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ORGANIZATION
The Centre for Maritime Research and Experimentation
(CMRE) is an executive body of the NATO Science and
Technology Organization (STO), which operates under
North Atlantic Council (NAC) authority through the
Military Committee (MC) and the Conference of National
Armaments Directors (CNAD).

MISSION
The mission of CMRE is to organize and conduct scientific
research and technology development, centred on the
maritime domain, delivering innovative and field-tested
Science & Technology (S&T) solutions to address defence
and security needs of the Alliance.

ABOUT
The Centre for Maritime Research and Experimentation, originally
known as SACLANT ASW Research Centre and subsequently as
NATO Undersea Research Centre, was commissioned on 02 May
1959.
With over 60 years of knowledge and experience in undersea
research, CMRE is a recognized centre of world-class expertise in
the maritime domain. The Centre is a collaboration hub for scientists
from all NATO Nations to work together to maintain NATO’s maritime
technological edge.
Today, the scope of the Centre’s work encompasses the fields
of artificial intelligence, big data analytics, underwater acoustics,
oceanography and autonomous systems. Underpinning CMRE’s
success in maritime research over the years is its sea-going capability.
CMRE provides an outstanding at-sea research environment
where internationally recognized scientists and engineers from
NATO Nations share their knowledge while delivering results more
effectively than would be possible by individual nations. The Centre
conducts cutting-edge maritime experimentation and demonstration
in extremely challenging conditions from the Mediterranean Sea to
the Arctic Ocean.
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FOREWORD

Dr Catherine Warner,
Director

Despite the worldwide
COVID
pandemic that has
completely changed
the way we work and
live, I continue to be
amazed and proud to
say that throughout
2021, the Centre, its
people, have never
stopped
working
or given up — that
their dedication and
persistence in the
face of uncertainty has
remained steadfast.

The frequently repeated ‘new normal’ way of
working is anything but normal, and the Centre’s
staff have impressed me with the innovative
and ingenious ways of completing their mission
within the restrictive but necessary COVID
protocols, especially for the quarantine periods
for activity on-board ships, and also for travel
and participation in international events.

ticipation of over 140 scientists and military
leaders from NATO and the Nations. The
success of the workshop underscored the
high interest within NATO about the impact
that climate change in the Arctic will have on
ASW operations. An important outcome of
the workshop was confirmation that NATO
and the Allies are willing to work together on
the security and defence challenges posed
by Arctic climate change, with a Letter of Intent circulating among 24 institutions including CMRE.
• The final event of the high visibility
OCEAN2020 project funded by the EU
Commission, which CMRE supported with
simulated and live demonstrations. The
Centre collaborated with partners from the
Netherlands TNO to deploy autonomous
underwater object detection and localization capabilities in the Baltic Sea Demonstration conducted off the coast of Sweden.

• The Nordic Recognized Environmental Picture* (NREP) 21 - a sea trail carried out in
the Fram Strait region of the Arctic Ocean.
The data collected not only support effective anti-submarine operations (ASW) by
NATO forces, but were also used for climate
change studies.

• The Robotic Experimentation and Prototyping Augmented by Maritime Unmanned
Systems 2021 (REP(MUS)21)* in Portugal,
which included the participation of NRV Alliance and CMRE capabilities for: cooperative
ASW; underwater communications; rapid
environmental assessment; command, control and communications (C3) for maritime
unmanned systems; and, modelling & simulation. Additionally, a technical demonstration was conducted in a comprehensive
Distressed Submarine (DISSUB) vignette.
The entire end to end DISSUB scenario was
enacted via machine to machine interfaces,
including the autonomous detection of the
submarine by CMRE underwater vehicles
and the passing of the contact location to
the human operators at the Maritime Operations Centre. The submarine’s commercial
underwater telephone had integrated the
CMRE-developed JANUS digital underwater communication standard, which is a testament to the ways that the Centre supports
NATO and Nations in delivering interoperability solutions.

• A CMRE-hosted workshop*, ‘Developing
Rapid Environmental Assessment Requirements and Capabilities for ASW in a Rapidly
Thawing Arctic Ocean,’ which had the par-

• Two exercises carried out with NATO standing naval forces: an ASW Passing Exercise
(PASSEX) with the Standing NATO Maritime
Group 2 (SNMG2); and during the Turkish

Reflecting on the CMRE’s programme of work
(POW) activities during 2021, a few highlights
stand out to me.
• The Centre’s first sea trial of 2021, an atsea test of the active towed array system
(ATAS) being developed for the Italian Navy
by Leonardo Defence Systems, executed
immediately after the NATO Research Vessel (NRV) Alliance completed an extended
maintenance period at Fincantieri, Genoa,
Italy. CMRE has supported the development of ATAS and the entire integrated system was tested for the first time at sea using
NRV Alliance as the test platform.

