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Abstract

This paper presents a new approach for collab@ratiulti-robot planning issues. The main problent Hréses from
multi-robot exploration is waiting situations. Wensider that such problem involves two or more @aoioous robots in
an unknown environment. The mission objective i®xplore the entire map, while trying to minimize executing
time. Moreover if each robot uses the same topotdgjraph, then it uses the same exploration pethrhakes waiting
situations arising. To solve this problem, we prga new approach in this paper based on sampdiragively maps to
allow interactive multi-robot exploration. Our appch has been implemented in simulation and therérpnts dem-
onstrate that the overall completion time of anlesgiion task can be significantly reduced by oampling-based
method.

a) How to identify the potential exploration targets f
the map.

1 Introduction b) How to assign reasonably the targets calculated in

The problem of exploring an environment is one haf t previous question to each individual robot.
fundamental problems in mobile robotics. We hopeait  €) How to plan the path for multiple robots so as to
also cover the whole exp|0ring space more eff|¢}ehy avoid CO”iSion, mutual bIOCking, and all the other
implementing this exploration. Therefore, the kegue is problems of waiting situation.

how to move the robot in order to minimize the time
needed to completely explore an environment [1kela-
tion to a single mobile robot, in some cases, usirgpl- —
laborative team of mobile robots can accomplish eéke
ploration mission better so as to achieve the mes re-
ducing the mission time. For example, looking farab-
ject can be achieved more rapidly as each robattebm
can try different scenario simultaneously with ottebots.
We also believe that cooperative multi-robot systérave 5
more adaptability than classical single ones. Kgur
shows an example of a three robots system invdlvélde ooy
same map and both robots are dispatched to ditfeles:
tinations. Unless minimizing the global time of theplo-
ration mission, the collaborative exploration cae b
smarter than a single robot exploration, if theotsbcom-
municate with each other about their position infation Figure 1 Example of collaborative exploration of multiple
whenever they sense each other, they could loctigm- Mmobile robots.
selves much easier [2].

In this paper, we consider the problem of exploramy
unknown indoor environment with a collaborativerteaf ~ For the first question, the common method is ushrey
mobile robots that the mission objective is to explthe Space partitioning by Voronoi diagram [4], [8] afidD].
entire map but the implementation time should berast The feature of this method is that, the geometfgrma-

as possible. tion of map can be well described by using Vorodiai-
In order to achieve this goal, we need to focugxam- gram, so it allows planning the obstacle-avoidiaghpef-
ining the following three questions: fectively for mobile robots. However, in this casence
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each robot uses the same topological graph, ieeséime that, for a team of mobile robots, there topologgraphs

exploration path, the waiting situation will reaably of exploration are partially overlapping. Then \wait

likely to occur. In this paper, we introduce a rnapproach situations can appear during exploration (Envisagéua-

based on sampling iteratively for multi-robot expltion. tion where several homogeneous robots start to niove

The core idea is, we sample on the basis of Vor@i@i the same direction at the same time and the saame st

gram, aim to build a separate topological grapheach line).

robot, i.e. the different exploration paths, sdaavoid the  Others approaches have been developed with various

defects mentioned above, and achieve the purpose-ofpolicies [11], [12] and [13]. For all, the goaltis coordi-

ducing the mission time. Through the simulation exkp nate as well as possible for exploration tasks witieam

ments with a group of robots and compared with rsthef mobile robots.

methods, the result show that the overall exploratime In this paper, our approach, in contrast, is esplgaile-

is significantly reduced by our method. signed to build a separate topological graph feheabot,
This paper is organized as follows. In Section 2,state i.e. the different exploration path, so as to avibiel wait-

the problem, and discuss briefly some related woBes- ing situation. The main idea is to build simultangly dif-

tion 3 presents our approach, i.e. sampling-basetli-m ferent graphs, according to each robot situatiaioripy

robot exploration. Then we present experimentalltesn according to the whole mission achievement.

