused
with greatsuccesdo solve constraintsatishction prob-
lemsor to solve satis ability problemg16]. Ouralgorithm

presentechereis a variantwhich performsa randomized
searchin orderto nd a solvable planningorder for de-
coupledandprioritized pathplanningtechniquesThereby
it interleavesthe searchfor collision-free pathswith the
searchfor asolvablepriority schemelt startswith anarbi-
traryinitial priority scheme andrandomlyexchangeshe
priorities of two robotsin this schemelf we geta scheme

for which collision-free pathscan be found, we return
this order In orderto escaperom possibledead-endsn
the searchspace we performrandomrestartswith differ-
entinitial ordersof the robots. The completealgorithmis
listedin Tablel.

Tablel: 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 |
= swap(i, ], )
if  solvable( )
return
END FOR
END FOR
return  "No solution found"

3.2 Exploiting Constraints to Focus the
Search

Whereaghe plain randomizedsearchtechniqueproduces
goodresults,it hasthe major disadantagethat oftena lot
of iterationsarenecessaryo comeup with a solution. For
example,we found that for tenrobotsmorethan 20 itera-
tions on averagewerenecessaryo nd a solvablepriority
scheme. In this sectionwe thereforepresenta technique
to focusthe search.As an exampleagainconsiderthe sit-
uation depictedin Figure1. As alreadymentioned,it is
impossibleto nd a pathfor robot1 if the pathof robot3
is plannedrst, becaus¢hetargetlocationof robot3 is too
closeto the optimaltrajectoryfor robot 1. The key ideaof
our approachs to introducea constraint between
theprioritiesof two robots and , wheneverthetargetpo-
sition of robot is too closeto the initially optimal path
of robot . In our examplewe thus obtain the constraint

betweertherobots1 and3. Additionally, we get
the constraint , sincethetargetlocationof robot 1
liestoo closeto thetrajectoryof robot2.

Althoughthe satishctionof the constraintsdoesnot guar
anteethat collision-free pathscan be found for a priority
schemeprderssatisfyingthe constraintamore often have
a solutionthanpriority schemegiolating constraints Un-
fortunately dependingn the environmentandthe number
of therobotsit is possiblethatthereis no ordersatisfying
all constraints. In sucha casethe constraintsproducea
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Figure2: Independentlyplannedpathsfor tenrobots.

Figure3: Constraintgyenerate@ccordingto the pathsshavn in
Figure2.

cyclic dependeng Thekey ideaof our approackis to re-
orderonly thoserobotsthatareinvolvedin suchacyclein

the constraintgraph. Thus,we separatall robotsinto two

sets.The rst group  containsall robotsthat, according
to the constraintsdo not lie on a cycle andhave a higher
priority thanall robotswhich lie on a cycle. This setof

robotsis orderedaccordingo theconstraintandthis order
is not changediuring the search.The secondset,denoted
as containsall otherrobots.

Figure 2 showvs a simulated situation with ten robots.

Whereasthe starting positionsare marked by

the corresponding goal positions are marked by
The independentlyplanned optimal tra-

jectoriesareindicatedby solid lines. Giventhesepathswe

obtainthe constraintsdepictedin Figure3. Accordingto

the constraints,six robots belongto the group of robots

whoseorderremainsunchangediuringthe searctprocess.

The robotsin their order of prioritiesare3, 6, 7, 2, 4, 9.

Only the otherfour robotsareconsiderediuringthe search
for a solvable priority scheme. Our approachstartswith

theorderO, 1, 5, and8 for the remainingrobotsfor which

our systemimmediatelycan determinethe collision-free
pathsshovnin Figure4. Thus,theconstraintsmmediately
leadto a solvablepriority scheme.
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Figure4: Resultingcollision-freepaths.
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Figure5: Cyclic corridor ervironmentusedfor the simulation
runs.

