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ABSTRACT

2.

In this paper we present a method for navigating a multirobot system through an environment while additionally
maintaining a set of constraints. Our approach is based
on graph structures that model movements and constraints
separately, in order to cover diﬀerent robots and a large class
of possible constraints. Additionally, the partition of movement and constraint graph allows us to use known graph
algorithms like Steiner trees to solve the problem of ﬁnding
a target conﬁguration for the robots. We construct so called
separated distance graphs from the Steiner tree and the underlying roadmap graph, which allow to assemble valid navigation plans fast.

Our approach basically computes coordinated navigation
plans on a roadmap graph Gm = (Em , Vm ) within the free
space of the environment. We assume that Gm forms a regular grid within free space. Each vertex v ∈ Vm represents a
position in the environment and the edge cost correspond to
the path length between the corresponding positions in the
environment. Our aim is to move a group of robots from a
given start conﬁguration S0 to some target conﬁguration St .
Here, a conﬁguration for a group of robots is a vector that
assigns each robot to a vertex. A motion action transfers a
conﬁguration S of the multi-robot system into a new conﬁguration S  by “moving” a robot along some edge of Gm .
Searching a sequence of motion actions to reach St can be
performed by using e.g the A*-algorithm. However the resulting solutions do not guarantee that the constraint holds
during the whole motion sequence.
So we introduce a constraint graph Gc . The vertex set
Vc of this graph coincides with Vm and the edges in Ec formalize binary constraints between two positions in the environment. Intuitively, such a constraint models a physical
requirement in the real world. For example, if we want to
ensure the wireless communication between two robots located at positions v and v  , we have to make sure that the
expected signal strength L(v, v  ) between the two vertices
exceeds a certain threshold Lthresh .
In our approach we use the constraint graph to construct
complete conﬁgurations of the multi-robot system. We say
a conﬁguration S is valid if Gc restricted to the vertices in S
is a single-component sub-graph of Gc . We say a motion action a(S, S  ) is valid, if it transfers the valid conﬁguration S
into a valid conﬁguration S  . The overall task can therefore
be divided into two separate parts: First, for a given constraint graph Gc and a set of targets Z, ﬁnd a valid target
conﬁguration St . Second, ﬁnd a sequence of valid motion
actions, that transfers S0 into St via a sequence of valid
intermediate conﬁgurations Sj .
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1.

INTRODUCTION

In this work, we look at the problem of planning of joint
task execution for multi-robot systems. More speciﬁcally,
we investigate the problem of coordinated multi-robot navigation, if additional constraints need to be fulﬁlled. These
are constraints which are not directly related to the goal
to be achieved, but have to hold throughout task execution. Such constraints are e.g. to ensure that each individual robot never departs from the group by more than
a certain distance or to keep up the wireless communication within a complete group of robots. Here we propose a
graph-based approach that allows to specify and maintain
such constraints.
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BASICS AND DEFINITIONS

