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Abstract—One of the main applications of mobile robots
is terrain coverage: visiting each location in known terrain.
Terrain coverageis crucial for lawn mowing, cleaning, harvest-
ing, search-and-rescue,intrusion detection and mine clearing.
Naturally, coverage can be spedup with multiple robots. In this
paper, we describe Multi-Robot Forest Coverage, a new multi-
robot coverage algorithm based on an algorithm by Even et
al. for nding a treecover with treesof balanced weights. The
cover time of Multi-Robot Forest Coverage is at most eight
times larger than optimal, and our experiments show it to
perform signi cantly better than existing multi-r obot coverage
algorithms.

Index Terms— Cell Decomposition, Robot Teams, Spanning
Tree Coverage, Terrain Coverage.

I. INTRODUCTION

One of the main applicationsof mobile robotsis terrain
coverage.visiting eachlocationin known terrainto perform
a task. Terrain coverageis crucial for tasksranging from
mundandawn mowing, cleaningor harvestingto search-and-
rescuemissions,intrusion detectionor mine clearing. It is
frequentlydesirableto minimize the time by which coverage
is completed.

The single-robotcoverage problem is solved essentially
optimally by SpanningTree Coverage(STC), a polynomial-
time coveragealgorithm that decomposeserrain into cells,
computesa spanningtree of the resultinggraph,and makes
the robot circumnavigate it [3]. Naturally, coveragecan be
sped up with multiple robots. The multi-robot coverage
problemis to computea trajectory for eachrobot so that
the cover time (that is, largesttravel cost of ary robot) is
minimized. As we shaw in this paper this problemis NP-
complete.lt thus becomesnecessanito considerheuristics
for solvingit. Recently STC wasgeneralizedo Multi-Robot
SpanningTree Coverage(MSTC), a polynomial-timemulti-
robot coverageheuristic[5]. While MSTC provably improves
the cover time of STC, it cannotguaranteeits cover time
to be close to optimal. In this paper we describe Multi-
RobotForestCoverage(MFC), apolynomial-timemulti-robot
coverageheuristic basedon an algorithm for nding a tree
cover with treesof balancedwveights,onefor eachrobot [2].
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Our analytical results prove the cover time of MFC to be
at mosteight timeslarger than optimal, and our experiments
shaw it to be signi cantly betterthanthe worst-casebound,
and also superiorto that of MSTC. MFC hasthe additional
bene t that it tendsto returnthe robotscloseto their initial
cells, facilitating their collectionand storage.

Il. ASSUMPTIONS

The terrain to be coveredis discretizedinto large square
cells, each of which is either entirely blocked or entirely
unbloclked, and containsfour small squarecells. The robots
are of the same size as a small cell and also identical
otherwise. We assumethat the robots always know their
currentsmall cell, and canmove betweenary two unblocled
(horizontally or vertically) adjacentsmall cells without error.
Unlessspeci ed otherwise we assumehat suchmovestakes
unit time. For easeof exposition, we assumethat several
robotsareableto occupy the samesmall cell simultaneously
and never block eachother; a brief discussionin SectionVI
shaws that this assumptioris not truly essential.

Note that one could potentially use specializedregion-
basedcoveragealgorithmson unit-costgrid graphsinsteadof
the graph-basedlgorithmsdiscussedn this paper However,
eventhough(someof) our theoremsarerestrictedto unit-cost
grid graphs,all of the coveragealgorithmsdiscussedn this
paperwork on generalgraphswith positive edgecosts.

I1l. SINGLE-ROBOT COVERAGE

Spanning Tree Coverage (STC) solves the single-robot
coverageproblemin polynomial time [3]. It rst computes



a spanningtree of the graph whose vertices are the large
cells,andwhoseedgesonnectadjacenunblocledlargecells.
The robotthencircumnaigatesthe spanningree.STC never
visits ary smallcell twice andthusminimizesthe covertime.
In addition, the robot essentiallyreturnsto its initial small
cell, facilitating its collection and storage.Figure 1 showvs
an example of STC in operation,including the large cells
(squares) spanningtree (thick lines), robot (circle), and its
trajectory(arrow).

