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HARNESS: A ROBOTIC SWARM TO EXPLORE AND PROTECT UNDERWATER MARINE COAST

This work describes a multipurpose underwater robotic system to be used for exploration, and surveillance of underwater marine coast environment. This system is a school of autonomous underwater vehicles (AUV): a swarm. Its development is currently work in progress in our laboratory in the framework of the HARNESS project (Human telecontrolled Adaptive Robotic NEtwork of SensorS) . Its object is the realization of an underwater multi body robotic system able to perform tasks in a faster and reliable way as compared to a single vehicle. Moreover a swarm is a more robust system with respect of a single machine; if a machine get lost the mission will be performed the same. A school of robot whose behaviour is like fish, can be equipped with a general and a more specific mission payload, to perform enviromental measurements. Different kind of sensor can be mounted on the robots. When a scout go to the surface the enviromental data will be transmitted, by satellite connection, to the server, saving the cost relative to ship use.

The key points of the HARNESS project are: the development of a novel underwater acoustic channel with very high performances in routing and data throughput capacities, the design of a reliable swarm control system based on a balance of centralized and distributed control and the development of an interface with the operator able to permit an interaction with the swarm as a whole. The project includes a demonstration with a limited number of physical vehicles and with a larger number of simulated ones. In a swarm the robots operate with a common objective and sharing the job workload; the lack of one member can be easily taken care of by redistributing the job among the others. This feature is especially useful if we consider as the swarm task the surveillance of submarine marine sites. Moreover a swarm can be considered as a whole thus offering the advantage of a simple way of interfacing with the human end-users, overcoming the problem of separately controlling a large number of individuals. The geometrical distribution of the members of this system is flexible and adaptable to the task and environmental characteristics. In the underwater world a severe limitation to our communications technology is perhaps the main drawback: the physical medium only permits acoustical channels, since electromagnetic waves are rapidly damped. Also the acoustical technology is heavily affected by a fast decay in the signal bandpass as soon as the distance increase, also for limited ranges. This limitation can be overcome by a suitable and intelligent spatial distribution of transmission nodes (the swarm members themselves), allowing an enhanced throughput of data through logical and physical routing. One of the aims of the project is the creation of an adaptation capability among individual, collective and communication behaviours of the swarm in order to maximize the performance of the system. The foreseen applications of this underwater swarm are in the safeguard of the underwater marine coast as facility where both scientist and laymen can explore underwater sites without "getting wet".

Introduction

The most interesting areas to explore and protect are those in proximity of the coasts and with depths ranging between 50 to 200 m. The use of underwater autonomous vessels or rovers has been experienced and proven to be useful in some cases, but generally expensive mainly because asks for the support of an equipped ship. This use in ocean surveys, inspections, pipe and cable tracking, has been well established in the field of marine engineering since many years [START_REF] Leonard | Autonomous underwater vehicle navigation[END_REF] .Marine robotics technology had a very quick increase in performance in recent years [START_REF] Nawaz | An Underwater Robotic Network for Monitoring Nuclear Waste Storage Pools[END_REF] and many autonomous underwater vehicle systems moved from the prototype stage to scientific, commercial, and military uses. An AUV must be considered as a real cost alternative to other available technologies, such as manned submersibles, remotely operated vehicles (ROVs) and towed instruments led by ships. Anyway many problems are still to be solved for a full competitively of AUV technology especially for the issues relevant to the power availability, information processing, navigation, and control. The benefits of using autonomous data gathering have to be compared against the difficulties faced by AUVs in power, sensing, information processing, navigation, and control. In fact untethered operations impose severe restrictions on power consumption and present challenging problems in intelligent control. An underwater vehicle may carry a large variety of sensors depending on the dimensions, the technology of the vehicle and the requirements of the mission. The use of a large number of very low cost mini AUV [START_REF] Yuh | Underwater robotics[END_REF] could limit the use of the expensive surface ships to the deployment phase, taking advantage of the parallel exploration to shorten times. The availability of a suitable robotic swarm could be relevant in many operations: surveillance of sensitive sites, fast exploration of relatively wide interesting areas. The concept of robot swarms is a study theme by the scientific community since several years. The realization of swarms of different numbers of cooperating robots has been successfully attempted, but in underwater environment it is still a challenge. Many of the difficulties coming from the unfriendly underwater environment are mainly focused on the problem of fast and reliable communication links. Swarm research has been inspired by biological behaviors, like the one of the bees [START_REF] Callmer | Silent localization of underwater sensors using magnetometers[END_REF] [START_REF] Dunbabin | Data muffling over underwater wireless sensor networks using an autonomous underwater vehicle[END_REF] since long time to take advantage by social activities concepts [START_REF] Khatib | Experimental Robotics: The 10th International Symposium on Experimental Robotics[END_REF] labor division, task cooperation and information sharing. A single-robot approach is affected by failures that may prevent the success of the whole task. On the contrary, a multi-robot approach can benefit by the parallelism of the operation and by the redundancy given by the usage of multiple agents. An advantages of the swarm, considered as a whole entity, lies in the possibility to parallelize very heavy computation. As example an image analysis to recognize landmark is a typical task that can be parallelize and distribute to the various machine, providing that an adequate communication network is available. In a swarm the members operate with a common objective, sharing the job workload; the lack of one member can be easily taken care of by redistributing the job among the others. This feature is especially useful if we consider, as application the discovery and the surveillance of submarine area. The HARNESS project aims at the realization of an underwater multi body robotic system able to perform tasks in a fast and reliable way. A swarm can be considered as a single body, offering the advantage of a simple way of interfacing with the human end-users and overcoming the problem of the control of a large number of individuals. The geometrical distribution of the members of this system is flexible and adaptable to the task and environment characteristics. In the underwater world the physical medium makes the acoustical channels as the most convenient one, since electromagnetic waves are rapidly damped. The acoustical technology has limited performances too, being affected by a fast decrease in the signal band pass (limited carried frequency) as the distance increase. The swarm technology allow to avoid this drawback by a suitable and intelligent spatial distribution of transmission nodes (the swarm members themselves, modifying the physical dispersion/geometry), adapting (See Figure 1 and Figure 2) and allowing the exploitation of ultra-high frequencies and an enhanced data transmission through logical and physical routing. One of the aims of the project is the study and implementation of different behaviors in the swarm, to generate a collective shaping as a response to environment stimula and to modifiy of the communication parameters in order to maximize the performance of the system. Optical communication also are take in account in some particular case. In the swarm there is no central brain, mainly because of the excess needs in band pass requested by such a brain. Instead each individual must possess an intelligent local control system capable to manage its choices according to the choices of the neighbors on the basis of the available data. Data coherence along the swarm, being affected by the position of the member and by the data propagation speed is also a research topic. A desirable issue is the system ability to adapt itself to the environmental characteristics, with special reference to the problems arising in the communication inter-individual and between the swarm and the human. These aspects are both related to the communication channel and to the geometrical distribution of the multi robot system [8]. In the underwater world there is an evident limitation to data throughput and temporal delay caused by the physical medium. 