These activities were carried out as part of NATO Allied Command Transformation’s Maritime S&T POW.
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Navy NUSRET21 naval mine warfare exercise with Standing NATO Mine Countermeasures Group 2 (SNMCMG2). For the latter, CMRE’s multi-phase autonomous mine
hunting capability was embarked on-board
the SNMCMG2 flagship.
Although the CMRE has had much success in the
execution of its POW during 2021, it has faced
a difficult financial situation, the culmination
of three consecutive years during which the
Centre’s income was severely disrupted, firstly
because of issues with the NRV Alliance and,
as soon as ship operations returned to normal,
the COVID pandemic. Despite the significant
austerity measures put into place, I had to make
the very difficult decision during 2021 to reduce
the Centre’s workforce, focussing on the
reorganization of the Centre’s administration
functions to improve efficiency while preserving
the size of the research and engineering
workforce.
I believe that the Centre is now on a sound
financial footing, with the size of its current
workforce matched to conservative estimates
of revenue for the medium term. And there is
much to be optimistic about going forward.
• A process is currently underway for requesting modernization of CMRE’s scientific infrastructure under the NATO Security
Investment Programme. I would like to acknowledge the outstanding leadership and
support during this process of NATO HQ Supreme Allied Command Transformation staff.
• The ACT Maritime S&T POW is expected to
grow over the MTRP. The increase in addition to other projects including M&S, Technical Demonstrations, and Minimum Viable
Products could form a solid financial foundation for the Centre.
• Ahead of the 2021 Brussels Summit, the
NATO Secretary General released two strategic papers on his vision for NATO 2030,
with preserving NATO’s technological edge
as the only way to maintain peace and deterrence in the rapidly changing threat landscape. The NATO 2030 vision advocates for
the establishment of a civil-military Defence
Innovation Accelerator for the North Atlantic (DIANA) that will accelerate technological
solutions to critical transatlantic defence and
security challenges. The STB has proposed

CMRE to be included as one of DIANA’s test
centres.
• The guidance and intent for the NATO innovation landscape includes implementation
of emerging and disruptive technologies, accelerating capability delivery, expanding the
use of disruptive technologies in operational
exercises and operations, and understanding climate change and security. The CMRE
has an outstanding record addressing such
issues, and could form the collaboration hub
for NATO scientists to bring the best and
brightest minds to bear—just as the Centre
was intended to do in 1959. The collaboration between Nations and CMRE will be
crucial for preserving NATO’s technological
edge, especially in the maritime domain.
• CMRE continues to support NATO Maritime
Command’s (MARCOM) In-Stride Debriefing Team (IDT) with analyses of ASW serials.
CMRE augments the IDT analyses by providing predicted sonar detection range in reconstructed serials, which provides adding
training benefits to exercise participants.
• The EU multi-annual Horizon 2020 financial
framework programme for 2014 – 2020 has
concluded, but the Centre has already begun applying for new projects in 2022 as
part of the Horizon Europe framework.
• CMRE work for NATO Nations continues: Italy and the USA have funded the larger revenue projects in the past year while Canada and France are also customers this year.
Many nations continue to send visiting researchers and military officers to train with
our scientists and participate in multi-national research programmes.
In conclusion, I am confident there are many
opportunities for the Centre to be a key
component of the NATO 2030 vision, not only
because of the CMRE’s core competencies and
long history of innovation and use of cutting
edge technologies; but also because of its staff,
who demonstrate—on a daily basis—ingenuity,
integrity, and dedication to deliver value-added
products and services to the Centre’s customers
in fulfilment of the Centre’s mission.
It gives me much pleasure to submit this report
summarizing the scientific, engineering, and
business support activities accomplished by the
CMRE staff in 2021.
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CMRE IN CONTEXT
Overview
For over 70 years, NATO has stayed at the forefront
of technology to ensure the defence of its Allies and
the success of its operations. Since 2019, NATO and
Allied Nations have placed an enhanced emphasis
on fostering innovation within the Alliance, and
NATO’s ability to identify, understand, and act to
adopt emerging and disruptive technologies (EDT).
Furthermore, at the Brussels Summit on 14 June
2021, NATO Leaders endorsed the forward leaning
NATO 2030 agenda, containing key proposals
to invest substantially in maintaining NATO’s
technological edge, and combatting and adapting
to climate change.
Maintaining NATO’s Technological Edge:
Innovation and Exploitation of EDTs
The NATO Science and Technology Organization
(STO) has played an active role in assessing EDTs and
their potential impact on NATO military operations,
defence capabilities, and political decision making.
Thanks to the extensive knowledge base acquired
at CMRE over decades of investment through
the NATO Allied Command Transformation (ACT)
Maritime S&T programme, CMRE is well positioned
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to ensure that EDTs are exploited in innovative
ways across the entire portfolio of projects. Of the
seven key areas identified as priorities in NATO’s
Coherent Implementation Strategy on EDTs
endorsed by NATO Defence Ministers in February
2021, four — artificial intelligence (AI), data and
computing, autonomy, and quantum-enabled
technologies — are inherent elements of CMRE’s
research and development projects and activities,
while another EDT — space — is being increasingly
exploited for remote sensing data collection.
Moreover, CMRE’s scientific, engineering and IT
workforce have the specific knowledge, skills, and
attitudes that are key enablers of success for an
innovation ecosystem, and have continuously over
the last 62 years developed innovative solutions
to operational and scientific requirements and
challenges. Innovation is inherent in CMRE’s
culture: from scientists carrying out basic applied
research and feasibility studies; to engineers
and technologists continuously and successfully
exploiting EDTs in prototype systems and in novel
enhancements to the capabilities of commercial
products.

