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Abstract
The aim of the EU-project "Cooperative Cognitive Control for Autonomous Underwater Vehicles (Co3AUVs)" is to develop, implement and test advanced cognitive systems for coordination and cooperative
control of multiple AUVs. Several aspects are investigated including 3D perception and mapping, cooperative situation awareness, deliberation and navigation as well as behavioral control strictly linked
with the underwater communication challenges. We present in this paper results from the first year of the
project. This includes contributions for a simulator, the development of vehicles and components, 2D as
well as 3D underwater mapping, cooperative navigation and motion control, and cooperative skills.
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Introduction

Autonomous Underwater Vehicles (AUVs) represent one of the most challenging frontiers for robotics
research. AUVs work in an unstructured environment, and face unique perceptive, decision, control
and communications difficulties. Currently, the use of single AUVs is limited to open-sea preplanned
trajectories with offline post-processing of the data gathered during the mission. State of the art AUVs
are, as their name suggests, autonomous, i.e., they operate in a largely unsupervised way. But it can be
argued that among all robotics fields, underwater robotics is currently the farthest from generating cognitive systems, i.e., devices that are not only able to act own their own but which also possess significant
capabilities to adapt to unforeseen circumstances and requirements.
There are several reasons for this. First of all, the underwater domain is a very challenging environment,
where even human access is still very limited. Artificial systems cannot therefore rely on commonly
found structures of "humanized" surroundings that land robots usually operate in. Second, the problem
of human access makes also the risks and costs of system loss much higher for AUVs than for land
robots. Third, available underwater sensors provide rather coarse and noise-ridden data in comparison
to their land robotics counterparts. The whole cognitive chain from sensing over perception, modeling,
planning to action has hence to be grounded under much more difficult conditions. This is actually the
most crucial constraint from the cognitive systems viewpoint.
The project has progressed very well with respect to its objectives. A overview of the different research
contributions is given in the following sections.
2
2.1

Simulator
Analysis of the Requirements and the Implementation Options

The simulator plays an important role in the project. It is designed with a double objective, first to be
used for prototyping and testing our research and developments, second as an appealing 3D graphical
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animation in order to enlarge the outreach of the results to a non technical audience. The core part of
the simulator is to be based on available visualization and physics packages, which have to be adapted
to the task of (underwater) robotics simulation. Using according packages facilitates the development
of the simulator and allows for appealing graphics in combination with good physics. It also eases the
challenge that the simulator has to be very efficient to allow for multi robot experiments.
The overall combination of the requirements suggests to look for a basis of the simulator, which makes
use of existing engines as much as possible. Different options have been analyzed and the results are
summarized in a white paper. The main decision was to build upon the Unified System for Robotics and
Automation simulator (USARsim).
2.2

Studying Dominant Effects for Realistic Simulations

Before introducing a team of cooperating Folagas AUVs in the simulated environment, the characterization of the dynamic model of one vehicle is necessary. Indeed a "‘realistic"’ simulation will be possible
only by considering in the most accurate possible way the dominant effects governing the vehicle’s dynamics. To this aim a set of different experimental tests on the robot (partially in lab and partially in
water) has been planned and is currently at an advanced state of execution.
2.3

Development of Core Simulator Parts

Figure 1: Overview of the registered underwater scene.
Based on the analysis of the different options, a decision was taken to start with an implementation
based on the Unified System for Robotics and Automation simulator (USARsim). It is a high fidelity
robot simulator [9, 4] that is built on top of the commercial game engine Unreal Tournament (UT) using
the Karma Physics Engine [14] and providing real time three dimensional visualization. It is currently
migrated by the whole user community from Unreal Tournament 2004 (UT-2004) to Unreal Tournament
3 (UT-3) as game engine basis. This migration on one hand leads to much better performance - especially
support of multi-threading as well as improved physics and visualization - but it also require major reimplementations of USARsim components. Figure 1 shows two screen-shots from the current version of
the Co3 -AUVs simulator.
3
3.1

Cooperative World Modeling
2D Mapping with Improved Fourier Mellin based Registration