IV. COMPLEXITY OF MULTI-RoBOT COVERAGE

While the single-robotcoverage problem can be solved
in polynomialtime, the problembecomessigni cantly more
complex when we try to minimize the cover time using
multiple robots. Theoreml shows thattwo naturalvariantsof
the multi-robot coverageproblemare NP-complete We thus
do notexpectto beableto solweit exactlyin polynomialtime,
andit becomesiecessaryo considetheuristicsfor solvingit.

Theoem1: It is NP-completeto determinewhetherthe
following two multi-robot coverageproblemscan be solved
with cover timesthat are smallerthana given value:

1) multi-robot coverageproblemswith two robots,where
the costsof moving from one small cell to an adjacent
one canbe non-uniform(andlarge); and

2) multi-robot coverageproblemswith k robots,wherek
is partof theinput, the costsof moving from onesmall
cell to anadjacenbneareuniform, andall robotsmust
returnto their initial small cells.

Proof. Clearly, both versionsof the multi-robot coverage
problemarein NP sinceone caneasilyguessthe trajectories
of the robotsand then verify their costsin polynomialtime.
To prove their NP-hardnesswe reduce from partitioning
problems,in which one seeksto partition a setof n integers
into k setsof equalsums.For k = 2, the problemis NP-hard
if the integerscan be exponentialin n, andis known asthe
PARTITION problem[4]. If k is part of the input, then the
problemis NP-hardeven if the integershave sizesthat are
only polynomialin n.

We rst give the reductionfor the secondversion. The
3-PARTITION problem, known to be strongly NP-complete
[4], is de ned as follows: Given a positive integer B and
positpe integersay;:::;as, strictly betweenB=4 and B=2
with lgfl a; = B n, canthey be partitionedevenly into n
sets?

Given an instanceof the 3-PARTITION problem,we con-
struct a multi-robot coverage problem with n robots as
follows: We startwith a “corridor” consistingof 3n vertically
adjacentlarge cells, numberedfrom 1 (bottom)to 3n (top).
6n horizontally
adjacentargecells. Thetunnelis connectedo thei™ corridor
cell. Thei™™ tunnelis to the left of the corridor for oddi and
to theright of the corridor for eveni. All n robotsstartin the
lower left small cell of the rst corridor cell. This completes
the constructionwhich canbe donein polynomialtime.

We claim thatthe smallestcover time is at mostB  24n +
12n if andonly if the givenintegerscanbe partitionedevenly
into n sets.

If the given integerscan be partitionedevenly into n sets,
thenwe let thej ™ robotcoverthei tunnelfor eachi 2 Sj,
endingin its initial srpall cell. It thus traversesthe tunnels
for a costof at most ;,5 4 & 6n =B 24n, andthe
corridor for a costof at most12n. The total costthusis at
mostB 24n + 12n, meetingthe requirement.

Corversely if the robots cover all small cells with the
desiredcovertime, thenlet S; bethesetof indicesi suchthat
thej™ robotis the rst robotto cover the small uppercell
of thei™ tunnelcell thatis farthestaway from the corridor.
Thesesetspartition the g{;ven integers. The total cost of the
j™ robotis at least24n i2s, @&, sinceit needsto traverse
its tunnelsin both directionsto returnto its initial small cell,
and needstwo movesto traverseeachlarge tunnel cell. By
assumptionthetotq{,costof ary robotis atmostB 24n+ 12n,
which impliesthat” ;,5 & B + 3. Sinceboth

i2g &
andB lg\reint@ers,we hagathat i2s, @ Bforall setéSj :
n 3n

Since ., ;5 &= 5 &= B n,allinequalitiesare
equalities,andthe setsS; partition the givenintegersevenly.

This reduction has to be slightly adaptedto prove the
NP-hardnesf the rst version. When reducing from the
PARTITION problem,the givenintegersa; canbe exponential
in n, sobuilding tunnelsof lengtha; 6n cannotecessarilype
donein polynomialtime. Insteadwe collapseeachtunnelto a
singlelargecell, but make the costof enteringandleaving the
large cell from the corridora; 10n. Oncewe usenon-uniform
costsfor moving betweenlarge cells, we can also avoid the
requirementhat the robotsreturnto their initial small cells,
by addingtwo mgyelarge “destinationcells” which have very
high cost(36n? =, &) to enterandleave. Then,both robots
endin destinationcellsif their cover time is small, andthus
have enteredandleft eachof their tunnelcells. A very similar
proof to the one above then shows that the cover time is
boundedy a certainconstanif andonly if the givenintegers
canbe partitionedevenly into two sets. [ ]

Currently we cannot prove that the secondversion of
the multi-robot coverage problem is NP-hard without the
requirementhattherobotsreturnto their initial smallcells. It
is alsoopenwhetherthe secondversionis NP-hardfor x ed
k, althoughwe conjectureit to be.