Section 4 and a conclusion is given in last Sediion

3 Sampling-Based M ulti-Robot
2 Related Work Exploration

In recent years, the question of the collaboragx@lora- e key issue for exploration with a group of mebib-
tion in unknown environments using a team of mobile 5 js how to make the robots have better coltim
bots has mcrea_lsmgly been considered. A strategyiér- _ability. So an important reference criterion forakation
based exploration has been presented by B. Yam@8ichi ot etectiveness of collaboration is the time nekde
This approach introduced the concept of frontidmeel as .,y er the whole environment with the robot's SesISe.

regions on the boundary between known spaces and yg (ime to accomplish the overall exploration tdskthis
known spaces. Mobile robots move to the nearestiéo paper, our focus is, on the one hand, the exporaiaths

which is the nearest unknown area. o of the individual robots in the team, on the othand, the
W. Burgardet al. [1] presented a probabilistic approacly ateqy for distribution of exploration targets.
for the coordination of multiple robots which sinare-

pusly takes the_ co§ts of reaching a target poidttha util- 31 Waiting Situation
ity of target points into account. ) o _

An approach using the Hungarian method [6] to campu An important reason for limiting the effectiveness
the assignments that determines which robot shoaide multi-robot collaboration is the waiting situatiofihe root
to which target has been presented byeal. [5]. cause is that (_';\II robots might Wh0||¥ or partlyléov the

L. Wu et al. [4] presented an approach for the coording@Me exploration path. Figure 2 depicts two tyfesat-
tion of multiple robots which based on Voronoi spaar- INg situation. The left half part of the figure st@a wait-
titioning. Through experiments, they presented Vioie N9 situation when fou_r robots move simultaneouslyhe
based partitioning performs better than the wetivkn sameC.,, and the right half part shows the same prob-
KMeans-based partitioning. lem when _four robots pass to the safde,, in proper se-

S. A. Wilmarthet al. [7] presented a new method ofluénce. Figure 3 shows the WDy to pass for the four
sampling on the medial axis of the free space ababilis- "0POtS.
tic roadmap planners. This algorithm is called MARPR
Configurations are randomly generated, free or afli-c
sion, and are retracted onto the medial axis offibe
space. Retracted configurations are used to setphghat
traduces untractable free spaces and that adapt$ tib
grab narrow passages @, . _ = 2

An approach using a segmentation of the environm
for the collaborative multi-robot exploration haseln pre-
sented by K. M. Wurm [8] that was designed to diste
the robots to different tasks, that means for astho dif-
ferent rooms in indoor environment, so as to acdsimp - o
the exploration mission as soon as possible. Tlathad Figure2 Two types of waiting situation.
of distribution takes the structure of the envir@mninto
account and partitions the space into segments.eiMeny
this method has only considered one topologicgblyrfar
each map, especially for corridor space. This lgi#ld to
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Algorithm 1 Probabilistic Medial Axis Sampling

1: T < empty;
‘ : 2: while T is not efficient
g 3 g, <« randominC,;
P 4: 0, «— nearest(,,0)in Cy;
B 5: A, « 2* g, — G;;
é/ G 6: while @, in C and g, in C,,
— Cree 7 U — (G + )/ 2;
8: 0 <~ 2% Qo ~ Qs
9: end while
10: it g, in Cyy
11: T < add(qy);
12: end if
Figure3 Two C,, to pass for robots. 13:  end while
14:  return T;

An effective way to solve this problem, i.e. theitimag
situation, is to build for each robot the differeaplora- T is defined as the graph that tries to representedis
tion path as different as possible, i.e. the oyeitatopo- as possible the median axis. It is based on thel#agnof
logical graph for each robot as little as possible. C,. and computing the approximation of the clearance
between obstacles. For each random configuratioeaa
3.2  Sampling-Based configuration of C_, is chosen with a precision o .

The sampling-based approach has dominated the \When this first configuration is defined, a lashfigura-
search in recent years and has been applied s fledth tion is set to fix the first random at the centértlee two
in and out of robotics, such as automobile assentily last. While the last configuration is free, thet lisspushed
manoid robot planning, and conformational analyisis far from the others and the random configuratiorreis
drug design [9]. Although the completeness guasmnize placed in the|r center. It produces self adaptieslial axis
weaker, this approach has been applied to a widetyaf synthesis, f|tFed to the clearance of_each loemd ﬁpgce.
robot motion planning problems [7], [14] and [1Bf- Our experiments proved that, with our sampling-tase

cause of his efficiency and ease of implementation. algorithm, we can effectively build a separate topial
graph for each individual robot of the team.