4 Experimental Results

Thealgorithmdescribedabore hasbeentestedthoroughly
onrealrobotsandin extensivesimulationruns.n all exper
imentswe neverobsenedthattheconstrainedearctailed
more often than the unconstrainedsearch. Furthermore,
therewasno signi cant differencebetweerthe lengthsof
thegenerategaths.All experimentsverecarriedoutusing
differentervironments.To evaluatethe generalapplicabil-
ity, we appliedour methodto the two decoupledandprior-
itized pathplanningtechniquesiescribedabove. The cur
rentimplementations highly ef cient. It requiredessthan
0.1second®nal000MHz Pentiumlll to planacollision-
free pathfor onerobotin all environmentsdescribedbe-
low. The whole searchprocedurefor 10 robotswith 10
restartsand10iterationsperrestartrequiresapproximately
oneminute.

4.1 Simulation Experiments

This set of experimentsis designedto illustrate that the
overall numberof failurescanbereducedsigni cantly us-
ing our randomizedsearchtechniqueand even more sig-
ni cantly by takinginto accountthe generateaonstraints
duringthesearch.

For eachnumberof robotsconsideredye performed100
experiments. In eachexperimentwe randomlychosethe
startingandtargetlocationsof the robots. We appliedfour
differentstrat@iesto nd solvablepriority schemes:
1. A randomlychoserorderfor therobots.
2. A single orderwhich satis esthe constraintsor the
robotsin R andconsistsof arandomlychoserorder
for therobotsin R .
3. Randomizedsearchstartingwith a randomorderand
without consideringhe constraints.
4. Constrainedandomizedsearchstartingwith anorder
computedn the sameway asstrateyy 2).
Pleasenotethatin this experimentwe chosea smallnum-
ber of iterationsfor the lasttwo stratgiesin orderto as-
sesgheadvantage®f theconstrainedearchunderserious
time constraintsParticularly, we chosea valueof 3 for the
parametersnaxFlips andmaxTries . For eachtech-
nique,we performed -basedplanningin the con gura-
tion time-spacendcountedhe numberof solvedplanning
problems.

Figure6 summarizesheresultswe obtainedfor the cyclic
corridor ervironmentdepictedin Figure5. Whereasthe
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Figure6: Solvedplanningproblemsfor differentstratgiesusing
-basedplanningin the con®gurationtime-spacen the cyclic
corridorervironmentdepictedn Figure5.

0

x-axis representghe numberof robots, the y-axis con-
tainsthe numberof solved problemsin percent. As this
gure shaws, our constrainedsearchtechniqueis signi -
cantly more often ableto nd a solutioncomparedo all
other stratgies. Interestingly the secondstrateyy, which
exploits the constraintsout considersonly one schemein
eachexperimentshows a similar performancehantheun-
constrainedandomizedsearch.
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Figure7: Numberof solved planningproblemsin the nongyclic
corridorenvironmentshavn in Figure4 for thedifferentstrategies
using -basedplanningin the con®guratiortime-space.

Additionally, we performeda similar seriesof experiments
for the nongyclic corridor ervironment depictedin Fig-
ure 4. The resultsare shovn in Figure 7. Again, our
constrained-baseskarchoutperformsll otherstrateies.

Furthermorewe analyzedall four stratggiesto nd solu-
tionsfor the pathcoordinationmethod. Throughoutthese
experimentsave useda variantof the environmentdepicted
in Figure4 with ve corridorsonbothsides.Sincethepath
coordinationmethodrestrictsthe robotsto stay on their
independentlyplannedoptimal trajectories the numberof

unsohableproblemsis muchhighercomparedo the -

basedplanningin the con gurationtime-spaceAs canbe
seenfrom Figure8 our constrainedsearchagainleadsto a

muchhighersuccessate.

4.2 RealRRobot Experiment

Figure 9 (center)illustratesa typical applicationexample
carriedout in our of ce ervironmentwith our robotsAl-
bertand Ludwig. Therobotsare showvn in Figure9 (left
andright). In this example,we usedthe general  pro-
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Figure8: Solved planningproblemsfor all four stratejiesusing
the pathcoordinatiormethod.