V. EXISTING MULTI-RoOBOT COVERAGE ALGORITHMS

While single-robotcoverage algorithms have receved a
lot of attention,there are currently mary fewer algorithms
for the multi-robot coverageproblem.An overview is given
in [1]. Many of the multi-robot coveragealgorithmsare for
robotsthatinteractandplan only locally [9], often calledant
robots[8]. Naturally, global planningcanleadto signi cantly
smaller cover times sinceit allows the robotsto coordinate
their trajectoriesmuch better

Recently STC was generalizedto Multi-Robot Spanning
Tree Coverage(MSTC), a polynomial-timemulti-robot cov-



erageheuristic[5]. MSTC rst computesthe samespanning
tree as STC, and considershe tour that circumnaigatesthe

spanningree.Eachrobotfollows the tour sgmentclockwise
aheadof it, with oneexception:To improvethe covertime, the

longestsggmentis divided evenly betweenthe two adjacent
robots.A few small adjustmentsdetailedin [5], thenensure
that MSTC reduceshe cover time of STC by a factor of at

least2 (or 3/2) for k 3 robots(or two robots,respectiely).

Eachsmallcell is visited by only onerobot,sotherearenever

ary collisions or blockages.Figure 2 shons an example of

MSTC in operation.

While the improvementin cover time of MSTC over STC
is signi cant for two or threerobots,it doesnot necessarily
increasefurther as the number of robots grows. Indeed,
Figure 2 gives a bad example for MSTC, shawving that the
factor remainstwo even when a much larger speedupis
possible.This is dueto the fact that the constructionof the
spanningreedoesnot take into accounthatit will besplit up
afterwards,resultingin unbalancedravel costsof the robots.
This obsenation motivates our idea of constructinga tree
cover with one tree for eachrobot right awvay, where we
ensureduring the constructionthat the weights of the trees
arebalanced.

VI. A NEW MULTI-ROBOT COVERAGE ALGORITHM

We now describe Multi-Robot Forest Coverage (MFC),
a new polynomial-time multi-robot coverageheuristic. It is
basedon an algorithm by Even et al. [2] that gives a four-
approximationfor the problemof nding a tree cover with
given roots, minimizing the weight of the heaviest tree.

A. Algorithm

MFC operateson the graphwhoseverticesare the large
cells,andwhoseedgesonnectadjacenunblocledlargecells.
If r robotsstartin a large cell, then MFC makesr identical
copiesof thatvertex. MFC rst nds a rootedtree cover for
this graphin polynomialtime, wheretherootsarethevertices
that containrobots.(The graphis allowedto be disconnected,
solong aseachof its componentgontainsat leastonerobot.)
Eachrobot then circumnaigatesits tree.

We now explain what a rooted tree cover is. Let G =
(V;E) beagraphandR V bea setof roots.An R-rooted
tree cover of G is a forest of jR]j treesthat cover V. The
treescan shareverticesand edges but their roots have to be
distinctverticesfrom R. The weightof a rootedtree coveris
the largestweight of ary of its trees.The (min-max) rooted
tree cover problemthenis to nd a weight-minimalrooted
tree cover for a given graph and given roots. This problem
is NP-complete which can be proved by reducingthe NP-
hardbin-packingproblemto it [2]. However, TREE COVER
is a polynomial-time algorithm by Even et al. that nds a
rootedtree cover whoseweightis at mostfour times larger
thanoptimal[2]. It performsa binary searchto determinethe
smallestvalue B suchthatit can nd a rootedtree cover of
weight at most4B. If TREE COVER doesnot succeedn
nding sucha tree cover for the given B, then thereis no

rooted tree cover of weight at mostB. As a result, TREE
COVER givesa four-approximatiorfor the rootedtree-coer
problem.It operatesasfollows:

1) Remaoe all edgeswith edgecostslargerthanB.

2) Contractall rootsinto a singlevertex, nd a minimum
spanningtree for the resultinggraph,and then uncon-
tractthe single vertex again,splitting the spanningtree
into jRj trees.

