
1. Publishable summary 

Imagine a world where we could just spread a number of sensor nodes in the water, some 
on the sea floor, others floating at different depths, and these devices were able to talk to 
each other, autonomously organize themselves into a network, exchange data, identify 
regions or resources that are experiencing some phenomenon of particular concern to the 
user, and eventually deliver this information to one or more collection points where it can 
be easily and cheaply accessed or transmitted. A network in which if, for any reason, a 
component failed the other network components could understand it and just reorganize 
into a different topology with no critical consequences. 

Imagine a scenario where autonomous underwater vehicles (AUVs) can travel through 
such systems, and by dialogue with the various sensors download the data and bring it 
back ashore for the scientists to examine. Where data is continuously processed and 
disseminated in real time, thereby providing a live view of what is happening. Imagine 
swarms of these AUVs traveling around in a coordinated way to accomplish a common 
mission, while exchanging data and being guided together from a remote location. 

Although it may sound like science fiction, today’s technology is in fact very close to 
making all these possible by opening up new ways in which we learn and understand the 
complexity of submarine life, and we can monitor waters and coasts. The key missing 
ingredient for turning this vision into reality is the availability of an effective and 
cooperative underwater sensing, reasoning, and communication platform, which makes 
possible for sensing and actuating devices to exchange data, network together, and 
collaboratively and locally asses their observation environment and act upon. This is the 
role that CLAM will play. 

Unlike other projects offering sensor network solutions for underwater that address either 
communication or networking, CLAM deals with the entire system design by developing 
low power acoustic sensors as well as sensor platform and by encompassing all layers of 
the protocol stack. In particular, we will focus on physical layer design and processing 
techniques but also to their cross-layer integration with MAC, topology control, beam-
forming and clustering, data handling, distributed processing and reasoning. This will 
result in a complete solution for collaborative embedded monitoring and control platform 
for submarine life. 

The ultimate goal of the CLAM project is to develop a collaborative embedded 
monitoring and control platform for submarine surveillance by combining cutting edge 
acoustic vector sensor technology and 1D, 2D, and 3D sensor arrays, underwater wireless 
sensor networks protocol design, advanced techniques for acoustic communication, new 
solutions for collaborative situation-aware reasoning and distributed data and signal 
processing and control for horizontal and vertical linear sensor arrays. 

The CLAM platform will be based on underwater wireless sensor networks made of low-
cost acoustic particle velocity sensors measuring acoustic quantities, which cooperate with 
each other to sense the environment, and which communicate real-time information to the 
users about risks, hazards and events of interest. Sensor measurements will be combined 
both horizontally and vertically and collaboratively processed through distributed 
situation-aware algorithms and reasoning mechanisms. 



Communication of information under water is performed via a hybrid network combining 
multi-hop underwater acoustic communications with cabled communications (whenever 
available). Collaborative beam-forming will also be considered as an option to improve 
link reliability or bridge otherwise disconnected network portions. The resulting 
underwater monitoring platform is then interconnected with centers where the information 
is stored and processed. 

The CLAM project will provide a constructive solution to the technical problems of 
meeting requirements of various underwater applications. This will entail the development 
of low power acoustic sensors, sensor platforms, and very innovative monitoring, 
communication and distributed processing and reasoning schemes at all levels, which will 
make such an effort unique worldwide. 

1.1 CLAM’s scientific objectives 

CLAM’s scientific objectives are: 

 To advance embedded systems and wireless sensor network technology driven by the 
particular needs of harsh underwater environment monitoring. 

 To develop an architecture that provides an energy-efficient, robust and accurate solution 
for fine-grained and online monitoring of submarine life. 

 To develop a generic platform for the development of miniaturized, low-cost and robust 
sensor platforms that can be used both for collaborative monitoring of acoustic quantities 
of the underwater environment and as active communication transceivers.  

 To design, develop and evaluate a robust and compact underwater wireless sensor network 
communication protocol stack for submarine surveillance. 

 To lay down a robust and scalable platform for collaborative networking and distributed 
data and signal processing, situation assessment, reasoning, and event detection for online 
submarine surveillance enabling learning, adaptation, and self-organization of 3D sensor 
arrays.  

1.2 Scientific, Economic and societal Impact 

Scientific, economical, and social impacts of the CLAM project include: 

 developing a generic platform for  development of miniaturized, low-cost and robust 
underwater sensors platforms;  

 developing and evaluating a robust and compact underwater wireless sensor network 
communication protocol stack for submarine surveillance; 

 laying down a robust and scalable platform for collaborative networking and distributed 
data and signal processing, situation assessment, reasoning, and event detection for online 
submarine surveillance enabling learning, adaptation, and self-organization of 3D sensor 
arrays; 

 giving Europe and the European Industry the capability to play a leading role in an 
emerging market which is still in its infancy; 

 enforcing the position of Europe in underwater monitoring that currently is behind the US; 
 creating economic opportunities by opening up new possibilities in the underwater 

monitoring applications and creating new opportunities for the market; 
 addressing underwater societal concerns such as security, productivity, and quality of life. 