The online generation of maps is one of the core foundations for intelligent cognitive functionalities
onboard of Autonomous Underwater Vehicles (AUV) [5], especially the generation of photo-maps also
know as mosacking. The related work done in the Co3 -AUVs project [7][6] is based on the postulation
the whole information in the images and not only features should be used to minimize uncertainties and
ambiguities in registration. Our approach is hence based on a variant of the Fourier Mellin transform for
image representation and processing. Our approach introduces two modifications to achieve a very fast
and robust method. First, a logarithmic representation of the spectral magnitude of the FMI descriptor is
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resolution
time (msec)

64
1.6

96
3.6

128
6.3

192
14.8

256
28.7

320
45.9

384
67.1

448
98.0

512
142.9

Table 1: Runtimes of iFMI (in milli-seconds) for different resolutions.
used. Second, a filter on the frequency where the shift is supposed to appear is applied.
Table 1 shows the computation times for different resolutions of images extracted from video input.
Please note that the registration is not only fast - allowing online registration - but that it also has a
fixed, clearly determined computation time - which is an other significant advantage over feature based
methods. Using different resolutions also allows to trade computation time with accuracy.

Figure 2: Overview of a registered underwater video from the Tisler cold water coral reef.

Figure 2 shows real time photo mapping based on a sequence from a movie taken by a vehicle passing
over a cold water coral reef1 . The main aim of this video was to monitor the recovery of cold-water coral
from the Tisler Reef, which lies along the Norway-Sweden border at a depth of 74 to 155 metres. The
Tisler reef is a relatively large inshore life reef dominated by the cold-water coral Lophelia pertusa. The
reef was first documented by ROV in 2002 and has later been mapped in detail. The mapping showed that
large parts of the reef had been damaged by trawling. Since then, the reef has been declared a protected
site and the recovery of the reef is monitored on a yearly basis using a variety of techniques including
video. Please note that we used the raw video dataset without any preprocessing or information about
vehicle motions or camera properties. The real time registration of images from the dataset into a photo
map that provides - admittedly a rough - qualitative overview was successful even without a camera
calibration.
(A)

(B)

(C)

(D)

Figure 3: Four examples of iFMI registration results on sonar data. Each sub-figure shows the
two input scans in different colors on the left and the result of scan matching on the right. Note
that the rotation is greater than 90 degrees in the examples (A) and (C). Please also note that
one wall is missing from one scan in example (B), but the scan matcher still succeeds.
1
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Figure 4: A map generated by iFMI scan matching from 35 sonar readings.
Our spectral registration method can also be adapted to real-time scan matching for sonar data. Figure
3 shows a few examples of matched scan pairs. It was tested on sonar data collected in an abandoned
marina in Spain (see [15]). Figure 4 shows a map generated by the data. While the resulting map is
similar to the one generated by state of the art methods previously used on the data, our approach is
significantly faster; especially, it is suited for real-time operations onboard of AUVs.
3.2

Simultaneous Localization and Mapping (SLAM) with Spectral Image Registration

A core challenge in probabilistic mapping is to extract meaningful uncertainty information from data
registration methods. While this has been widely investigated in state of the art scan matching methods
by on the Iterative Closest Point (ICP) algorithm and its many variants, other classes of registration methods have not been analyzed in this respect, yet. This holds especially for spectral registration methods,
which we consider particularly suited for marine mapping as motivated in the previous section 3.1. We
hence introduced an uncertainty analysis method for our improved Fourier Mellin (iFMI) based registration, which is embedded in a pose graph implementation for Simultaneous Localization and Mapping
(SLAM).
The overall approach was among others tested with a data set recorded off the coast of Sweden. It was
collected by a remote operated vehicle (ROV) and contains a video stream showing cold water corals.
The data is quite challenging for an image registration algorithm as fish, plankton, and the ground itself
all give rise to different flow patterns. Our results show that the iFMI registration algorithm is both robust
against such noise and generates covariance matrices usable for maximum likelihood mapping with the
pose graph.
An other experiment was conducted on data that has been recorded in a small pool used for testing
hardware at Jacobs University. The bottom of the pool is covered with sand and several differently sized
rocks. Conditions in the pool were not favorable as it was mostly taken over by algae and the ground was
barely visible through the green tinted water. However, since it was a very controlled environment, we
were able to collect data that contains many loops and is thus very suitable for mapping. Figure 5 shows
a map of the pool ground and rocks before and after optimization. The optimization of the pose graph
was finished after 5.25 milli-sec on an Intel Core i7 2.67 GHz. No parallelization of the optimization
algorithm was performed.