3) Decomposeesachtreeinto subtreeghat can sharever-
ticesbut no edges.The weight of eachsubtreeds in the
range[B ; 2B), with the possibleexceptionof aleftover
subtreethat containsthe root of the tree, and whose
weightis lessthanB. (See[2] for detailson this step.)

4) Find a maximummatchingof all non-leftoser subtrees
to theroots,subjectto the constrainthata non-leftoser
subtreecanonly bematchedo arootif thenon-leftoser
subtreeand leftover tree of the root (or root itself) are
at distanceat most B. If some non-leftoser subtrees
cannotbe matched,this is proof that no rooted tree
cover of weight at mostB exists.

5) For eachroot, return a tree consistingof the root, the
leftover subtreeof the root (if any) of weight at most
B, the single non-leftover subtreematchedto the root
(if ary) of weightat most2B, anda cost-minimalpath
of weight at mostB from the non-leftoser subtreeto
the leftover subtreg(or root). The weightof eachtreeis
at most4B, resultingin a rootedtree cover of weight
at most4B.

We enhanceTREE COVER in two ways. While these
improvementsdo not affect its worst-casegyuaranteethey can
potentiallyreducetheweightof thereturnedrootedtreecover:

1) Thesmallestvalueof B for which TREECOVER nds
arootedtree cover may not be the valueof B resulting
in the rootedtree cover of the smallestweight. Thus,
theimprovedversionof TREE COVER storesall rooted
tree coversthat are computedduring the binary search,
andreturnsthe bestoneratherthanthe last one.

2) When TREE COVER computesthe maximummatch-
ing in Step 4, it does not take the weights of the
resultingtreesinto account.In the improved versionof
TREE COVER, a non-leftoser subtreecanthereforebe
matchedto a root only if the non-leftover subtreeand
leftover tree of the root (or root itself) are at distance
at most B, and the weight of the resultingtree is at
mostB . The improvedversionof TREE COVER then
searchedor the smallestvalue B for which such a
matchingcan be found.

Figure 3 shovs an exampleof MFC in operation.The left
gure shaws the initial spanningtree for jRj = 5 after it
wassplit into onetreefor eachrobot. The other gures shav
the non-leftover subtreeqsolid thick lines), the cost-minimal
pathsfrom the non-leftover subtreedo the roots(dashedhick
lines) andthe trajectoriesof the ve robots(arrows). In this
case,there are no leftover subtreesMFC sendsall robots
throughthe narrov passageand thus utilizes them to cover
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theterrainon the otherside, resultingin balancedravel costs
of the robotsand a small cover time of 45. Figure 2 shoved
alreadythatMSTC sendsonly two robotsthroughthe narrov
passageiesultingin unbalancedravel costsof therobotsand
a cover time of 73.

B. Properties

If there is only one robot, MFC reducesto STC and
thus minimizes the cover time. If there is more than one
robot, recall that MSTC reduceghe cover time of STC by a
factor of at least2 (or 3/2) for k 3 robots(or two robots,
respectiely). MFC cannotmake such a strong worst-case
guaranteeabouthow good its cover time is with respectto
the smallestcover time of a single robot.

Theoem2: The cover time of MFC can be equalto the
cover time of STC, but cannotbe worsethanit.

Proof. The covertime of MFC cannotbe worsethanthat of
STC becauseMFC makes every robot circumnaigate a tree
that can be extendedto a spanningtree. On the other hand,
Figure 4 shavs an examplewherethe cover time of MFC is
equalto the cover time of STC (where,in the caseof STC,
the secondrobot does not move), no matter how long the
corridoris, eventhoughthe cover time of MSTC is only half
the cover time of STC. ]

However, MFC canmake a muchmorepowerful guarantee,
namely a worst-caseguaranteeabout how good its cover
time is with respecto the smallestcover time for the number
of available robots: it is only a constantfactor larger than
optimal.

Theoem 3: The cover time of MFC is at mosta factor of
eight larger than optimal (plus a small constant).