1.3 Work performed since the beginning of the project & the 
main results achieved so far 

Within the first year of the project life-time, in addition to thorough analysis of the state of the art 
solutions regarding underwater communication, networking, and processing protocols (including 
beam-forming) as well as underwater hardware platforms, transducers, and sensors, a number of 
important achievements have been made such as:  

 First design of a small and relatively cheap underwater sensing and communication 
platform, which is easy to deploy, can be wirelessly debugged, reprogrammed, and 
reconfigured, has integrated low power Hydroflown sensor to measure the acoustic 
particle velocity instead of pressure (this is a feature which enables directionality), and 
supports cooperative MIMO and beam-forming to achieve higher throughput and fast and 
reliable communication; 

 Advancing development of particle velocity sensors and their packaging for underwater 
deployment; 

 First design of networking protocols for underwater sensor networks; 
 First design of a unified simulation framework; 
 Various real-world experiments. 

2. Core of the report for the period: Project objectives, work 
progress and achievements, project management  

2.1 Project objectives for the period 
Objectives of the first year of the project include: 

 Identification of underwater applications and use cases and their requirements 
 Initial specification of architectural components of a distributed embedded monitoring 

system for underwater environment 
 Advancing the development of the Hyroflown and initial development and evaluation of 

Hyroflown’s packaging 
 Review of state of the art of existing channel models and PHY, analysis of their design 

criteria and identification of key environmental parameters for the purposes of protocol 
design 

 Review of state of art of underwater communication and networking solutions including 
MAC, routing, data aggregation, time synchronisation, and localization protocols, as well 
as hardware and software modules followed by identification of current gaps and 
shortcomings to realize CLAM’s use cases and applications 

 Cross-layer impact analysis of existing communication and networking protocols 
 Creation of an open framework for easy integration of the protocol solutions developed in 

CLAM as well as more timely logging and debugging 
 Assessment of mobility models for AUVs and topology control mechanisms 
 Initial specification of CLAM’s simulation framework 
 Dissemination and exploitation of project results 
 Ensuring high quality and smooth operation of the project 

 

In what follows, we highlight progress and achievements of each task in the reporting period. 



2.2 Project achievements in the reporting period 

2.2.1 WP2: Application Requirements and Architecture 
Specification 

The activities with WP2 have been dominated by the work on deliverable D2.1, which is an 
important specification platform for the realization of the CLAM main objectives. Almost all 
CLAM partners are active in this WP.  

Within the first year of the project and in accordance with objectives of WP2, a 
comprehensive list of the different types of foreseen underwater acoustic networks and 
applications have been analysed. The list is divided into 6 application classes ranging 
from dense to sparse deployments and from elastic to strict real-time applications. It is 
observed that, even for oil pipeline monitoring, with evenly spaced underwater nodes, the 
different applications might call for Class 2 up to Class 6 requirements. 
 
Deliverable D2.1 outlines the software protocols to be implemented in CLAM (within 
WP3, WP4, and WP5) for the main application domains addressed by CLAM (oil rig 
monitoring, and possibly also CO2 storage), and also the hardware functional 
components. CLAM’s networking and communication solutions will adapt their 
behaviour to the current application class (differing between time insensitive and sensitive 
packets), channel conditions, current traffic load, and topology changes. The overall 
system architecture will be specified and evaluated in later stage of the project.  
 
The current status of deliverables and milestones of WP2 is as follows: 

Deliverables 

 Finished 
- D2.1: Application requirements and use cases & Architectural specification (M14) 

 Upcoming 
- D2.2: CLAM Architecture (M38) 

 

Milestones 

 Finished 
- MS1: Application requirements and specification (M8) 
- MS2: Pre-design of architecture including up-date of resource allocation for 

experiments and validation (M12) 
 Upcoming 

- MS3: Revised architecture Design (M26)  
 

2.2.1.1 Task 2.1: Application requirements and use cases (leader: 
KM) 

Within this task, a number of applications of underwater sensor networks have been identified. To 
be able to classify these applications based on their commonalties, a set of criteria have been 
defined. Using node density and application latency requirements as normative measures, six 
underwater application classes were defined alongside their operational, functional, and user 
requirements. This classification is subject to evaluation, which will be performed throughout the 
project lifetime and the degree of belongingness of each application to each class and its 



corresponding requirements will be modified. The overall goal is that the defined classification 
can assist the research and development of future underwater sensor networks through availability 
of a more ‘to-the-point’ specification and requirement analysis. It is also expected to assist in pin-
pointing research topics that need to be addressed. 

The CLAM project will focus primarily on oil rig related applications (and to some extent on CO2 
storage related applications as well). Therefore, functional requirements analysis of different 
layers of the protocol stack, the hardware platform and the software components for oil rig 
monitoring application has been performed. 

In the reporting period, an initial version of hardware and software architecture specification of the 
CLAM project has been specified, which is subject to evaluation and revisions, as the project 
progresses and more is learned from real-world experiments as well as results of the technical 
workpackages. 

In the preparations of deliverable D2.1,  a shift of work load from KM to SINTEF took place due 
to temporary short hand of personnel from KMs side.  

2.2.1.2 Task 2.2: Architectural Specification (leader: SINTEF) 
In this task, the architecture components, topology, operational cost, and future directions of 
underwater sensor networks shall be investigated. During this period, the following main activities 
have been performed: 

 The underwater acoustic network impairments and constraints have been discussed and 
reported in D2.1. The most significant ones (latency and network density) were made 
normative for the definition of application classes, based on which the following six 
classes were defined:  
- Class 1 — DTN 
- Class 2 — Elastic multi-hop 
- Class 3 — Elastic dense 
- Class 4 — Real-time multi-hop 
- Class 5 — Real-time dense 
- Class 6 — Real-time loss-intolerant (dense) 

 Class 1–3 networks can support elastic applications, while Class 4–6 can support real-time 
applications. Dense networks can provide direct links between sources and sink, while the 
other networks must provide multi-hop. Class 1 (DTN) is a very sparse deployed network 
where mobility is needed to diffuse the information from source nodes to the sink. 