CONSTRAINED MOTION COORDINATION FOR MULTI-ROBOT SYSTEM

The task of ﬁnding a valid target conﬁguration for the
multi-robot system involves placing robots at each mission
target, and placing additional robots on vertices in such way,
that the resulting conﬁguration is valid. From the deﬁnition of a valid conﬁguration one can obtain a valid target conﬁguration by constructing its corresponding single-
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component constraint sub-graph which includes all mission
targets. This task is closely related to the Steiner tree problem [2].
Considering the set of targets Z as terminals, the Steiner
tree problem exactly matches the task of ﬁnding the target
conﬁguration. The Steiner tree for the constraint graph Gc
is one possible valid target conﬁguration St . In fact, this
solution achieves optimality with respect to the number of
robots required. Unfortunately, computing the Steiner tree
is NP-complete, but several heuristics exist which compute
near optimal Steiner trees in polynomial time [1].
With the achieved target conﬁguration, all robots have
to reach certain target vertices (either a Steiner vertex or a
terminal) in the target conﬁguration St and the global constraint between the robots has to be maintained throughout the navigation. While the robots’ motions are planned
based on the navigation roadmap, the constraint can only
be checked based on the constraint graph. To plan valid
paths, we therefore frequently have to map between constraint paths in Gc and motion paths in the navigation
roadmap Gm . Additionally, to navigate a robot to its target
vertex, further robots may be needed to build up relays to
ensure the global constraint.
To ease this planning problem, we introduce a graph structure that we call S eparated Distance Graph (SDG). A SDG
SDG(v) = (VS (v), ES (v), W ), is constructed for a speciﬁc
vertex v; its vertices VS (v) are v and all vertices directly
connected to v in the constraint graph. Let Gsub
m (v) be the
navigation roadmap restricted to vertices in VS (v). There is
an edge between two vertices v and vj in SDG(v) if there
exists a path between these vertices in Gsub
m (v).
Intuitively, an edge (vi , vj ) ∈ ES (v) states the existence
of a navigation path between these vertices that a robot can
travel without violating the binary constraint with a robot
located at the vertex v. The set of separated distance graphs
for a given planning problem now allows us to derive a search
algorithm for an abstract navigation plan that achieves the
target conﬁguration.
However, implementing this approach is not straight forward. Although two neighboring vertices in the Steiner tree
always fulﬁll the constraint that has to be ensured, it is
generally not possible to navigate a single robot on a path
through Gm to this vertex, without violating the constraint
at some intermediate position. This happens, e.g. if reaching a position requires lengthy detours due to obstacles. So
in the general case, additional temporary relay-robots are
required. To compute a valid navigation plan from a vertex
a of the Steiner tree to a neighboring vertex b, we therefore
perform a breadth-ﬁrst search of valid motions through Gm
with the help of the SDGs. By construction, the breadthﬁrst search returns the path from a to b with the smallest
number of intermediate relay-robots required.
On each temporary relay position, we leave one robot behind, in order to ensure the constraint. As soon as the remaining robots reach the next target location, the temporary relay-robots can catch up, without violating the constraint, e.g. by moving the farthest robot ﬁrst. So the planning problem can be carried out by the following steps:

Figure 1: Distance constraint, bar-shaped obstacles. Dark (red) dots: terminals, light (green) dots:
Steiner vertices, cross: temporary relays robot
3. Given Z and Gc , we compute a valid target conﬁguration St = (s1t , . . . , sK
t ) by approximately solving the
associated Steiner tree Problem.
4. Given s0 , St and the set of SDGs, we compute the temporary relay positions required to traverse the edges of
the Steiner tree corresponding to St . This procedure
also gives an upper bound on the number of robots
required to execute the task.
5. The ﬁnal plan now consists of the tree traversal of the
Steiner tree with all robots, placing a robot at each
target location, as well as placing and removing temporary relay-robots on the way to the next target location.
One example planing for a constraint concerning the distance between the robots can be seen in 1). The distance
constraint ensure that no robot will be further away from the
group than a certain threshold. In this example the world
consist of two bar like obstacles. As the constraint is not
aﬀected by any obstacles, the Steiner tree, representing the
target conﬁguration, can have edges crossing obstacles. In
this cases, it is not possible to follow some paths to target
locations with a single robot without violating the distance
constraint, so temporary relay-robots are needed.

4.

CONCLUSION

In this work we presented a graph based approach to navigate a multi-robot systems while guaranteeing to fulﬁll a
global group constraint during navigation. For this purpose, the possible movements of the robots and the constraint are represented by independent constraint and navigation roadmap graphs. We showed that the problem of
ﬁnding valid target conﬁgurations can be solved using a approximate solution of the Steiner tree Problem. The Steiner
tree can also be used as an abstract plan to reach the target conﬁguration, but generally additional relay-robots are
required to ensure the constraint during navigation. We introduced a new graph structure called Separated Distance
Graph (SDG) that links the constraint graph with the navigation roadmap and allows to identify the additional relay
positions using a breadth-ﬁrst search technique.
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1. Given the targets Z, a navigation roadmap Gm for
the environment and a symmetric binary relation that
should hold between robots, we compute the corresponding constraint graph Gc for the environment.
2. Given Gm and Gc we compute SDGs for all vertices.
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