Adaptation of a bird swarm to environmental need (food hunting)

1 What makes swarms especially is their capability to fill and control large volume of waters by means of a network of cooperating sensors and their capability to move in the most interesting zones, increasing density where there is a major need. They are also easily transportable and deployable in medium or large number of elements. The geometrical distribution of the members of this system is flexible and adaptable to the task and environmental characteristics. If the mission of the system asks for a greater dispersion in order to maximise the volume (See Figure 2,3,4) to be explored the communication bandpass could be slowed down and/or the main stream of the information can be differently balanced among the available channels (currently optical and acoustical) or possibly to Radio Frequency (in case of fresh waters for instance). If the priority is on the risk that the amount of exchanged information becomes inadequate to ensure the correct behaviour of the multi body, the system itself can physically react changing geometry despite of the drop in performances on the assigned task.
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Pipe configuration for fast exchange of data Figure 4.

"Ellipse" is a quite typical shape used in fish schools typically aimed at giving the most impressive "footprint" to possible predators, but it is also the result of the dynamical processes of arrangement of the school itself Figure 5.

"plane" geometry for parallela opertion. .

The prototype
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Low cost Venus AUV frontal view

We are dealing with a system thought as a swarm of about 20 object. The distance between robots are between 1 meter and 50 meter. Therefore the maximum distance possible between two robots is about 1000 meters, as very particular alignment case; the average value of the distances is about ten meters. maximum speed should be about 2 knots.

Technological challenges

The swarm control must balance the different needs of the operator on one side (e.g. the mission task) and of the single elements of the swarm on the other (e.g. obstacle avoidance, loss of communication link, etc.). This equilibrium can change depending on the assigned tasks, the survival risk associated to the operation of each robot and the risk associated to the loss of connection with rest of the swarm. Approaches currently under study to this aim include neural network techniques, fuzzy logic and genetic algorithms. In the swarm there is no central brain, each individual must possess an intelligent local control system capable to control its route on the basis of the available data. These data will be different depending on the position inside the swarm, the data propagation speed and, in special cases, by the role of some individuals (e.g. a scout going on surface for communication and localization by GPS). A possible quite efficient way to achieve this result is to organise a number of cheap, small units able to change their relative cooperation modes, geometries and other functional parameters by means of relatively simple rules that every member of the "swarm" has to follow (the Boyd swarm is a very famous example). Typical objective of these rules are the maintenance of group coeherence, the capability to follow a common target, the ability to avoid foreseen or unforeseen obstacles, the ability to share and use data perceived by all the group member. All these group behaviours allow in an implicit way, usually called "emergent behaviour" to fit at best with the surrounding environment. Four topics are identified as key elements of the architecture: Communication, Control, Localization, Teleoperation. Each of them will keep busy many people since long time so we shall give just a sharp look on their application in Harness project. Communication distinguishes at least three situation 1) fast data transmission rate on relatively long distances (High Speed Transmission); 2) the need to increase the swarm internal data exchange (High Swarm BandpassThe geometry is presumable disordered.