 A possible architecture specification has been discussed and reported in D2.1. DEI and 
URM are responsible for the protocol design, while KM is main contributor on physical 
layer. UT is taking part in the hardware platform hardware and software architecture 
specification.  

 The network topology possibilities are discussed and included in D2.1. Concerning oil 
pipeline monitoring application, it is believed that a 1D network topology is sufficient to 
convey pipeline sensor data to oil rig control station. Still, 2D and 3D network topologies 
may be attractive for monitoring the oil-rig itself. The MAC and routing protocols will be 
tailored with this in mind, and still be adaptive for dynamic channel and traffic load 
conditions.  

 The defined HW platform, consisting of KM modems and Gumstix-based host computers 
(for layer 2 upwards), will support a modular approach, while maintaining cross-layer 
optimization possibilities. The HW functional specification is given also in general, to 
support dedicated platform customization. 

 



2.2.2 WP3: Underwater Monitoring & Control Platform 
Up to now all the three tasks of WP3 are on schedule. Deliverable D3.1, in which current trends and 
state-of-the-art in terms of channel modeling, physical layer design, and beam-forming have been 
reviewed and their shortcomings have been identified is now finalized. Several initial sensor packages 
have been made and tested for packaging the Hyroflown sensor. Through a close collaboration 
between partners, many efforts in the reporting period have been directed towards the design and 
development of a new underwater platform, which has the following characteristics: 

 is relatively small, low cost, and easy to deploy 
 integrates low power Hydroflown sensor, which measures the acoustic particle velocity 

instead of just the pressure and by doing so enables directionality 
 has integrated and built-in sensing and communication capability 
 supports cooperative MIMO and beam-forming to achieve higher throughput and fast and 

reliable communication 
 can wirelessly be reprogrammed and debugged 

 

The current status of deliverables and milestones of WP3 is as follows: 

Deliverables 

 Finished 
- D3.1: State of the art on channel modeling, PHY design, and beam-forming (M09) 

 Upcoming 
- D3.2: Propagation and PHY models and collaborative beam forming for networking 

studies (M24) 
- D3.3: Final prototype of the acoustic particle velocity sensor (M28) 
- D3.4: Node platform and communication mechanisms for underwater monitoring (M32) 

 

Milestones 

 Finished 
- MS4: Initial packaging (M12) 

 Upcoming 
- MS5: Initial prototype of node platform to be tested in diving center (M18) 
- MS6: First prototype of node platform for underwater monitoring (M27) 

 

2.2.2.1 Task 3.1: Low-power acoustic sensors for underwater 
deployment (leader: MT) 

This task is mainly the responsibility of MT. Up to now many laboratory-based tests have been done 
to investigate the conditions of acoustic particle velocity sensors for underwater monitoring purposes. 
The optimal properties of the surrounding liquid that protect the sensor against short-circuiting have 
been studied. From these tests, it has been become clear that achieving the highest signal-to-noise ratio 
is an important issue. The properties of the liquid surrounding the sensor can have a big impact on its 
acoustic response. The influence of, for instance different fluid types, the effects of changing viscosity, 
and absolute pressures inside the sensor housing have been investigated. Different sensor 
configurations have been tested to determine why noise of the sensor self is typically higher when the 
voltage is increased. It seems that it is partially related to vibration of the wires. 



In addition, several initial sensor packages have been manufactured in accordance with achieving 
milestone MS4. Some early versions were not so successful, but provided great insight in terms of 
finding the right shell material, optimal fluid and sealing for preventing leakages while having the 
optimal acoustic properties. 

All in all, task 3.1 is well on schedule. An initial version of an acoustic vector sensor probe that is to 
be connected to the Kongsberg modem is soon to be finished. 

Deviations with respect to DoW 

Commercial underwater node platforms are not open and it became clear that it is difficult, if not 
impossible, to test CLAM’s developed networking and communication platforms on existing 
commercial platforms. Also their high cost and large size made performing real-world experiments 
with them not feasible. Therefore, even not foreseen before, CLAM partners decided to design and 
develop a new underwater platform which is much smaller, easier to deploy, cheaper, and is open and 
supports re-programming and debugging. To this end, extensive efforts have been directed towards 
requirements analysis for the newly designed node platform in terms of hardware and software 
components as well as initial design of an efficient hardware and software architecture, which 
integrates sensing and communication and supports beam-forming. It is expected that the first 
prototype will be ready in the next coming months and will be tested before end of the year. In case of 
success, this new underwater platform can be quite unique. 

2.2.2.2 Task 3.2: Node platform for underwater monitoring and control 
(leader: KM) 

Although it was not foreseen in the proposal, due to many problems encountered to test the designed 
protocols and to perform real-world experiments with commercial platforms, it was decided to design 
a new underwater node platform. In case of success this will have a huge exploitation impact for the 
project. In the reporting period, CLAM’s node platform has been detailed out in collaboration between 
the partners. The node design includes a SISO- and MIMO modem, sensing capability with the vector 
sensor for passive listening of acoustic and finally an embedded single board computer (Gumstix). The 
node is realized by adding a dedicated top section module to a KM cNode in addition to offering space 
for the above components also giving battery and a release mechanism for easy deployment and 
retrieval. In Figure 1, the CLAM node with the top section attached is shown. The figure does not 
show the vector sensor and the 16 MIMO transducers. Debugging under water is made available 
through an Ethernet connection. Underwater connectors are visible on the side wall of the (grey) top 
section module. The SISO transducer is the red part on the top while the release mechanism is on the 
low end. Figure 2  depicts the floating collar of which the CLAM node will fit inside. MIMO 
transducers will be of the type in Figure 3 and a CLAM node will have 16 of these transducers.  