Exampleof MFC

Proof. LetC betheweightof therootedtreecoverfoundby
TREE COVER, € the weight of the weight-minimalrooted
tree cover, T the cover time of MFC, T the smallestcover
time, and Ty, the smallestcover time if the robotsonly need
to coverthe upperleft smallcells of all unblockedlargecells.
First, becausecircumnaigating a tree of weight C requires
entering4C + 4 smallcells,we have T  4C + 4. Second,
by the approximationguarantegprovedin [2], the tree cover
found by TREE COVER is at most four times larger than
optimal, so C 4¢. Third, becausethe weight-minimal
rootedtreecover (shiftedslightly up andto theleft) connects
exactly all of the upperleft small cells, it provides a lower
boundon the smallestcover time if the robotsonly needto
cover the upperleft small cells,so 2€  T\,. The factor of
two resultsfrom the fact that traversingeachedgebetween
large cells requiresenteringtwo small cells. Finally, because
only a subsetof the small cells needto be coveredif the
robotsonly needto cover the upperleft small cells, we have
fu T Puttingall of theseinequalitiestogether we obtain
T 4c+4 16€+4 8f,+4 8f+a4 ]

MSTC cannotclaim that its cover time is only a constant
factor larger than optimal. ConsideragainFigure 2, but this
time for an arbitrarynumberof robotsjRj in aterrainof size
jRj + 4 by jRj large cells insteadof nine by ve large cells.
The unblocledterrainof sizejRj+ 2 by jR]j large cellsabove
the wall contains4jRj2 + 8jRj unblocked small cells. MSTC
coversthis terrain with only two robots, and its cover time
thusis at least2jRj? + 4jRj. On the otherhand,the smallest
cover time is no larger than the travel cost neededfor each
robotto completelycircumnaigateits treeshavn in Figure3
(left to extremeright), which is 8jRj + 12. Thus, the cover
time of MSTC s atleasta factorof (2jRj%+ 4jRj)=(8jRj+ 12)
largerthanoptimal, andthis factorgrows unboundedhasjRj
increasesMFC alsohasdisadwantagesFor example,even if
therobotsstartin differentsmallcells, it is possiblefor several
robotsto occupy the samesmall cell at the sametime. Thus,
somerobotsmight have to wait for otherrobotsto leave their
cell if our assumptiorthat several robotsare ableto occupy
the samesmall cell simultaneouslyis unjusti ed.