4

(a)

(b)

Figure 5: (a) An excerpt from an underwater image map generated with our SLAM approach,
before (left) and after (right) pose graph optimization. Note the blurred lower left part of the
map before optimization and the misalignment of two rocks (arrows). After optimization, the
map is visibly improved and the rocks are aligned properly. The effect becomes even more clearly
visible when only the first and last frame in the sequence is visualized (b)
3.3

Motion Segmentation for Object Detection

The iFMI registration/SLAM presented in the sections 3.1 and 3.2 has the important fringe benefit that
it generates a kind of video-stabilization also known as image- or camera-stabilization, or (ego-)motioncompensation. This means that the photo-mapping provides the video frames in a fixed coordinate frame
of the static environment despite the vehicle’s ego-motion.

Figure 6: The iFMI-registration and SLAM acts as a kind of video-stabilization, which can be
used to detect moving objects while the vehicle itself is moving. The above pictures show a
small fish that is segmented and tracked in the cold water coral data set.
It is well known that video-stabilization significantly eases vision processes on moving vehicles. Especially, it can be used as basis for object detection by motion extraction through differential images.
We tested in preliminary experiments that this also works with iFMI-registration and SLAM (figure 6).
Figure 6 shows results from applying this method to the cold water coral data set where fishes can be
successfully segmented and tracked by the moving vehicle.
3.4

3D Scan Matching for 3D Underwater Mapping

While 2D mapping is sufficient for open sea applications, there is a strong need for 3D models when it
comes to more challenging - but increasingly important - application scenarios in harbours, marinas, at
oil rigs, dams, i.e., at complex, typically man made structures. First of all, there is the need for suitable
sensor data acquisition. Second, SLAM has to be extended to 6 Degrees of Freedom (position and
orientation). Third, there is again the challenge to exploit a mutual information exchange to overcome
the limits in available underwater range sensor technology, but now with 6 DoF.
The very few work on underwater 3D sensing so far has mainly focused on stereo image data. Obviously
this has its severe limits for many practical application scenario where the visibility is very low. We hence
5

investigate the options of the currently emerging technology of 3D imaging sonars, concretely in form
of a Eclipse sonar from Tritech. The Eclipse is a 3D imaging sonar with multi-beam arrays operating
at 240 kHz. It has a range of up to 120 m and an aperture of 1202 . The sonar uses a beam-shaping
technology, which allows to electronically steer the beam. A selectable volume ahead of the sensor can
be illuminated, which is then converted in real-time in a range image. The Eclipse has a wide range
of different parameters allowing to trade for example resolution, accuracy, range, and especially update
rate. Please note that the speed of sound is significantly smaller than the speed of light; so, the update
rate is a much more critical aspect than for example for (3D) laser range finders. An other significant
challenge for 3D perception and mapping is the extremely high amount of noise.

Figure 7: Two views on the 3D map of the Lesumer Speerwerk in Bremen. It is generated from
registering 17 individual sonar scans.

Figure 8: An overlay of the topview on the 3D map of the Lesumer Speerwerk with the view in
Google-Earth.

Nevertheless, we succeeded in initial experiments with a newly developed approach to 3D scan matching
to generate 3D maps without any information about the sensor’s motion. Figure 7 shows an example of
a 3D map of a lock gate. The map is generated by only registration. The registered data consist of 17
sonar scans of the Eclipse. The individual scans have about 50 to 90 percent overlap and significant
amounts of noise. Each registration is done in 6 seconds using a non-optimized, preliminary MATLAB
implementation. The overall area covered by the 3D map is approximately 110 m × 70 m × 15 m. The
overall result shows a good correspondence with ground truth as indicated by an overlay of the top view
with Google-earth (figure 8).
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4

Cooperative Mission Execution

4.1

Cooperative Motion Control of Multiple Autonomous Marine Vehicles: Collision Avoidance
in Dynamic Environments
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(a) Collision avoidance: a group of autonomous sur- (b) A Functional architecture for Cooperative Misface craft on a data-gathering mission at sea.
sion Control