Within the scope of this task, a hardware-architecture document has been written, and the mechanical 
design of the first version of the top section module has been completed. Software work includes 
implementing the SISO-modem interface protocol and defining the software structure of the MIMO-
modem. 

Task 3.2 is assessed to be on time. No critical issues are to be reported at this time. 



 

Figure 1 The first version of the CLAM node platform for underwater monitoring and control (Length 1160 mm, diameter 
138 mm) 

 

Figure 2 Floating collar (870x455x358) and MIMO transducer of which there will be 16 on the node 

 

 

Figure 3 MIMO transducer (55x47) with frequency band from 23-31 kHz. 

2.2.2.3  Task 3.3: Collaborative beam forming (leader: MT) 
For Task 3.3 the main achievement has been the contribution to deliverable D3.1, in which the current 
advances of beam-forming techniques applied to particle velocity probes in air are described and the 
potential benefits for usage under water are illustrated. The acoustic particle velocity sensors are 



fundamentally different from hydrophones because of their broad band directionality. To this end, 
beam-forming techniques based on multiple acoustic particle velocity sensors per node (combined 
with hydrophones) could have advantages in terms of reducing the channel count and the size of arrays 
and/or extending the low frequency limit. In the following months, different beam-forming principles 
will be developed and evaluated. 

Task 3.3 is assessed to be on time. No critical issues are to be reported at this time. 

2.2.2.4 Task 3.4: PHY characterization and modeling (leader: DEI) 
DEI and URM have been collaborating on the evaluation of environment-adaptive routing policies for 
3D underwater acoustic networks. The focus of the work was to show that if routes are chosen using 
proper channel quality criteria, the effects of the environment on the communications performance can 
be profitably leveraged, and that the adaptation rate required is quite low and feasible to be supported 
by the transmission capacity of underwater networks. This study led to a paper presented at IEEE/OES 
Oceans 2011. 

DEI has been collecting channel power gain statistics via simulations using the Bellhop ray tracing 
software. These statistics are expected to be useful to derive a characterization of the channel 
behaviour as a function of the position of the source and receiver, as well as of the environmental 
parameters being considered. Heuristic policies for routing based on such statistics have been designed 
and proven to perform well compared to fully channel-aware schemes, leading to a conference paper 
to be presented at MTS/IEEE Oceans 2011, Hawaii, USA. 

Task 3.4 started offering an overview of channel models and PHY design criteria of interest in CLAM 
(which converged into D3.1), and is currently proceeding towards further identification of key 
environmental parameters for the purposes of protocol design. International collaborations are being 
leveraged to improve the capability of the simulation software in use to emulate real phenomena such 
as surface waves. This will improve the quality of the results and make them more realistic, thus 
contributing to a successful and more effective protocol design. 

Task 3.4 is assessed to be on time. No critical issues are to be reported at this time. 

2.2.3 WP4: Collaborative Networking & Processing 
WP4 has achieved substantial progress during the first year, and has laid a solid foundation for the 
activities to come in the following months. In particular, topics covered during the first year includes: 

 Review of the state-of-the art (SoA) in terms of protocol design for MAC, routing, and higher 
network layers. All partners contributed to a comprehensive literature scan converged into 
D4.1, aimed at synchronizing the research team to the same common ground. This review 
represents a good starting point explaining what has already been done and how CLAM’s 
research activities in terms of protocol design will go beyond the SoA. In particular, protocols 
whose behaviors match the underwater acoustic channel are identified as primary elements of 
novelty in CLAM’s research. The realization of a complete stack being able to support 
different application requirements and including all aspects of networking from the MAC 
level to the application level (possibly including cross-layer interaction) is also a key activity 
in this respect. 

 Channel-aware protocol design: the impact of the channel on the quality of communications in 
the presence of several different environmental parameters has been assessed; the results of 
this analysis have been and will be employed to the design of MAC and routing policies to 
fulfill the requirements posed by the environment they operate in. Preliminary results are 
already available in this regard. 



 Optimization of protocol parameters: several comparisons has carried out to understand 
whether the performance of known MAC and routing protocols for underwater networks can 
be improved by properly setting some of their parameters. 

 Extension of protocols with further functionalities and integration of protocols: the interaction 
of MAC and error control has been investigated and has resulted in an adaptive protocol. This 
is expected to provide good performance at the link level as well as when multiple, error-
controlled links operate in a multiuser network. Channel coding has also been evaluated via 
simulation. These results can shed some lights on convenience of link-level error control as 
opposed to end-to-end error control. This is an issue, which is also being discussed in D2.1. 

 Mobility support: the architectures of typical AUVs have been considered, in order to integrate 
them with the communication modules developed in CLAM. 

 Simulation software selection: the ns2-Miracle framework has been selected as the software of 
choice for the simulation of the networking protocols in CLAM. The activities in WP5 will 
leverage on the same software to reuse protocol modules in real communications experiments. 
Ns3 is also being explored as a side activity. 