Figure9: ThemobilerobotsAlbert (left) andLudwig (right) and
arealworld applicationof  -basedblanningin thecon®guration
time-spacédcenter).

cedurein the con guration time-spacdor local pathplan-
ning. While Albert startsat the right end of the corridor
of our lab andhasto move to the left end, Ludwig hasto
traversethe corridorin the oppositedirection. Notice that
no pathfor Albert canbe found if the pathof Ludwig is
planned rst, sinceAlbert cannotreachits target point if
Ludwig staysonits optimaltrajectory Becausef that,the
systemaltersthe orderof the two robots. Given the opti-
mal path for Albert, our systemplansa pathfor Ludwig
which rst leadsit into a doorway in orderto let Albert
passby. The resultingtrajectoriesare shavn in Figure9
(center).Noticethatat somepoint, therobotLudwig waits
to let therobot Albert passby. In comparisonno solution
canbefoundin this situationif the pathcoordination[12]
techniquds used.

In variousothertestsoperatingour two robotsin our nar

row hallways,we frequentlyobsenedtheemegenceof so-
lutions whererobots sensiblycoordinatedtheir behavior,

e.g.,by waiting for eachother However, we alsonoticed
thatwith only two robots theseexperimentglonotevaluate
theutility of our searchalgorithmin priority schemespace,
sincethereexist only two suchschemesUnfortunatelywe

currentlyhave only two physicalrobotsavailablein ourlab,

sothatthe experimentcould not be carriedout with larger
groupsof robots.

4.3 Inuence onthe Overall Path Length

A furtherimportantquestionin the context of pathplan-
ningis the minimizationof the overallmove costs.We also
appliedthe randomizedsearchtechniquedescribedn this



Figure 10: Independentlyplannedoptimal pathsfor 30 robots
(left) andtheresultingpathsafter priority optimization(right).
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Figure11: Summednove costsplottedovertime.

papeito minimizethelengthof thetrajectoriefor ateamof

robots. In this case the randomizedsearchwascombined
with ahill-climbing strategy. If additionaltimeis available,
the systemperformsseveral restartsand alwayskeepsthe
bestsolutionfound so far. Figure 10 (left) shavs thein-

dependentiyplannedoptimal pathsfor a teamof 30 robots
in anunstructureekrvironment.After 100iterationsof our
optimizationalgorithm, we obtain the solutionillustrated
in Figure 10 (right). Figure 11 plots the evolution of the
summedmaove costsof the bestsolutionfound so far over
time anddemonstratethe capabilitiesof this approachto

reducethe overall pathlength.

5 Conclusions

In this paperwe presentedan approachto nd solvable
priority schemegor decoupledpathplanningmethodsfor

groupsof mobile robots. Our approachis a randomized
methodwhich repeatedlyreordersthe robotsto nd a se-
guencefor which a plan canbe computed.To reducethe
computatiortime necessaryo nd a solutioncertaincon-
straintsbetweenthe robotsare extractedand exploited to

focusthe search.Theapproachhasbeenimplementedand
testedonrealrobotsaswell asin extensve simulationruns
for two differentdecouplecpathplanningtechniquesThe

experimentsdemonstratehat our techniquesigni cantly

decreaseshe numberof failuresin which no solutionis

foundfor a givenplanningproblem.Furthermorepur ran-

domizedsearchmethodcanalsobe usedto minimize the

overall pathlength.

It shouldbe notedthat our algorithmis not limited to the

two differentbaselingrath-planningechniquesonsidered
here.In contrastjt canbeusedto nd andoptimizepaths
generatedvith arbitraryprioritizedpath-planningnethods.

Thisalsoincludesplanningtechniquesvithouttheassump-
tionsof the methodsconsideredn this paperlike accurate
globalmodelsof theenvironmentandlik e deterministicex-
ecutionof the plannedmovements. Furthermore pur ap-
proachcan easily be extendedto situationsin which the
robotshave to meetcertaindeadlines.Finally, we would
like to mentionthat our methodis equally suitedto more
complex coordinationproblems,in which the robotshave
large degreesof freedom.
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