Figure 9: Collision avoidance and Cooperative Mission Control architecture
In this work, inspired by previous work on collision detection/avoidance and the work on cooperative
path following reported in [13], an integrated solution is offered to the problem of cooperative motion
control in the presence of moving obstacles. The solution proposed at this point is supported on an "eventbased" architecture, where the vehicles commute from a mission execution state to a collision avoidance
state. A collision prediction module acts as the trigger between states. During mission execution, the
architecture will naturally yield the following sequence of steps:
1. Upon detection of an obstacle by one of the vehicles, the latter will track the obstacle and adopt
a model for its motion (out of a finite number of possible models). Tracking of the obstacle will
continue until it gets out of sensor range.
2. Based on the model adopted for obstacle motion, and within a given time horizon into the future,
the vehiclet’s trajectory will be checked for possible interactions with the obstacle.
3. In the presence of an imminent collision situation, a collision avoidance mode will be activated
according to the type of interaction detected. The ensuing action can be either speed correction or
path re-planning, based on the type of situation encountered.
4. The original mission plan is resumed once an obstacle is labeled as harmless; as a consequence,
the vehicle goes back to its original mission plan.
4.1.1

An Architecture for Cooperative Motion Control

The architecture for cooperative mission control builds upon and extends the work described in [19] and
[1]. From a theoretical viewpoint, the problems that must be solved to achieve coordination of multiple
vehicles cover a vast number of fields that include navigation, guidance and control. Fig. 9(b) illustrates
the functional architecture adopted, consisting of three main components:
- Mission planner, where multiple vehicle parameters and goals are set and missions are formally
specified.
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Figure 11: Petri net representation of an architecture for cooperative control and collision avoidance.
- Agent, consisting of all the subsystems required for a vehicle to execute a required mission,in
cooperation with the remaining vehicles in the team. These include the vehicle itself (with the
corresponding dynamics), a local mission controller, and a communications module that connects
the vehicles to the inter-vehicle communications network.
- Environment, which subsumes all the environmental conditions that impact on multiple vehicle
mission execution (e.g., sea currents, waves, and acoustic communications constraints, to name
but a few).
The details of the architecture inherent to each of the agents are depicted in 4.1.1. The reader is referred
to [1, 12] for further details.
4.1.2

Cooperative Control and Obstacle Avoidance: an Overview

The cooperative mission control architecture described above is supplemented with a Collision Avoidance module, the related hierarchical organization is clarified in 4.1.2, as embodied in a Petri net. In the
presence of an obstacle at sensing range, the Target Tracking stage is launched and kept alive until the
obstacle is out of range. Target tracking provides for a model from which to derive the probable trajectory of the obstacle. Collision Prediction can then determine if a collision is imminent, and trigger the
transaction to the Collision Avoidance state. The Collision avoidance module then takes the necessary
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measures to ensure that collision is avoided.
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Figure 12: Team of vehicles facing a bottleneck situation, where velocity control is used to
achieve coordination
4.1.3

Simulation Results

The performance of the algorithms described in the previous sections was assessed through Matlab simulations. Fig. 12 shows the implementation of the Collision Avoidance System for a team of three ASC
performing a path-following mission. In this scenario, two of the team members perform path re-planing
to avoid collision with the obstacles and reach a "bottleneck" situation; velocity control comes into play
(Fig. 13) to prevent inter-vehicle collisions. The team moves past the bottleneck in a coordinated manner.
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Figure 13: Velocity correction output in a bottleneck situation, issued to achieve temporal
deconfliction of vehicle paths
4.1.4

NetMarSyS: A Networked Marine Systems Simulator for Hardware-In-The-Loop Testing of Cooperative Multiple Vehicle Control and Navigation Systems

The Networked Marine Systems Simulator (NetMarSyS) is a MATALAB/SIMULINK-based software
suite developed at IST/ISR for the simulation of different types of cooperative missions involving a variable number of heterogeneous marine craft, with due account for its dynamics. NetMarSyS grew out of
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the practical need to assess the performance of advanced cooperative and navigation control algorithms,
prior to system implementation and testing at sea. The kernel of NetMarSyS was first developed in the
scope of the EU GREX project. The simulation underwent substantial revision and expansion in the
course of the EU CO3AUVs project.