 Flexible protocol architecture: several activities have been performed to create an open 
framework allowing easy integration of the protocols developed in CLAM, as well as more 
timely logging and debugging. 

 

The second year of CLAM will entail stronger interactions between the partners as a draft of the 
protocol stack will be wrapped up for MS7 (due M18). No critical issues in this regard are to be 
reported at this time. 

The current status of deliverables and milestones of WP4 is as follows: 

Deliverables 

 Finished 
- D4.1: State of the art on networking and distributed processing and exploitation of 

mobility and heterogeneous systems for improving system performance 
 Upcoming 

- D4.2: Underwater networking protocol design (M20) 
- D4.3: Cross-layer collaborative processing and reasoning protocol design and evaluation 

(M28) 
- D4.4: Complete networking and processing protocol stack (M34) 

 

Milestones 

 Upcoming 
- MS7: Initial specification of collaborative networking and processing protocols (M18) 

 

2.2.3.1 Task 4.1: Distributed MAC design (leader: DEI) 
In Task 4.1, several studies have been carried out on the MAC design, being one of the fundamental 
primitives in any network, This includes a comparative performance evaluation of different MAC 
protocols (DACAP, CSMA-like, TLohi, PDAP) proposed in the literature; a comparison between the 
simulated performance of MAC protocols and experimental data (based on a preliminary 
experimentation using different MAC implementations); CSMA-based random access has been 
identified as a good candidate for general purpose scenario (although some adaptation of the protocol 
mechanisms is in order for specific application and use cases). Error control schemes have been 
coupled with MAC protocols in order to provide link-layer reliability, as end-to-end reliability of TCP 



may not be feasible in underwater acoustic networks. Analytical models have been considered to 
optimize the performance of the protocols without requiring long simulation campaigns. 

A comparative description of several MAC protocol approaches has formed a starting point for the 
above studies and is included in D4.1. 

Task 4.1 is assessed to be in line with its objectives and DoW. No critical aspects are to be reported at 
this time. 

2.2.3.2 Task 4.2: Routing protocol design (leader: DEI) 
An evaluation of the impact of the channel on the performance of routing has been started and is 
currently ongoing. First simulation efforts were carried out in this regard, which had required input 
from WP5 in terms of better models for the evolution of environmental parameters. Such models have 
been implemented in the simulation software and employed to generate more realistic results. The 
outcome of this work is being leveraged to design and evaluate routing policies that adapt to the 
environment and to the channel dynamics, without requiring excessive overhead to do so. 

Starting from the observation that it is possible to predict the zones where the channel offers the best 
link quality (expressed, e.g., in terms of a high probability that the SNR is above a given threshold), 
some heuristic routing policies have been designed to exploit this knowledge. The advantage of these 
policies is that they are localized, do not require full channel awareness, and yield results similar to 
those obtained in the presence of complete channel knowledge.  

The effects of TDMA and CSMA based scheduling techniques on an underwater routing protocol also 
have been studied. To this end, a study of different scheduling and retransmission techniques has been 
performed to analyse their energy consumption, packet delay and packet loss. This analysis was 
carried out by means of simulation using the Network Simulator 3, in order to assess whether or not 
the software package is suited for the project. These analysis similar to those described above will be 
extended towards the specification and implementation of a full-fledged routing protocol during the 
second year of the project 

A comparative description of existing routing approaches has formed a starting point for the above 
studies and is included in D4.1. 

Task 4.2 is assessed to be in line with its objectives and DoW. No critical aspects are to be reported. 

2.2.3.3 Task 4.3: Error resilient topology control and mobility support 
(leader: CINI) 

Analytical and simulation activities have been performed to reach an in-depth understanding of the 
trade-offs associated with changing area size, node density and topology. Metrics have also been 
defined to be able to compare performance (through normalizations) when changing scenarios. 

A solution integrating MAC, fragmentation and an ARQ scheme has been proposed and  shown to 
lead to significantly improved performance.  

Currently investigation of mobility support is ongoing. Partners have started an investigation to assess 
the problem of efficient data gathering from a fixed underwater sensor network by means of a mobile 
platform. Work has also been directed toward the implementation of mobility models to help 
simulating more realistic behaviours in underwater networks of mobile objects. In particular, the 
implementation of a 3D correlated mobility model has been completed.  A thorough investigation of 



commercial AUVs, their requirements and constraints has also been started to understand how they 
can be used in the context of CLAM network and how to be integrated in mobile platforms 
communication modules developed within the project. 

Task 4.3 is assessed to be on time. No critical issues are to be reported at this time. 

2.2.3.4 Task 4.4: Situated awareness & distributed event detection 
(leader: UT) 

The work in this task in the reporting period has been mainly directed towards (i) analysis of existing 
time synchronization, localization, and aggregation techniques to ensure availability of enough spatial, 
temporal, and sensor data for collaborative distributed data processing, (ii) impact analysis of various 
TDMA and CSMA scheduling and retransmission techniques to ensure reliable and fast data delivery 
which is needed for situation awareness and in presence of occurrence of out-of –ordinary situations, 
and (iii) specification of an software architecture for the newly designed CLAM underwater node 
platform including the network protocol stack, which is able to provide communication and 
networking modules to support situation awareness. Currently there is no standard for underwater 
communication protocols, therefore the focus has been put on designing an open framework for the 
network protocol stack, which allows easy implementation, debugging and logging of custom 
protocols. Work performed in this task has partially contributed to the deliverable D4.1.  

