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Abstract We describe a sensor network deployment method
using autonomous Yying robots. Such networks are suitable
for tasks such as large-scale environmental monitoring or for
command and control in emergency situations. We describe in
detail the algorithms used for deployment and for measuring
network connectivity and provide experimental data we collected
from €ld trials. A particular focus is on determining gaps in
connectivity of the deployed network and generating a plan for a
second, repair, pass to complete the connectivity. This project is
the result of a collaboration between three robotics labs (CSIRO,
USC, and Dartmouth.)

I. INTRODUCTION

We investigate the role of mobility in sensor networks.
Mobility can be used to deploy sensor networks, to maintain
and repair connectivity, and to enable applications such as
monitoring and surveillance. We examine sensor networks
that consist of static and dynamic nodes. The static sensor
nodes are Motes and the mobile nodes are autonomous
helicopters. Integrating static nodes with mobile robots en-
hances the capabilities of both types of devices and enables
new applications. Using networking, the sensors can provide
the Unmanned Aerial Vehicle (UAV) with information which
is out of the range of the robot. Using mobility, the robot
can deploy the network, localize the nodes in the network,
maintain connectivity by introducing new nodes as needed,
and and act as data mules to relay information between
disconnected wireless clouds.

We combine ad-hoc networking, sensing, and control to
deploy and use a sensor network. We use an autonomous heli-
copter to deploy a sensor network with a controlled topology,
for example a star, grid, or random. The helicopter deploys
the sensors one at atime at designated locations. Once on the
ground, the sensors establish an ad-hoc network and compute
their connectivity map in a localized and distributed way.

The helicopter is equipped with a sensor node so that it is
a mobile component of the sensor network and it can com-
municate to the ground. This system can handle on-demand
node deployment. The connectivity map is used to determine
ground locations that require additional nodes (for example to
repair connectivity or to increase bandwidth). The helicopter
responds by ying to that location and deploying a new
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node, which is incorporated into the existing network. This
approach to autonomous deployment of sensor networks will
allow the on-demand instrumentation of remote environments
that may be inaccessible by ground methods, and supporting
applications to navigation, monitoring, and search and rescue.

We have implemented the deployment algorithms on a
hardware platform that integrates hardware and software from
three labs. USC's helicopter, Dartmouth’s sensor network,
and CSIRO's interface between a helicopter and a sensor
network. The three groups conducted joint experiments which
demonstrate, for a desired network topology, (1) autonomous
sensor network deployment with a helicopter, (2) ground to
ground and ground to air connectivity measurements for the
resulting network and (3) uses the results to repair the network
connectivity when the deployed topology does not match the
desired topology.

Il. RELATED WORK

Our work builds on important previous work in sensor
networks and robotics, and bridges the two communities by
integrating autonomous control of ying vehicles with multi-
hop message routing in ad-hoc networks.

Autonomous aerial vehicles have been an active area of
research for several years. Autonomous model helicopters



have been used as testbeds to investigate problems ranging
from control, navigation, path planning to object tracking
and following. Flying robot control is a very challenging
problem and our work here builds on successes with hovering
for two autonomous helicopters [1], [2]. Severa other teams
are working on autonomous control of helicopters. A good
overview of the various types of vehicles and the algorithms
used for control of these vehicles can be found in [2] . Recent
work has included Autonomous Landing [3], [4] Aggressive
maneuvering of AFV’s [5] and pursuit-evasion games [6].

Research in sensor networks has been very active in the
recent past. An excellent general introduction on sensor net-
works can be found in [7]. An overview of hardware and
software requirements for sensor networks can be found in
[8] who describe the Berkeley Mica Motes. Algorithmic work
for positioning a sensor network where sensors have mobility
and can self-propel includes even dispersal of sensors from
a source point and redeployment for network rebuilding [9],
[10]. Other important contributions include [11] [15].

In our previous work on networked robots we used ying
helicopters to localize a deployed sensor network [16], we
computed and represented paths in sensor networks that could
guide the motion of a mobile node such as a helicopter [16],
[17], and we used sensor network mobility to cover a given
area while maintaining connectivity [18].

I1l. DEPLOYMENT CONTROL

Our approach to deployment consists of three phases. In
the rst phase, an initial network deployment is executed.
In the second phase, we measure the connection topology
of the deployed network and compare that to the desired
topology. If they match, the procedure is complete. Otherwise
the measured connectivity graph is used to compute new
deployment locations that will repair the desired topology. The
last two phases can be run at any point in time to detect
the potential failure of sensor nodes and ensure sustained
connectivity. The same approach can also be used to increase
the sensor density in an area.

A. Deployment Algorithm

Our goal isto develop control algorithms that allow a ying
robot to deploy a sensor network with a speci ed communi-
cation topology. Given a speci ed network topology, and a
deployment scale, we embed the topology in the plane and
extract desired node locations from the resulting embedding.
Network topology is represented as a graph whose edges
correspond to sensors. Edges connect sensors who are within
communication range of each other (with two-way commu-
nication between the nodes) Embedding such a topology in
the plane reduces to computing actual GPSs coordinates for
the sensors to be deployed. The scale of the embedding is
determined by the inter-node communication range. We then
sort and convert the resulting points to waypoints in a way
that optimizes the robot’s required trajectory for covering the
points. We assume the robot can hover and deploy a node at
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each point and later in the paper explain the mechanism used
to accomplish this.

Algorithm 1 Algorithm for controlling an autonomous heli-
copter to deploy a sensor network.
Input: desired network topology
Initialization: Embed topology in the plane at the desired
scale and extract waypoints.
Sort waypoints into buckets by their x coordinate.
for each x bucket do
Sort waypoints by y.
while more sensors in the deployment mechanism do
go to next way-point
hover
deploy sensor

B. Connectivity Measurement Algorithm

A Mote sensor that has been specially modi ed to add phys-
ical user interface controls (a potentiometer and switch) is used
to control and con gure the sensor side of the connectivity
tests as shown in Algorithm 2. The controls are set for the
number of ping iterations and whether the sensors should reply
to pings or not and then a multi-hop message is broadcast to
the sensors to start an experiment. A reset message can also
be sent to reset the sensor to an initial state. Data collected
during the experiment is later read from the sensors via a
laptop basestation that sends a download command and reads
the data via RF messages.

C. Connectivity Repair Algorithm

Our genera repair agorithm has the following structure.
The connectivity algorithm results in a connectivity graph.
We can compare this graph against the desired topology
embedding using graph isomorphism algorithms [19], [20]. If
the two graphs are isomorphic we are done. If they are not