Figure 14: A three stage development process
4.2

Non-conventional geophysical-based navigation

	
  

Figure 15: AUV Navigation using bathymetric maps
During the first year of the project, the IST team (in cooperation with a former PhD study that is now
a researcher at the Univ. Aveiro, Portugal) did a very complete survey of geophysical-based navigation
methods. Furthermore, a thorough analysis was done of the results of simulations of geophysical-based
navigation systems that exploit the use of nonlinear particle filters, whereby measurements derived from
the terrain (elevation map and map of magnetic anomalies) are complemented with dead-reckoning data
based on Doppler and attitude/heading sensors. As an illustrative example, Figure 16 shows two types
of trajectories of an AUV over an underwater seamount with sufficient ”terrain richness”, as seen in
the contour lines of its bathymetric map; a corresponding geomagnetic map is not shown. Figure 17
shows how the rms of the position estimation error decreases with the use of combined bathymetric /
geomagnetic information.
Work has also progressed on extending the methods reported in [17, 18] to incorporate range measurements taken by an AUV with respect to an underwater beacon. To this effect, the challenging problem of
underwater navigation using a single beacon (or a transponder) was studied. Preliminary results can be
found in [16], where a solution to the problem of estimating the position of an underwater vehicle in the
presence of unknown ocean currents was proposed.
4.3

Human-vehicles communication and interaction

This task aims at the study of systems enabling safe, efficient, and comfortable execution of underwater
missions by scientific and commercial human divers. As such, it will produce theoretical and simulation
results, as well as practical implementation guidelines. So far, well advanced of schedule, the core of
the work done has been twofold: i) study and assessment in simulation (using the N etM arSyS simulation suite of IST/ISR) of a positioning system addressing a scenario where a number of multiple surface
10
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Figure 17: RMS of position estimation error using geophysical based navigation
vehicles must track the evolution of a diver underwater. The diver is equipped with a pinger that emits
an acoustic signal periodically. The vehicles compute the different times of arrival of the signal at the
hydrophones installed on-board and compute collectively the location of the diver underwater by resorting to a Kalman filter with due account for acoustic outliers and intermittent failures. This ”primitive”
(and other related ones that will be developed as the project unfolds) will be the corner stone upon which
to build the integrated system for ”Cooperative Control and Navigation of Multiple Marine Robots for
Assisted Human Diving Operations” (COOPROB DIV E) envisioned in the scope of the CO3AUVs
project; ii) preliminary study of the acoustic devices to be installed on board the tracking vehicles and
the diver(s). A number of tests with the Tritech Micron Data Modem carried out in Sesimbra, Portugal
have shown that it holds promise for future use in the project.
5
5.1

Cooperative Skills
Real-time distance evaluation with application to distributed localization of AUV teams

One contribution is an algorithm potentially capable of guaranteeing underwater Real-Time Ray-Tracing
(RT2), to be employed for accurate distance evaluations within a distributed localization environment for
AUV teams. The algorithm basically requires the a-priori knowledge of the sound velocity profile by part
of each team vehicle. Then on this basis a suitable arrangement of the associated non-linear sound-ray
propagation results available to each team vehicle; in such a way that each one of them can suitably use it
for accurately real-time evaluate the distance from an other team vehicle via time of flight measurements
11

and the exchange (via modem communication) of depth information only (i.e. ray arrival angles are
not at all detected, since this would otherwise mean endowing each vehicle with costly USBL devices).
Moreover, since the usage of such RT2 technique then reduces the underwater distributed localization
problem to its aerial analogous one; for which effective filtering techniques already exist for distributed
localization; these lasts could be therefore transferred, with equal effectiveness, also to the underwater
field. Thus substantially eliminating the high level of criticality generally posed by the anisotropy of the
underwater media

Figure 18: Conceptual configuration of the team localization scheme, in which localization is
obtained with respect to neighbouring vehicles and ultimately to the GPS-linked surface vehicles.
5.2

Behaviors for the relative localization

Coordinated control of marine vehicles poses challenging problems, among them the possibility to use
the vehicles, in addition to their nominal mission, also to achieve a relative localization task. To the
purpose, the use of a surface, GPS-equipped, vehicle and one or several underwater vehicles may be
envisaged. The latter can communicate among them by acoustic modems; those devices can also be used
as ranging measurement units thus providing an additional information that, together with the common
sensor equipment for marine vehicles, might be used for relative localization. This work investigates how
the vehicles’ movements can be commanded in order to help the relative localization by a proper analysis of the system observability and a corresponding proper definition of the vehicles movements; critical
situations for the relative observability, that corresponds to common movements, are then avoided. Numerical simulations on the mathematical model of the Fòlaga hybrid underwater vehicle confirm the
effectiveness of the proposed coordinated behavioral approach.
It is interesting to merge the two control problems: localization and coordination by properly programming the vehicles in order to implement relative localization algorithm and avoid singular configurations
in which those fail or, on the other hand, by adopting proper behaviors that improve relative observability. Figure 19 gives a sketch of the localization algorithm, one vehicle, equipped with a GPS, is traveling
at the surface while one or more vehicles, coordinated with it, are traveling under the water. The papers [3] and [2] further investigate this topic.
5.3