- 3.3  Target assignment

In indoor environment, there are three types afcstire
in general, room, doorway and corridor. We consiheh
room like a potential exploration target. So thstrifbution
of target means that the assignment of room toviddal
robots.

H.W. Kuhn [6] presented the Hungarian method far th
Figure 4 Generation of the Probabilistic Roadmap basagsignment problem in 1955. It is a classical allgor for
on sampling approach. solver the maximum matching problem in a bipartite

graph. In our research, we use this method totfiedbest
distribution of exploration target to robots. Tneplemen-

The main philosophy of sampling-based approacto istation can be summarized as follows:
avoid the explicit construction o€, . There is a large

number of possible variant of sampling-based algori  a) Construct a cost matrix1 X N, Ncorresponds with

Figure 4 illustrates the process of generatingab&bilis- the count of robots. The entry in matrix corresgond
tic Roadmap based on sampling approach for an deamp  with the exploration path length from robot's catre
occupancy grid map. The left illustration showsoafigu- position to exploration target.

ration space in which we will build a ProbabilisRoad-  b) Apply the Hungarian method on the cost matrix to
map, the center illustration depicts the randommisoin find the maximum matching.

Cieer and the roadmap constructed by connecting nearby) In terms of the above maximum matching obtain,
samples can be seen in the right illustration. Whtaright assign the individual robots to exploration targets
illustration, we can build the exploration path foobile

robot by connecting the neardst, ., in the roadmap. With this method, each exploration target will het as-

Our algorithm [19] is designed to compute the miedigigned to the same robot unless the count of risbwiore
axis of the free space by random sampling, andvsngn - than the count of unexplored target. In that cageclone
Algorithm 1. the target in accordance with the count of robots.
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34 Planning

In our approach, we assign the room like a poteatia
ploration target to different robots by taking irdocount
both the critical points of DVG an€., based on sam-
pling. When all room is explored signifies that teerall
exploration mission has been completed.

Algorithm 2 Sampling-Based Exploration Planning

formation generated by straight skeleton, the neelslde-
pict the free path which mobile robots can follawréach
the target rooms. And the right part shows theltdsuus-

ing our sampling-based method. Notice that we sarjusit

for corridor, our experimental results prove thasisuffi-
cient for solving the waiting situation for multglrobot
exploration.

After identify these two experimental maps, we have

tested with several robots by using different mdghadrhe
average mapping times and average planning timelfor

1: Build an exploration path for one robot with ) .
DVG approaches corresponding to two occupancy grid @mags
) e . three or four different counts of robots are digpthin ta-
2: Build the separate exploration paths for the other
. : . ble 1, table 2 and table 3.
robots with sampling-based algorithm.
3: while all target rooms not yet exploreld
4: Assign the target rooms to each robot using
the Hungarian method. Map A Map B
5. end while Nodes 24 34
Links 23 33
Mapping time <1s <1s
Our planning algorithm is summarized in Algorithm 2 Planning 1 robot | 200.0s 410.0s
First of all, in a configuration space, we use D¥Gouild M€ 2 robots 130.2s (1.662) 267.5s (1.104)
an exploration path for one robot, and we find¢becalled 3 robots 102.0s (1.789) 193.5s (1.225)
critical points [8], [16], so as indentify room, alway and 4 roboty 98.6s (1.910)| 151.0s (1.400)

especially corridor. Second, we sample in corridased
on DVG by taking into account the critical pointsfter
sampling, so we can build a separate topologicgblyfor
each individual robot. Then we use the Hungariathot
to assign the individual robots to potential exptam tar-
gets. During the explorations, we apply dynamimpiag
to robots by taking into account both the critipaints of

Table 1 Voronoi Diagram

Table 1 given the results by using Voronoi diagraime
waiting situation does not exist in a signal robtdwever,
from two robots, the waiting problem appears. Toieots

DVG and Cfree based on sampling. have to pasﬁf,ee one by one because of the same explo-
ration path.

