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arp is a highly invasive bottom-feeding fish that
pollutes and dominates lakes by releasing
harmful nutrients. Recently, biologists started
studying the behavior of carp by tagging the fish
with radio emitters. The biologists search for
and localize the radio-tagged fish manually using a global
positioning system (GPS) and a directional antenna. \We are
developing a novel robotic sensor system in which human
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effort is replaced by autonomous robots capable of finding
and tracking tagged carp.

In this article, we report the current state of our system.
We present a new coverage algorithm for finding tagged fish
and active localization algorithms for precisely localizing
them. In addition to theoretical analysis and simulation
results, we report results from field experiments.

Robotic Sensor System

Invasive fish, such as the common carp, pose a major
threat to the ecological integrity of freshwater ecosystems
around the world. Presently, these fish are controlled with
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Figure 1. (a) Fish biologists manually tracking carp. (b) Targeted removal of the carp aggregation in Lake Lucy, Minnesota, using a large
under-ice seine. Over 95% of all carp in this lake were captured in 4 h. (c) Robotic boat used in coverage experiments at Lake Keller,
Minnesota. A directional loop radio antenna can be seen mounted on a pan-tilt unit on the top of the boat. (Photos courtesy of Peter

Sorensen.)

nonspecific toxins, which are expensive, ecologically dam-
aging, and impractical in large rivers and lakes. Recent
studies in small lakes have established that the common
carp aggregate densely at certain times and in specific
regions within the lakes [1]. Their population can be con-

trolled by targeting these

aggregations using net-
ting. To predict the loca-
tions of aggregations
within a lake, biologists
surgically implant radio
tags on some fish and
use radio antennas to
track them periodically
o (Figure 1). Manually

During winters, the same
system is used on ground
robots operating on

frozen lakes.

locating tagged fish in
large turbid bodies of water is difficult and labor inten-
sive. Our goal is to build a robotic system to automate this
tedious manual task.

In our previous work [2], we demonstrated the feasi-
bility of finding radio-tagged carp using a custom-made
catamaran-style autonomous robot. Our current system
features a new boat (Figure 1) and improved system
architecture.

We perform the task of locating tagged fish in two phases:
search and localization. The goal in the search phase is to find
a location from which the tag can be sensed. In the localiza-
tion phase, the goal is to accurately estimate the location of
the fish. We have developed new search and active localiza-
tion algorithms suitable for finding tagged carp under the
assumption that they loiter in their home ranges for long peri-
ods of time [3].

Related Work

Recent years have witnessed the development of many
environmental monitoring systems that use aquatic
robots. Applications include tracking dynamic phyto-
plankton [5] and collecting biological and environmental
data from stationary sensors [6], [7]. A recent survey by
Dunbabin and Marques [8] provides an excellent over-
view of such systems.
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The search problem previously discussed is closely
related to the robotic coverage problem, which has
received significant attention [9]. We introduce a new
version of the problem in which specific regions of the
lake must be covered as opposed to the entire lake. We
present a constant-factor polynomial-time approxima-
tion algorithm for this problem (see [10] for more infor-
mation on approximation algorithms).

In the localization phase, we perform active bearing-
only target localization. In one of the earlier works on this
problem, Hammel et al. [11] used the determinant of the
Fisher information matrix (FIM) as the objective function
to be maximized and numerically computed an optimal
open-loop trajectory for a robot in the case in which mea-
surements are obtained continuously. The resulting trajec-
tory follows a spiral shape, but is an open-loop trajectory
that does not depend on the actual measurements the
robot obtains. Frew [12] presented a feedback strategy for
tracking targets with bearing measurements obtained
using monocular vision. This strategy is based on a state-
exploration tree, and a trajectory is obtained using a
breadth-first search for the minimum uncertainty.
Recently, Zhou and Roumeliotis [13] considered the
active localization problem for a team of robots capable of
taking range and/or bearing measurements toward a mov-
ing target. They consider maximum speed and minimum
sensing range constraints and plan for the next best sens-
ing location using the trace of the posterior covariance
matrix as the uncertainty measure.

What differentiates our problem from these works is
that each measurement in our system takes a long time
and the uncertainty in measurements is considerably
larger. We address these factors in our strategy by using
the worst-case behavior as our objective function and
limiting the number of measurements as part of our
planning process.

System Description

Our system consists of an autonomous robotic boat with
onboard sensors, radio tags and receiver, and a directional
antenna.