Behaviors for the catching

The study on the use of cooperative robots to execute a caging mission on the water’s surface is presented in this section. In particular, there will be used two robotic boats (under-actuated autonomous
surface vessels (ASVs)) connected with a floating rope, to “capture” a floating object from a known
location on the water’s surface and “shepherd” it to a designated position. This contribution focuses on
the cooperative control strategy of the two vessels. Each vessel’s behavior is governed by a supervisor software module that handles the communication with the other vessel and controls all elementary
tasks that compose the overall mission. The elementary tasks, specifically developed for under-actuated
vessels, are arranged by priority, and merged using a behavior-based approach, namely the Null-Space
based Behavioral control. A detailed description of this approach can be found in [8].

12

Figure 19: Sketch of the cooperative localization scenario.

Figure 20: Cooperative caging with surface vessels.
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5.4

Coordinated harbor protection

The security issue within civilian harbours has received an increasing interest, especially after the September 11 terrorist attack. Previous experiments on USVs where mainly performed in open sea or in waterways in absence of other unknown moving vessels. In a civilian harbour things are completely different
and more crucial issues arise: the ship traffic is intense and not completely under control; operations of
tourist or merchant ships cannot be delayed or affected anyway by the security vehicles, therefore the
manoeuvres of USVs must not perturb at all the normal harbour activities. Further there is a concrete
risk of collision with other vessels, with consequent risks of personal injuries and property damages.
Here a few details of the motion planner are described: The known static obstacles in the area are for
example the coast, islands, docks and so on, but also zones where the user decided to prohibit USV navigation inside. Planning a collision free path with static obstacles is well known in the robotic literature
and the visibility graph approach has been used, which is a consolidated technique in literature. After all
obstacles have been made polygonal (see Fig. 1), the resulting graph is then solved via the well known
Dijkstra’s Algorithm. The result of this operation is, for each destination vertex, an array that contains for
each vertex the next vertex to visit in order to optimally reach the destination. This structure minimizes
the amount of memory required to keep all the resulting paths available for use. Note that this operation,
whose cost is O(n2 ) in the number of vertexes, is only done once at startup.

Figure 21: Sketch representing the motion planner for the harbor protection.
To find the best path between two points S and G that are not part of the Visibility Graph, the only
operation that has to be done online is determining which points on the graph are connected to S and G,
which has a cost of O(n) in the Visibility Graphs number of vertexes. The result of this procedure is a
set of waypoints the vehicle has to follows in order to reach the goal.
5.5

Coordinated adaptive area coverage

This contribution addresses the problem of area coverage by a team of Autonomous Underwater Vehicle.
The case addressed is the one in which the area map is not known in advance but adaptively estimated
on-line by the vehicles themselves as they move along the area. The approach proposed is distributed,
i.e., the vehicles in the team exchange information among themselves and autonomously take individual
decisions on where to move next on the basis of the available information. Communication constraints
among the vehicles, in terms of communication range and bandwidth, are explicitly taken into account
by the algorithm, and can be dependent by the spatial position in the covered area. The work proposes a
series of algorithms for adaptive sampling with communication constraints in which the communication
constraints are expressed in terms of connectivity of the graph of the vehicles. Depending on the struc-
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ture of the graph (ordered serial graph, ordered tree graph, etc.) the algorithms take the structure of a
distributed dynamic programming approach or of minimum spanning tree graph searching.

Figure 22: Sketch representing an adaptive cooperative sampling.
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Conclusions

A short overview of the achievements in the first year of the "Cognitive Cooperative Control for Autonomous Underwater Vehicles (Co3 -AUVs)" project was given. This includes contributions to simulation, perception and mapping, mission control, and cooperative skills.
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