4 Experimental Results

Our approach described has been implemented B 2. Map A Map B
multiple-robot simulator called Stage [17] whichaspart —_Nodes 21 32
of the Open-source software the Player Project.siimei- _Links 20 31
lation experiments were conducted using the Actiime _Mapping time <1s <1s
Robotics PIONEER 2 DX robot equipped with a laser Planning| 1 robot | 201.0s 398.0s
range finder with 180 degrees field of view. Andl @lir time 2 robotg 128.6s (1.496) 262.1s (1.101)
experiments were carried out on the notebook Compaq 3 robotg 97.3s (1.552)| 191.7s (1.134)
nx6125. 4 robotg 92.2s (1.661)| 148.4s (1.281)

In our experiments, we have studied three typeskelie-
tonizations, Voronoi diagram, straight skeleton [byary Table 2 Straight Skeleton
CGAL [18]), sampling-based graph, to extract infation
from the map. For this two first, skeleton havééotrans-
formed to a topological graph for each robot tHiiwves  Table 2 given the results by using straight skelefde
target locations assignment to each autonomous 30 same problem like table 1, i.e. waiting situation.
ing the Hungarian method. To decentralize this pdstse, Table 3 given the results by using sampling-based
we have tried to assign target locations to théviddal method. We can find that, although the mapping time
robots using iteratively the Hungarian method ahestep quired has been increased, the completion timenaéxa
of each robot in the topological map. This add#iiophase ploration task has been significantly reduced by ou
decreases mission time needed and produces plare wimethod.
each robot is following individually its plan toldill the Each time is an average time computed over 10 execu
mission. tions. When using more than 1 robot, each exectimg
Figure 5 and Figure 6 show two experimental mapsl uss followed by its standard deviation. Over all lesh) the
for the simulation. The left part show the map asted by standard deviation is less than 2sec when aveiayss t
Voronoi diagram. The center part show the geometry vary between 100sec and 400sec.
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Nodes| Links | M. time | P. time

Map A| 2rob.| 9 8 2.1s 126.5s
(0.700) | (0.500)

3rob.| 18 17 4.3s 95.2s
(0.640) | (0.749)

4 rob.| 27 26 6.2s 90.1s
(0.748) | (0.831)

Map B | 2rob.| 7 6 1.8s 243.3s
(0.600) | (0.632)

3rob.| 14 13 3.6s 146.7s
(0.663) | (0.830)

4rob.| 21 20 5.1s 133.1s
(0.700) | (0.900)

Table 3 Sampling-Based Method

In brief, first of all, the three tables show thatcontrast
a single robot, a collaborative robots team canlement
the exploration more efficiently, i.e. the time végd to

Secondly, by comparing the results of these threthous
above, we show that sampling-based is the mosttafée
one to eliminate the problem of waiting time. Tkason is
by sampling-based, we can build a separate toprdbgi
graph for each robot, and each topological graghtake
the other robots’ topological graph into accoumt,tkat
every robot has its own exploration path, and théHenot
be any blocks between any two of them. By this redha
waiting situation problem will get resolved.

accomplish overall exploration task has been redluce
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Figure 6 Map B. Left: Voronoi Diagram. Center: Straighteon. Right: Sampling-Based
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5 Conclusion

and mapping. IrfProceedings of the IEEE, vol. 94,
no. 7, 2006.

The experiments proved that the time needed toraccg12] C. Stachniss , .M. Mozos , W. Burgard. Effiui

plish the exploration mission has been signifioams-

duced by our sampling-based method which reducéts wa

ing situations possible occurrences. Because, mrast
with only use Voronoi diagram, adding the sampliaged

exploration of unknown indoor environments using a
team of mobile robotsAnnals of Mathematics and
Artificial Intelligence, vol. 52 no. 2-4, pp. 205-227,
2008.

graph that could be computed online, incrementaliyl [13] |.M. Rekleitis, G. Dudek, E.E. Milios. Multiebot

synchronized to robot’s configurations.

