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otion coordination is a remarkable phenome-

non in biological systems and an extremely

useful tool for groups of vehicles, mobile

sensors, and embedded robotic systems. For

many applications, teams of mobile
autonomous agents need the ability to deploy over a
region, assume a specified pattern, rendezvous at a com-
mon point, or move in a synchronized manner. These coor-
dination tasks must often be achieved with minimal
communication between agents and, therefore, with limit-
ed information about the global state of the system.

The scientific motivation for studying motion coordina-
tion is the analysis of emergent and self-organized swarm-
ing behaviors in biological groups with distributed
agent-to-agent interactions. Interesting dynamical systems
arise in biological networks at multiple levels of resolution,
all the way from interactions among molecules and cells
[1] to the behavioral ecology of animal groups [2]. Flocks
of birds and schools of fish can travel in formation and act
as one unit (see [3] and Figures 1 and 2), allowing these
animals to defend themselves against predators and pro-
tect their territories. Wildebeest and other animals exhibit
complex collective behaviors when migrating, such as
obstacle avoiding, leader election, and formation keeping
(see [4], [5], and Figure 3). Certain foraging behaviors
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include individual animals partitioning their environment
into nonoverlapping zones (see [6] and Figure 4). Honey
bees [7], gorillas [8], and whitefaced capuchins [9] exhibit
synchronized group activities such as initiation of motion
and change of travel direction. These remarkable dynamic
capabilities are achieved apparently without following a
group leader; see [2], [3], and [5]-[9] for specific examples
of animal species and [10] and [11] for general studies. In
other words, these coordinated behaviors emerge despite
the fact that each individual lacks global knowledge of the
network state and can plan its motion by observing only
its closest neighbors.

At the same time, an engineering motivation for study-
ing motion coordination stems from increasing interest in
groups of embedded systems, such as multivehicle and
sensor networks. Indeed, groups of autonomous agents
with computing, communication, and mobility capabilities
are expected to become economically feasible and perform
a variety of spatially distributed sensing tasks, such as
search and rescue, surveillance, environmental monitor-
ing, and exploration.

As a consequence of this growing interest, research on
cooperative control has increased tremendously over the
last few years. Key aspects of distributed, or leaderless,
motion coordination include pattern formation [12]-[14],
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FIGURE 1 School of fish. Groups of animals can act as one unit
apparently without following a group leader. Photograph taken by
the authors at the 50th IEEE Conference in Decision and Control at
Paradise Island, Bahamas, in December 2004.

FIGURE 2 Flock of snow geese. Self-organized behaviors emerge in
biological groups, even though no individual has global knowledge
of the group state. Snow geese fly in formation during migration.
Photograph reproduced with permission of the Eastern Shore of
Virginia National Wildlife Refuge Staff, U.S. Fish and Wildlife Ser-
vice [51].

FIGURE 3 Herd of wildebeest in the Serengeti National Park,
Tanzania. Wildebeest and other animals exhibit complex coordinat-
ed behaviors when migrating, such as obstacle avoiding, leader
election, and formation keeping. Aerial photograph reprinted from
[4] with permission from University of Chicago Press.
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flocking [15]-[17], self-assembly [18], swarm aggregation
[19], gradient climbing [20], deployment and task alloca-
tion [21]-[24], rendezvous [25]-[28], cyclic pursuit [29],
[30], vehicle routing [31], and consensus [32]-[34]. Heuris-
tic approaches to the design of interaction rules and emer-
gent behaviors are investigated in the literature on
behavior-based robotics [35]-[38].

The objective of this article is to illustrate the use of sys-
tems theory to analyze emergent behaviors in animal
groups and to design autonomous and reliable robotic net-
works. We present and survey some recently developed
theoretical tools for modeling, analysis, and design of
motion coordination algorithms in both continuous and
discrete time. We pay special attention to the distributed
character of coordination algorithms, the characterization
of their performance, and the development of design
methodologies that provide mobile networks with prov-
ably correct cooperative strategies.

First, we are interested in characterizing the distributed
character of cooperative strategies. Our approach is based
on the notion of proximity graph, drawn from computa-
tional geometry [39]. Proximity graphs model agent-to-
agent interactions that depend on the agents’ relative
locations in space, as in wireless or line-of-sight communi-
cation. Proximity graphs thus facilitate the modeling of
information flow among mobile agents.

Second, we consider representations of motion-coordi-
nation tasks that facilitate the analysis of coordination
algorithms. We discuss aggregate objective functions
from geometric optimization for tasks such as deploy-
ment, rendezvous, cohesiveness, and consensus. We use
nonsmooth analysis to identify the extreme points of the
aggregate objective functions, which typically encode the
desired network configurations.

Third, we discuss techniques for assessing the perfor-
mance of coordination algorithms. In particular, we use a
combination of system-theoretic and linear-algebraic
tools to establish stability and convergence of motion-
coordination algorithms. This treatment includes meth-
ods from circulant and Toeplitz tridiagonal matrices as
well as a version of the invariance principle for set-val-
ued discrete-time dynamical systems.

Finally, we focus on the design of distributed coordina-
tion algorithms for specific tasks. Given a coordination
task to be performed by the network as well as a proximity
graph representing communication constraints, a first
approach is based on gradient flows. A second approach is
based on the analysis of emergent behaviors; in this case, a
notion of neighboring agents and an interaction law
between them is given. A third approach is based on opti-
mizing local objective functions to achieve the desired
global task. The last approach relies on the composition of
simple behaviors to design more complex strategies. We
apply these approaches to several examples of coordina-
tion algorithms developed in the literature.
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