Related to impact analysis of TDMA and CSMA, the simulation results show that CSMA-based 
retransmissions offer the lowest packet lost ratio at the expenses of high delays and increase of energy 
consumption. These strategies can be used when the packet error rate cannot be estimated hence, it is 
impossible to calculate the number of necessary backup transmissions. TDMA approached with 
acknowledgements also display interesting results. When no acknowledgement packet is sent back, 
cluster heads are able to save energy but, this energy saved is used by the leaf nodes to do the 
retransmissions. Given the energy consumption of the underwater networks, where the transmission 
state is more expensive than the reception state, the transmission overhead has to be carefully planned 
for energy-aware protocols.  

The initial specified architecture of CLAM’s platform consists of four building blocks, i.e., sensing, 
networking, baseband processing, and signal transmission. The sensing component aims to provide 
underwater applications with data about physical, chemical, and biological properties of underwater. 
Different types of sensors including hydrophones, temperature, depth, velocity of current, and salinity 
can be used to monitor under water parameters. Network protocols include MAC, routing, time 
synchronization, and localization to enable data exchange and time/space tagged data collection in 
underwater sensor networks. MAC protocol provides an efficient way to share the underwater 
communication channel while routing protocol provides an understanding of when and where data is 
acquired. Signal conditioning, modulation, and beam-forming are a few examples of functionalities to 
be offered by the baseband processing component of CLAM platform. Transducers are used to 
transmit and receive acoustic signals. 

Work performed in Task 4.4 is in accordance with task objectives. 

2.2.4 WP5: Simulation, Integration and Experimental Validation 
During the first year of the project activities in WP5 have been very intense, exceeding what had been 
foreseen in the project proposal and DoW.  



 Several existing simulators of underwater acoustic networks have been considered and 
compared and Ns-Miracle WOSS has been selected as basis for CLAM simulation 
framework. The channel model of the proposed framework has been improved.  

 A new simulation/emulation/testing framework based on the selected Ns-Miracle WOSS 
architecture has been designed. Using the developed framework novel or existing 
communication protocols can be easily implemented and tested by means of simulations. The 
same code can be used in emulation environments and to run protocols in real-tests in water 
without any code rewriting.   

 Extensive experiments have been performed, in collaboration with NURC and WHOI, where 
the simulation/emulation/testing framework has been tested in more and more evolved and 
well performing versions and communication protocols performance has been 
experimentally validated.  

 During the first months of the CLAM project, activities related to the design of a new node 
platform have been conducted and this new platform is currently under development. This 
platform will integrate particle velocity sensors from MT, KM transducers with an FPGA 
system or KM acoustic modem, and the networking protocol stack running on Gumstix (the 
latter component is basically what has been extensively tested so far at sea- see previous 
bullet). First tests have been performed to assess performance of the considered transducers. 
Sensor housing has been investigated. A surface buoy to use in the upcoming experiments has 
been assembled.  

 

In terms of deliverables during the reporting, period D5.1 has been completed and delivered on time. 
This deliverable now provides a SoA review of existing simulators, the selection of a given simulator 
as starting point for the design of CLAM’s one, the identification of the needed extensions. The 
deliverable also discusses existing emulation  and testing frameworks and activities. It presents CLAM 
activity on the design and implementation of a simulation/emulation and testing framework. Finally 
the last part of the deliverable addressed models of the CLAM hardware which need to be reflected in 
the simulator and interfacing of the different node components for real-life tests. 

Deviations with respect to DoW 

Partners had the unforeseen opportunity to use experimental facilities of international institutions 
outside the project partners (specifically Woods Hole Oceanographic Institute and NATO Undersea 
Research Centre testing facilities) to start performing real-life experiments on communication 
protocols from the very beginning of the project. This has resulted in a significant boost for project 
activities and allows the CLAM project to experiment at the technological frontier in the field. 
Considering that limited experimental opportunities were envisioned in the project proposal due to 
high equipment costs, CLAM partners have exploited the opportunity to share testing facilities during 
the first year of the project. To exploit this unique opportunity, Task 5.3 had to start earlier than 
planned. Anticipating experimental activities (even if through preliminary experimentation) has 
proved to be important. Preliminary experimental activities immediately acknowledged a significant 
gap between simulations and real life tests and revealed effects on performance of communication 
protocols. Therefore several iterations of design, simulations and testing have been performed in the 
first year of the project to reduce unforeseen problems during the final phase of CLAM experiments. 

This has also translated into a more intense use of resources for CINI during the first year of the 
project due to the intense experimental activities, the work to provide interfaces to different platforms 
and to advance and refine both simulator, emulation and testing framework. In addition there has been 
a (limited) unforeseen involvement of URM in WP5, to help revising the lower layer modules of the 



simulation framework. We envision that collaboration with URM on this will continue in Y2 with 4 
URM man months moved from WP4 to WP5 activities. 