Empty Terrain OutdoorLike Terrain IndoorLike Terrain
Fig. 5. Screenshotsf DifferentKinds of Terrain
Terrain Robots | Clustering Ideal Max MFC MSTC OptimizedMSTC
“Cover and Return” “Cover” “Cover and Return” “Cover” “Cover and Return” “Cover”
Max_(Min) | Ratio | Max (Min) | Ratio Max_ (Min) | Ratio | Max (Min) | Ratio Max_(Min) | Ratio | Max (Min) | Ratio
Empty Z 30 2801 7878 (4731) | 1.02 | 4877 (4730) | 1.02 || 10538 (8666) | 2.10 | 5260 (5048) | 1.10 || 5337 (4410) | 1.11 | 5260 (4346) | 1.10
2 60 4801 4886 (4720) | 1.02 | 4885 (4719) | 1.02 || 10889 (8315) | 2.27 | 5445 (5095) | 1.13 || 5513 (4241) | 1.15 | 5445 (4180) | 1.13
2 none 4801 4888 (4725) | 1.02 | 4886 (4723) | 1.02 || 11057 (8147) | 2.30 | 5529 (5161) | 1.15 || 5602 (4168) | 1.17 | 5529 (4107) | 1.15
8 30 1200 1399 (838) | 1.17 | 1396 (837) | 1.16 || 7499 (73) | 6.25 | 3752 (38) | 3.13 || 3817 (45) | 3.8 | 3751 (38) | 3.3
8 60 1200 1415 (904) | 1.18 | 1414 (902) | 1.18 || 6923 (154) | 577 | 3462 (77) | 2.89 || 3530 (93) | 2.95 | 3462 (77) | 2.89
8 none 1200 1394 (956) | 1.16 | 1391 (953) | 1.16 || 6411 (248) | 534 | 3210 (127) | 2.68 || 3281 (146) | 2.73 | 3206 (124) | 2.67
14 30 685 841 (431) | 123 | 836 (431) | 1.22 || 7369 (5) | 10.76 | 3685 (2) 538 || 3756 (5) | 548 | 3685 (2) | 5.38
14 60 685 819 (522) | 120 | 815 (522) | 1.19 || 6774 (17) | 9.89 | 3387 (8) | 4.94 || 3461 (16) | 505 | 3387 (8) | 4.94
14 none 685 830 (513) | 121 | 824 (511) | 1.20 || 6005 (49) | 877 | 3002 (25) | 4.38 || 3072 (40) | 4.48 | 3002 (25) | 4.38
20 30 479 615 (307) | 128 | 609 (307) | 1.27 || 7224 (3) | 15.08 | 3612 (1) 754 || 3685 (3) | 7.69 | 3612 (1) | 7.54
20 60 479 604 (332) | 126 | 599 (332) | 1.25 || 6728 (9) | 14.05 | 3364 (4) 702 || 3439 (9) | 7.8 | 3364 (4) | 7.02
20 none 479 604 (321) | 1.26 | 599 (319) | 1.25 || 5591 (18) | 1167 | 2796 (9) 584 || 2867 (18) | 599 | 2796 (9) | 5.84
Outdoor | 2 30 2321 7380 (4269) | 1.01 | 4379 (4268) | 1.01 || 9391 (7893) | 2.17 | 4695 (4574) | 1.09 || 4772 (4031) | 1.10 | 4695 (3960) | 1.09
2 60 4321 4382 (4266) | 1.01 | 4381 (4265) | 1.01 || 9556 (7728) | 2.21 | 4778 (4627) | 1.11 || 4854 (3957) | 1.12 | 4778 (3890) | 1.1
2 none 4321 4377 (4269) | 1.01 | 4376 (4268) | 1.01 || 9683 (7601) | 2.24 | 4842 (4525) | 1.12 || 4923 (3903) | 1.14 | 4842 (3931) | 1.12
8 30 1079 1263 (789) | 1.17 | 1260 (788) | 1.17 || 6985 (36) | 6.47 | 3500 (18) | 3.24 || 3561 (26) | 3.30 | 3494 (18) | 3.24
8 60 1079 1278 (790) | 1.18 | 1274 (789) | 1.18 || 6314 (113) | 585 | 3158 (59) | 2.93 || 3229 (70) | 2.99 | 3157 (58) | 2.93
8 none 1079 1247 (873) | 1.16 | 1243 (871) | 1.15 || 6032 (151) | 559 | 3016 (76) | 2.80 || 3099 (94) | 2.87 | 3016 (76) | 2.80
14 30 616 764 (450) | 124 | 760 (451) | 1.23 || 6759 (6) | 10.97 | 3392 (3) 551 || 3452 (6) | 5.60 | 3380 (3) | 5.49
14 60 616 750 (482) | 122 | 745 (481) | 121 || 6311 (27) | 10.25 | 3156 (13) | 5.2 || 3228 (20) | 524 | 3156 (13) | 5.2
14 none 616 746 (464) | 121 | 741 (463) | 1.20 || 5497 (52) | 892 | 2748 (26) | 4.46 || 2819 (37) | 458 | 2748 (26) | 4.46
20 30 431 572 (280) | 1.33 | 567 (281) | 1.32 || 6723 (3) | 1560 | 3362 (2) 7.80 || 3437 (3) | 7.97 | 3362 (2) | 7.80
20 60 431 557 (285) | 1.20 | 552 (285) | 1.28 || 6131 (10) | 14.23 | 3066 (5) 711 || 3140 (9) | 7.20 | 3065 (5) | 7.11
20 none 431 551 (296) | 1.28 | 547 (294) | 1.27 || 5348 (23) | 1240 | 2674 (12) | 6.20 || 2740 (18) | 6.36 | 2674 (12) | 6.20
Tndoor Z 30 2090 7172 (4017) | 1.02 | 4171 (4015) | 1.02 || 8937 (7422) | 2.10 | 4468 (4230) | 1.09 || 4530 (3797) | 1.11 | 4468 (3729) | 1.09
2 60 4090 4196 (3995) | 1.03 | 4194 (3994) | 1.03 || 9243 (7116) | 2.26 | 4621 (4290) | 1.13 || 4690 (3648) | 1.15 | 4621 (3585) | 1.13
2 none 4090 4172 (4015) | 1.02 | 4171 (4014) | 1.02 || 9326 (7033) | 2.28 | 4663 (4166) | 1.14 || 4739 (3615) | 1.16 | 4663 (3549) | 1.14
8 30 1022 1232 (849) | 1.21 | 1225 (849) | 1.20 || 6501 (24) | 6.36 | 3262 (12) | 3.19 || 3319 (17) | 3.25 | 3253 (12) | 3.8
8 60 1022 1209 (846) | 1.18 | 1202 (846) | 1.18 || 6081 (86) | 595 | 3042 (44) | 298 || 3114 (55) | 3.05 | 3041 (43) | 2.98
8 none 1022 1209 (842) | 1.18 | 1199 (839) | 1.17 || 5815 (180) | 5.69 | 2905 (90) | 2.84 || 2981 (108) | 2.92 | 2907 (90) | 2.84
14 30 584 775 (438) | 133 | 768 (439) | 1.32 || 6348 (4) | 10.86 | 3192 (2) 547 || 3254 (4) | 557 | 3190 (2) | 5.46
14 60 584 748 (452) | 128 | 741 (452) | 1.27 || 5995 (22) | 10.27 | 2999 (11) | 5.14 || 3071 (16) | 5.26 | 2998 (11) | 5.13
14 none 584 732 (448) | 125 | 725 (445) | 1.24 || 5033 (46) | 862 | 2517 (23) | 4.31 || 2504 (31) | 444 | 2517 (23) | 431
20 30 408 617 (241) | 151 | 608 (242) | 1.49 || 6370 (3) | 1561 | 3188 (1) 781 || 3248 (3) | 7.96 | 3186 (1) | 7.81
20 60 408 570 (270) | 1.40 | 566 (271) | 1.39 || 5732 (10) | 14.05 | 2866 (5) 7.02 || 2039 (8) | 7.20 | 2866 (5) | 7.02
20 none 408 547 (279) | 134 | 540 (277) | 1.32 || 4696 (22) | 1151 | 2348 (11) | 5.75 || 2420 (17) | 593 | 2348 (11) | 5.75
Fig. 6. ExperimentalResultsfor MFC and MSTC (“Max” = Cover Time)
VII. EXPERIMENTAL RESULTS usedin the experiments.The rst kind of terrainis empty

