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Abstract

This paper focuses on developing techniques and strate-
gies for the analysis and design of sensor and network
topologies required to merge globally rigid formations for
cooperative tasks. Central to the development of these tech-
niques and strategies is the use of tools from rigidity theory,
and graph theory.

1. Introduction and Preliminaries

A formation is defined as a group of mobile agents mov-
ing in real 2- or 3-dimensional space. A formation is rigid
if the distance between each pair of agents does not change
over time, at least under ideal conditions. A formation is
called globally rigid, if the distance between each pair of
agents is unambiguous. In a rigid formation, distances be-
tween agents are held fixed by measurements and informa-
tion gathered through “sensing and communication links”
between agents. Distances between all agent pairs can be
held fixed by directly measuring distances between only
some agents and keeping them at desired values. It is also
true that it is not necessary to have sensing and communi-
cation links between each pair of agents to create a globally
rigid formation. We refer the reader to [1, 3, 4] for an in-
troduction to the approaches based on rigidity and global
rigidity for maintaining formations of autonomous agents.

A key element in all future multi-agent systems will be
the role of sensor and communications networks as an in-

tegral part of coordination. One of the challenges in build-
ing sensor and communications networks between agents
is the “topology” of the network. By topology, we mean
the interconnection structure of sensing and communica-
tion links among agents. In other words, topology refers to
the network’s layout. Two networks have the same topol-
ogy if the interconnection structure is the same, although
the networks may differ in physical interconnections, dis-
tances between agents, transmission rates, and signal types.
Network topologies, energy efficiency and communication
bandwidth are critically important for autonomous systems
involving mobile underwater, ground and air vehicles, and
for sensor networks. Hence strategies that make efficient
use of power and energy are beneficial. Therefore, we use
topologies for providing sensing and communications with
the minimum number of links, and propose methods requir-
ing the minimum number of changes in the set of links in
merging rigid sub-formations.

By merging, we mean two types of operations. By the
first type of merging, we mean the following: Two globally
rigid sub-formations are merged to form one single glob-
ally rigid formation. Finding new links to be inserted be-
tween these two sub-formations, which will make the whole
formation globally rigid, is the first type of the merging
problem (see Figure 1). By the second type of merging,
we mean the following: Two globally rigid sub-formations,
which share some agents and links, form one single forma-
tion. Finding which agents need to be shared between these
two sub-formations so that the whole formation is globally
rigid, is the second type of the merging problem (see Fig-
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ure 2). During a merging operation, it is a natural starting
point to preserve the links in each pre-merged rigid sub-
formation. Hence a reasonable goal in the first type of a
merging operation is to create a new post-merged rigid for-
mation by inserting minimum number of links between sub-
formations. The goal in the second type of a merging oper-
ation is to share minimum number of agents between sub-
formations.

Figure 1. The first type of the merging prob-
lem. See text for explanation.

Figure 2. The second type of the merging
problem. See text for explanation.

By a d-dimensional point formation at p �
column {p1, p2, . . . , pn}, written Fp, is meant a set
of n points {p1, p2, . . . , pn} in IRd together with a set L of
k maintenance links, labelled (i, j), where i and j are dis-
tinct integers in {1, 2, . . . , n}; the length of link (i, j) is the
Euclidean distance between points pi and pj . For our pur-
poses, a point formation Fp = ({p1, p2, . . . , pn},L) pro-
vides a natural high-level model for a set of n agents
moving in real 2- or 3- dimensional space. In this con-
text, the points pi represent the positions of agents in
IRd {d = 2 or 3} and the links in L label those spe-
cific agent pairs whose inter-agent distances are to be
maintained over time.

2. Results

Now we present the main results of this paper. All the
proofs of the theorems can be found in [2].
Connecting Globally Rigid Sub-Formations in 2-
Dimensional Space:

Theorem 1. Suppose that two globally rigid sub-
formations F1 and F2, are connected by a set of links L.
Then F1 ∪ F2 ∪L is globally rigid if the following two con-
ditions hold: (i) The end points of L has at least three
points in F1 and has at least three points in F2. (ii) There
are at least four links in L.

Connecting Globally Rigid Sub-Formations in 3-
Dimensional Space:

Theorem 2. Assume that two globally rigid sub-formations
F1 and F2, are connected by a set of links L. Then F1∪F2∪
L is globally rigid if the following two conditions hold: (i)
The end points of L has at least four points in F1 and has at
least four points in F2. (ii) There are at least seven links in
L.

Globally Rigid Sub-Formations Sharing Points in 2-
Dimensional Space:

Theorem 3. If two globally rigid sub-formations, F1 and
F2, share at least three points, then the formation F1 ∪ F2

is globally rigid.

Globally Rigid Sub-Formations Sharing Points in 3-
Dimensional Space:

Theorem 4. If two globally rigid sub-formations, F1 and
F2, share at least four points, then the formation F1 ∪ F2 is
globally rigid.
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