Deliverables 

 Finished 
- D5.1: Simulation framework specifications (M09) 

 Upcoming 
- D5.2: First checkpoint evaluation results (M20) 
- D5.3: Second check point of integrated PHY and protocol stack experimental validation 

in the diving Centre (M28) 
- D5.4: Third check point for the final protocol evaluation and model validation in the sea 

(M33) 
- D5.5: Final real-world experiment and final evaluation (M38) 

Milestones 

 Finished 
- MS8: Simulation framework (M12) 

 

 Upcoming 
- MS9: Specification of modules and interfacing (M23) 
- MS10: Final integrated chip (M30) 
- MS11: Kick-off real-world experiments in the sea (M34) 

2.2.4.1 Task 5.1: Interfacing and packaging (leader: MT) 
The work in this task has been directed towards two main lines, i.e., (i) packaging Hydroflown sensor, 
and (ii) definition of interfaces for the hardware platform. Regarding the first line, to prevent the 
Hydroflown from short-circuiting underwater it needs to be protected by another medium. A liquid 
with roughly the same impedance as water seems to be the best candidate because then there are no 
reflections. For this purpose several fluid types have been investigated. The packaging of the oil that 
was selected seemed to be a complicated task. The casing for the oil should be acoustically transparent 
and chemically resistant to the oil. Especially the sealing between the cable and the casing is difficult. 
Progress has been made so far, but work will continue to improve the design. 

Regarding the second line, there has been quite some interactions between Kongsberg, UT and MT 
regarding the interface of the Hydroflown with the modem developed by Kongsberg that will be used 
in the CLAM project. The basic principles have been documented as well in deliverable D5.1. The 
main achievement in this respect is that the envisaged acoustic vector sensor probe can be attached 
easily to the Kongsberg modem without much adjustment. Underwater connectors are used so that the 
risk of water leakage via the newly developed probe into the main housing with delicate electronics is 
avoided. 

2.2.4.2 Task 5.2: Simulation framework design and system evaluation 
(leader: CINI) 

Existing simulators for underwater acoustic networks have been studied and reviewed. Based on such 
analysis Ns-Miracle WOSS has been selected as basis for CLAM simulation framework. A review of 
such simulator has allowed us to identify several improvements and extensions needed for accurate 
simulation of CLAM underwater monitoring systems. Therefore, partners have improved the selected 
simulation framework in order to more accurately account for some environmental variables (sound 
speed profile, surface waves profile) and their time variability. The presence of time-varying 



interference is now taken into account to compute the probability that a received signal is corrupted. 
Work is currently performed to improve the surface wave evolution model currently employed in the 
simulations. Partners implemented a  new module to integrate in simulation the overhead and delays of 
real modem has been designed. Two acoustic modem models have been implemented: WHOI FSK 
Micro-Modem and Evologics modems. Other models are at the moment under development: 
Kongsberg and Teledyne Benthos modems. Assessment of the simulator has also been performed by 
comparing simulated and experimental data. This has allowed to identify what needs to be better 
captured to accurately predicted real-life protocol performance.  

The Ns-Miracle WOSS has been extended to work not only as a simulator but also as an 
emulator/testing framework for emulation and real-life experiments. Novel or existing communication 
protocol can be easily implemented and tested first via simulations and then, once the solution is 
ready, tested in water using real hardware and acoustic devices. The architecture of such framework 
has been detailed, and a first implementation of the framework has been completed and iteratively 
improved based on extensive use in experiments. The emulation framework has been improved being 
now more modular and easier to extend. 

To achieve our objectives we have exploited and improved the real-time scheduling capability of the 
simulator, and we have exploited the possibility to drive through it real acoustic modems. Two 
interfaces with WHOI Micro-Modems and Evologics modems (drivers) have been developed. A new 
driver for the Kongsberg modem is ongoing. Moreover, the framework code has successfully been 
ported on energy efficient, compact, high performance and inexpensive embedded devices (Gumstix), 
thus allowing us to embed it inside either modem or AUV casings. The framework runs on gumstix 
devices which ca be easily included in AUV and acoustic modem housings. Together with UT 
interfaces between MIMO/Measurement module and GUMSTIX with the newly designed CLAM 
underwater sensor node have been identified. 

To prepare the overall system evaluation at sea during the reporting period partners has used Altium 
Designer Summer 09 to design the schematics of the MIMO node and PSPICE to simulate and verify 
several components of the hardware design. UT has moreover, designed and implemented the FPGA 
system with Quartus 11.0, created own acoustic components, and used Nios2 processor from Quartus. 
The experiments are implemented with Nios2-ide which imports the interface from the soft-core. In 
the reporting period, a reliable serial stack and shell for the FPGA were developed with standard 
Nios2-ide and pure standard C library. 

2.2.4.3 Task 5.3: Real-world experiments (leader: SINTEF) 
A number of partners have performed several experiments, in for instance collaboration with NURC 
and partially with Woods Hole Oceanographic Institute, to test integration of sensors, CLAM 
communication module, and different commercial modems, the integration of CLAM communication 
module with mobile platforms, and to evaluate the performance of protocols so far designed.  
Extensive real life experiments in water have been conducted using different existing MAC protocols 
to understand how different real-life effects and constraints imposed by modem technology affect 
performance. Several experiments to validate the proposed simulation/emulation/testing framework 
have been performed.  