3) the need to maintain a disperse swarm configuration to accomplish wide area monitoring tasks (Wide Area Surveillance). In this case a Low Swarm Band Pass is probably acceptable. It is well known as the swarm control level and the local individual control level can originate conflictual situations relevant to the optimisation of global and local goals. The choice of the right strategy to manage and synchronise this multilevel adaptive system is still under investigation and will be explored in a much greater detail during the project development, but it clearly involves the definition of rules in explicit (expert system) or implicit (neural networks) form and should be capable of on-the-job learning. Three main control layers :The Communication control, the Swarm control and the Individual control. In addition a fourth layer is deputed to solve conflicts that can arise among the previous levels: The Arbiter The localization can be divided in three categories.Precision localization (i.e. in the arbor using fixed buoy), Rough localization (i.e. during navigation), Relative localization (Application driven). We also use three scenario: Structured environment, Free navigation, Close to objective. Teleoperatioon is an hard task to merge with the swarm concept. Therefore we prefer to say not teleoperation but TeleCooperation. Order are passed as needs with high priority in according with the philosophy of the swarm. A minimum set of instruments carried by the vessel are composed by Network communication, GPS, Depth meter, Inclinometer, Compass, Flash, Photodiode, Webcamera, Livery on the vessel surface and/ electric or magnet device. All this equipment is cheap and available. The network is a requirement that exist not only for the communications but must be used for data exchange and we are interest in its use like sonar ranging for Relative Localization. The network should be able to shift the working frequency from 100 to 1000 Khz (at least two frequencies). This number comes out from consideration on data rate and the use of the net as emergency ping or localization signal. The distance we want to cover (maximum 50 meter) and the data rate should be between 10 and 100 Kbytes/sec.

All the data available will be fuse and weighted with all the data coming from other instruments to be more precise in localization. More than an algorithm is desired, for example one more complex that use all the available data and one more quick using only a subset of data, depending on the operative conditions and on the kind of localization required. GPS is used for localization when a scout (single robot that have this task) is on the surface. At least a commercial depth meter must be present for Absolute Localization in one dimensions. A couple of inclinometer is useful to measure the angle of position with respect of the land. Another degree of freedom can be remove by compass; careful must be posed in case of the presence of magnetic disturbances. A photodiode is useful to get flash lamp sequence for light communication; as example a codified sequence could send the heading of the machine to the other (close neighbors) to adapt themselves. Therefore to transmit simply codified message by flash we can transmit a sequence; working on color or flash time it is more complicate, standing the use of a cheaper flash unit. In some cases we can arrive to obtain an optical modem. This is a very cheaper and light instrument, but give not information on the position of the light source. A webcamera must be used for image recording. Moreover together with an optical flash lamp. Using omnidirectional vision it is possible, with synchronized flash (or triggered by the first flash and using cumulative vision of few seconds) to get a qualitative information on the density of machine. Of course is not a metric information but the single machine can get the information if it is far or too left (for example) from the swarm. Moreover flash could be useful to rescue a single machine with difficult, together with a switch of the network toward lower frequency working to increase the range. The camera can be used also in the livery lecture for IRL for fast reaction movement, but it needs a computational job that must be simplified; image analysis is too much heavy. This last work could be done as batch as for SLAM distributing the computational cost on a parallelized machined (the swarm itself if the network is adequate). Magnetic sistema re under serious investigation [START_REF] Nara | A Closed-Form Formula for Magnetic Dipole Localization by Measurement of Its Magnetic Field and Spatial Gradients[END_REF] [8].

Conclusion

In this work we have explained as the Harness project could be useful for multipurpose use with particular attention to the localization problem. We propose a swarm of underwater cooperating robot The advantages lie in the economy of the method, the parallelization of the task and the robustness of the system. The disadvantage in the major control difficult of the swarm, owing to the presence of a new layer named as "Swarm control" which has different rules from the individual machine control. Many difficult are to be studied, especially in communication between the swarm elements owing to the unfriendly environment that limits the communication channel also if different methods are used. Principal challenges are overcome the problem of low data transmission bandpass, improve the monitoring capability, get an easy and fast supervised control by a human operator introducing an high level decision capability in the control loop and optimize the system behavior in different environments to improve the robustness and the reliability of the system
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 1 Figure 1. Cylinder shape obtained by the internal rules of a swarm, usually reaction to a threat by an hunter.
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  and 7 the Venus prototype, realized in our laboratory, is showed. Its characteristics are the following: Max depth 100m; Max speed 2 Knots; Weight about 20 Kg; Autonomy 3hrs ; Dimensions 1.20mX0.20m diameter. Standard sensors include a stereoscopic camera, sonar, accelerometer, compass, depth meter, hydrophones side-scan sonar.
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