We now comparethe cover times of MFC and MSTC
experimentally We implementedthe backtrackingversion
of MSTC as describedin [5]. We evaluate them on two
differenttasks,namelycoverage[“cover”], andcoveragewith
the additionalrequirementhatall robotsreturnto their initial
smallcellsaftercoveragg“coverandreturn”]. Both MFC and
MSTC can easily be extendedto the secondtask. For MFC,
eachrobot simply circumnavigatesits treeuntil it reachests
initial small cell. For MSTC, eachrobot that hascoveredits
cells backtracksuntil it reachedts initial smallcell. Thus,in
both casesthe robots continueto move aroundthe tree(s),
extending the original multi-robot coveragealgorithmsin a
very simple way.

We evaluateMFC and MSTC for both tasksin different
scenariosnamelydifferentkinds of terrain[terrain], different
numbersof robots [robots], and different clustering of the
robots|[clustering]. The size of the terrainis always49 49
large cells. Figure 5 shows the threedifferentkinds of terrain

[empty]. The secondkind is an outdootlike terrain where
walls arerandomlyremoved from a randomdepth- rst maze
until the wall densitydropsto 10 percentresultingin terrain
with randomobstacleqgoutdoor]. The third kind is anindoor
like terrain with walls and doors [indoor]. The position of
the walls and doorsare x ed, but doorsare closedwith 20
percentprobability.

We vary the numberof robotsfrom 2, 8, 14 to 20 robots.
A clusteringpercentag@arametex determinediow strongly
their initial small cells areclustered.The rst robotis placed
uniformly at random. Subsequentrobots are then placed
within an areacenteredat the rst robot, whoseheight and
width are (approximately)x% of the heightandwidth of the
terrain. (We ensurethat no two robotswill be placedin the
samesmall cell.) Thus, a small value of x resultsin a high
clusteringof initial smallcells,while x = 200is equialentto
no clusteringat all [none]. For eachscenariowe reportdata
thathasbeenaveragedver 100runswith randomlygenerated



terrain (if applicable)and randomly generatednitial small
cells.All covertimeshave beenroundedo thenearesinteger.