Interfaces with both WHOI modems and Evologics modem (through drivers) have been developed and 
tested. A new driver for the Kongsberg modem is ongoing. The module used to convert the simulation 
packet into real data stream for underwater acoustic transmission has been improved and optimized to 
almost eliminate the additional overhead. Interfacing with different modems has been tested first in a 



swimming pool in La Spezia and then at sea. Such campaigns have allowed to gather channel 
measurements and environmental parameters which can be further used to refine the simulation 
framework channel module. They have also allowed to characterize the modem performance. This has 
allowed us to start writing modules of the simulators for each selected modem, in order to reflect 
constraints introduced by the specific modem, e.g. capturing overhead associated to the modem 
operation, latency introduced by the modem etc., thus being able to account for changes in 
performance which are not due to different protocols but to different HW. Intense experimental testing 
of MAC protocols has also been performed. The ability of the resulting simulator to well mimic what 
happens in reality has been  validated by comparing experimental MAC performance and simulated 
MAC performance. Experimental results have shown there is still a gap (which we will try to reduce in 
year 2 of the project) between simulated and real-life performance but the gap has very significantly 
shrunk with respect to what we had experienced with previous versions of the simulator. Preliminary 
tests on the control of mobile vehicles through CLAM communication module as well as on the ability 
of such module to support real-time communication of measurements taken by sensors developed to 
measure CO2 and environmental parameters are currently ongoing. 

Also a number of experiments have been performed with an underwater research platform to find out 
the practical problems of real-world deployment. The experiments have been carried out in a canal of 
approximately 90 meters long, 0.5 meters deep, and 1.2 meters wide located in the university campus. 
The platform used for experiments is based on FPGA Cyclone II from Altera having a CS200KH-p 
transducer with 200 kHz central frequency. It is a directional transducer with a transmission angle of 
10°. The prototype platform adopts the pulse width modulation and the echo symbol bits occupies 
100ms. Experiments included measuring transducer features such as range, propagation speed, packet 
loss, and throughput of the communication. 

A surface buoy has been purchased which is planned to be used for the final experiment. The buoy is 
in the progress of being assembled.   

2.2.5 WP6: Dissemination and Exploitation 
Dissemination activities have been progressing well in the period with a substantial number of 
presentations, collaboration initiatives and papers. Milestones and deliverables have been prepared 
according to the DoW. Scientific publications of the project in the first year has been in form of both 
conference papers and journal papers. CLAM consortium took the initiative to organize a special 
session on European projects on underwater networks during IEEE Oceans 2011, Santander, Spain, in 
which a number of running and finished European underwater project have been invited to present 
their results and to discuss possible collaborations. Several PhD students and MSc students (both from 
the consortium partners and from outside) have been connected to the CLAM in the period to perform 
their assignments or internships. Existing and new collaborations have been established with other 
European projects in general and with UAN and CO3AUV in particular. This collaboration also 
extends to projects and institutions in USA. The initial dissemination and exploitation plan has been 
prepared, and a first road map has been commenced. Other main activities include launching the 
website clam.ewi.utwente.nl and maintaining a frequently updated blog of activities in the project.  

In the exploitation front, CLAM technology has been presented to potential end users. More 
specifically, Kongsberg Maritime has approached a number of customers after hiring a dedicated sales 
man and appointing a product manager to underwater communication and networking.  

Project partners have also participated in initial activities to foster standardization in the field by for 
instance (i) participating in a number of workshops in which the first standardization initiative in the 



area of underwater sensor networks has been discussed, and (ii) collaborating with the standardization 
activities of NATO Undersea Research Centre. 

Deliverables 

 Finished 
- D6.1: Project website and information materials (M1)  
- D6.2: Project presentation (M3) 

 

 Upcoming 
- D6.3: Dissemination and use plan (M14) 
- D6.4: Publishable report on the overall CLAM system design criteria and results (M38) 
- D6.5: Final dissemination and exploitation report (M38) 
- D6.6: Road map (M38 

Milestones 

 Finished 
- MS12: Project repository system (M5) 
- MS13: Constitution of the advisory board (M5) 
- MS14: Coordination with UAN project (M9) 

 

 Upcoming 
- MS15.X: Road map (M14, M26, M38) 

2.2.5.1 Task 6.1: Dissemination (leader: URM) 
Dissemination and exploitation activities performed in the first year of the CLAM project were quite 
intense. All partners contributed. First of all a public web site for the CLAM project has been created 
(www.clam-project.eu) in order to publish CLAM activity on the web and to collect and share 
information among partners. The web site has a blog and publication section to present CLAM results 
and ongoing activity. Moreover, it also has a private file repository section, accessible using partners 
login information, used to share documents, material and software among partners during the project. 

Several other channels have been considered by the CLAM partners to disseminate CLAM 
achievements and results, including publication of CLAM results in high quality scientific papers, 
giving various talks, presentations, as well as organizing workshops and seminars.  

There have also been intensive collaborations with other EC projects and international institutions 
(e.g. NURC, WHOI), which are leading to joint test-beds, and integration of technologies developed in 
different projects.  Project partners are also participating in initial activities to foster standardization in 
the field by for instance (i) participating in a number of workshops in which the first standardization 
initiative in the area of underwater sensor networks has been discussed, and (ii) collaborating with the 
standardization activities of NATO Undersea Research Centre. Moreover, despite being in an early 
stage of the project, partners have quite concrete exploitation plans. Not only industrial partners intend 
to directly exploit CLAM results in their future products but two academic partners have initiated 
creation of spinoffs based on the CLAM project's results. All these activities have been described in 
D6.3.  



2.2.5.2 Task 6.2: Exploitation within the EU and internationally (leader: 
KM) 

CLAM technology has been presented to potential end users. More specifically, Kongsberg Maritime 
has approached a number of customers after hiring a dedicated sales man and appointing a product 
manager to underwater communication and networking.  

 