6 Literature

collaboration for robust exploration. Proceedings
IEEE International Conference on Robotics and
Automation (ICRA), pages 3164-3169, 2000.

[14] N. Jouandeau and A.A. Cherif. Fast Approximati

[1] W. Burgard, M. Moors, D. Fox, R.G. Simmons, and
S. Thrun, Collaborative multi-robot exploration. In
Proceedings |EEE International Conference on Ro-
botics and Automation (ICRA), pages 476-481,
2000.

[2] D. Fox, W. Burgard, H. Kruppa, and S. Thrurol-C
laborative multi-robot localization. IRroceedings of
the 23rd German Conference on Artificial Intelli-
gence, Springer Verlag, 1999.

[3] B. Yamauchi. Frontier-based exploration usingl-
tiple robots. InProceedings of the Second Interna-

to gaussian random sampling for randomized motion
planning. InProceedings of the 5th IFAC Symposium

on Intelligent Autonomous Vehicles (IAV 2004),
2004.

[15] G. Song and N.M. Amato. Randomized motion plan

ning for car-like robots with C-PRM. IRroceedings
of the IEEE/RSJ International Conference on Intelli-
gent Robots and Systems (IROS), pages 37—42, 2001.

[16] S. Thrun. Learning metric-topological maps for

door mobile robot navigatiorArtificial Intelligence,
vol. 99, no. 1, pp. 21-71, 1998.

tional Conference on Autonomous Agents, pages 47— [17] M. Kranz, R.B. Rusu, A. Maldonado, M. Beetnda

53, 1998.

[4] L. Wu, M.A. Garcia, D. Puig, and A. Sole. Vora-
based space partitioning for coordinated multi-tobo
exploration.Journal of Physical Agents, vol. 1, no. 1,
pp. 37-44, 2007.

[5] J. Ko, B. Stewart, D. Fox, K. Konolige, and Bm-
ketkai. A practical, decision-theoretic approach to
multi-robot mapping and exploration. Rroceedings
of the IEEE/RS] International Conference on Intelli-
gent Rabots and Systems (IROS), pages 3232-3238,
2003.

[6] H.W. Kuhn. The Hungarian method for the assign
ment problemNaval Research Logistics Quarterly,
vol. 2, no. 1, pp. 83-97, 1955.

[71 S.A. Wilmarth, N.M. Amato, P.F. Stiller. MAPRM
A probabilistic roadmap planner with sampling on
the medial axis of the free space. Pnoceedings
IEEE International Conference on Robotics and
Automation (ICRA), pages 1024-1031, 1999.

[8] K.M. Wurm, C. Stachniss and W. Burgard. Coerdi
nated multi-robot exploration using a segmentation
of the environment. IfProceedings of the IEEE/RS]
International Conference on Intelligent Robots and
Systems (IROS), pages 1160-1165, 2008.

[9] S.M. LaVvalle. Planning Algorithms, Sampling-&=d
Motion Planning Chapter SCambridge University
Press, 2006.

[10] T. Maneewarn and P. Ritthipravat. Sorting clgeby
multiple robots using Voronoi separation and fuzzy
control. In Proceedings of the IEEE/RSJ Interna-
tional Conference on Intelligent Robots and Systems
(IROS), pages 2043-2048, 2003.

[11] D. Fox, J. Ko, K. Konolige, B. Limketkai, D.cBulz,
and B. Stewart. Distributed multi-robot exploration

49

A. Schmidt. A Player/Stage System for Context-
Aware Intelligent Environments. IRroceedings of
the System Support for Ubiquitous Computing Work-
shop (UbiSys), 2006.

[18] F. Cacciola. A CGAL implementation of the Sgtat

Skeleton of a Simple 2D Polygon with Holeéxd
CGAL Users Workshop, 2004.

[19] N. Jouandeau. Algorithmique de la planificatide

mouvement probabiliste pour un robot mobita.D.
thesis, Paris 8 University, 2004.