Table 6 reports for each scenarioa lower bound that
representsan idealized cover time [ideal max]: it simply
divides the numberof unblocked small cells by the number
of robots,andsubtractone,sincetheinitial small cells of the
robotsareautomaticallycovered.The ideal cover time would
be the cover time if no robot neededo passthroughalready
coveredsmall cells to reachothersmall cells thatit needsto
cover. The table also reportsthe smallest[min] and largest
[max] travel cost of ary robot for each combinationof a
multi-robotcoveragealgorithm,scenaricandtask. Thelargest
travel costis the cover time, andthe differencebetweenthe
smallestand largesttravel costsgives an indication of how
balancedthe travel costsof the robotsare. In addition, the
table also reportsthe ratio of the actual cover time and the
ideal cover time [ratio], giving an upperboundon how far
the actual cover time is away from optimum. The ratio is
indeedonly an upperbound,sincethe ideal cover time may
not be achievable. For instance several cells mustbe visited
by multiple robotsin the exampleof Figure 3.

We malke the following obsenations:The ratio of the cover
time and the ideal cover time increaseswith the numberof
robotsfor both MFC and MSTC sincethe overhead(de ned
as the numberof alreadycovered cells that a robot passes
through) increaseswith the number of robots. The ratio
increasevery slowly with the numberof robotsfor MFC, but
muchfasterfor MSTC, implying thatthe cover time of MFC
remainscloseto optimal for large numbersof robots. The
ratio changesinsigni cantly with the amountof clustering
for MFC, but a lot for MSTC, implying that the cover time
of MSTC remainssmall if robots startin nearbycells — a
commonsituation since robots are often deployed or stored
together The ratio changesinsigni cantly for MFC if the
task is changedfrom “cover” to “cover and return”, but
increaseshy abouta factor of two for MSTC (becausethe
robotwith the largesttravel costhasto backtrackalongmost
of its trajectory),implying that all robots are closeto their
initial small cellswhencoverageis completefor MFC, which
facilitatestheir collectionor storage.

Overall, the ratio is small for MFC (at most1.51) in all
testedscenarios,and in fact signi cantly smaller than the
factor of eight guaranteedy Theorem3. The ratio is much
larger for MSTC (7.81for “cover” and15.61for “cover and
return”). Thereasoris thatMSTC doesnot balancethe travel
costsof therobotsaswell, asevidencedby a large difference
betweenthe smallestand largesttravel costsof the robots.
When interpretingtheseresults,however, one needsto keep
in mind thatthe covertimesof both MFC andMSTC depend
on the initial spanningtrees.Among the (large) number of
spanningtreesfor a given unit-cost grid graph, some may
yield signi cantly better cover times but we have not yet
experimentedwith differentways of constructingthe initial
spanningtrees.

We now discussone important optimization. One can
reducethe cover times of both MFC and MSTC by moving

robotson cost-minimalpathsto their initial small cellsrather
thanalongthetree(s).This appliesto “coverandreturn”when
the robots return to their initial small cells. For MSTC, it
also appliesto “cover”, when the robots backtrackto their
initial small cells during coverage.We refer to a version of
MSTC with theseimprovementsas optimized MSTC. We
obsene thatthe improvementamake almostno differencefor
“cover” but a large differencefor “cover and return;} where
the ratio is reducedby a factor of two and then no longer
differssigni cantly from theratio for “cover” However, even
without such optimizations, MFC continuesto have much
smaller cover times than optimized MSTC, for both tasks
in all scenariosThe reasonis that MFC takesthe objective,
minimizing the cover time, alreadyinto accountwhen nding

atreefor eachrobotto circumnaigate,whereadMSTC takes
the objective only into accountwhenit decideshow therobots
shouldcircumnaiigatethe singletree.

VIIl. CONCLUSIONS AND FUTURE WORK

In this paper we introduceda new multi-robot coverage
algorithm, called Multi-Robot Forest Coverage(MFC). Our
experimentalresults shov that the cover time of MFC is
smallerthanthe one of Multi-Robot Spanning-TfeeCaoverage
(MSTC) and close to optimal in all testedscenarios.lt is
future work to make MFC robustin the presenceof failing
robots,a propertythat MSTC alreadyhas.We intendto aug-
mentMFC to handlerobot failuresby replanningtrajectories
for the functional robotsthat cover the remaininguncovered
small cells. Furthermoreijt looks very promisingto combine
theideasbehindMSTC andMFC, especiallyif severalrobots
startin nearbysmall cells. We alsointendto investigatddeas
from other multi-robot coveragealgorithms,suchas[6] and

[7].
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