2021 ANNUAL REPORT
The CMRE MUSCLE AUV deployed from the SNMCMG2
Flagship SPS Rayo during NUSRET 21 Exercise (Turkey)

9

NATO STO-CMRE

CMRE RESEARCH DIVISION
NATO ACT Maritime S&T Programme of Work (POW)
The majority of the projects and research activities
within CMRE’s Research Division are carried out
within the framework of the NATO ACT Maritime
S&T Programme, which encompasses four major
programmes at CMRE:
• Anti-submarine Warfare (ASW), encompassing
two projects: Maritime Unmanned Systems (MUS)
for ASW; and ASW Decision Support.
• Naval Mine Countermeasures (NMCM), separated
into three projects: Collaborative Autonomous
Naval Mine Countermeasures (CA-MCM); High
Resolution Low Frequency Synthetic Aperture
Sonar (HRLFSAS); and Planning and Evaluation
MCM (P&E MCM).
• Environmental Knowledge and Operational
Effectiveness — Maritime (EKOE-M), containing
two projects: EKOE and Data Knowledge and
Operational Effectiveness (DKOE).
• Maritime Unmanned Systems Enablers (MUSE),
which groups together cross-cutting capability
enablers.
ASW and NMCM Projects
The aim of the ASW and NMCM programmes is
to improve the Alliance’s ability to counter threats
in the underwater domain through autonomous
security networks. These programmes represent
long-term investments by NATO in CMRE to
engender the exploitation of EDTs such as data and
analytics, AI, autonomy, and quantum to improve the
performance of NATO ASW and NMCM capabilities
and reduce risk to operators.
Within the ASW programme, advanced concepts for
ASW operations are being developed and tested
at sea based on heterogeneous, autonomous
networks of unmanned systems, provided with
active and passive acoustic sensors, securely
communicating and persistently operating with
collaborative behaviours for the detection,
localization, tracking, and classification of submarine
contacts. CMRE’s ASW team provides decision
support methodologies for manned and unmanned
ASW operations, develops assets, demonstrates
advanced concepts for ASW performance
prediction and analysis during NATO Exercises,
and advances doctrine for the use of MUS in NATO
ASW operations. Finally, the ASW programme
is investigating the latest highly sensitive, lownoise quantum effect magnetometers that have
the potential to provide break-through magnetic
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sensing capability for ASW applications.
CMRE’s ANMCM programme is researching the
use of real-time data acquisition to enhance the
perception of the environment by autonomous
vehicles, and informing vehicle behaviour via AI,
information integration, and fusion. Other research
is interpreting, explaining, and replicating AI to
increase data artificially. The HRLFSAS project
explores a prototype development of a new
advanced sensor for the enhanced detection
and classification of underwater objects, usually
not detectable by standard higher-frequency
sonar systems. The last strand within the ANMCM
programme addresses the operational research
shortcomings in the P&E of mine-hunting missions
performed by autonomous vehicles. This work
employs advanced analytics tools on big data
from side scan or synthetic aperture sonars, highresolution acoustic systems, and optical sensors.
D-EKOE-M Projects: Climate Change and Security
The aim of the EKOE-M programme is to improve the
Alliance’s ability to operate in the maritime domain
through a greater understanding of the operating
environment and advanced Maritime Situational
Awareness (MSA). The research activities within this
programme have applied existing knowledge and
CMRE human capital to tackle new global challenges,
exemplified in the 2020–2021 development of the
CMRE Arctic Science and Technology Strategy.
This strategy proposes leveraging EDTs in robotics,
autonomy, data, and analytics to provide near realtime distributed intelligence and surveillance in
restricted and/or dangerous environments. The
goal is to prove the feasibility of a covert sensing
network to assess the environmental conditions of
the High-North in littoral and open seas for military
operations. This technology could be adapted to
other regions of interest, such as the Middle East
and North Africa or the Black Sea.
A key strand of the CMRE Arctic Science and
Technology Strategy is the support and analysis of
the potential effects of climate change on NATO
missions and operations, a principal element
of NATO’s ambitious 2021 Climate Change and
Security Action Plan. The CMRE strategy identifies
and develops the Rapid Environmental Assessment
(REA) requirements and capabilities to optimize
ASW operations by NATO forces in a rapidly
transforming Arctic environment. In June–July
2021, the Nordic Recognized Environmental Picture
(NREP) sea trial was conducted in the Greenland
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Sea/Svalbard region on-board NATO Research
Vessel (NRV) ALLIANCE. During NREP, CMRE
researchers conducted studies on the effects of
acoustic transmissions of water movements and
ice floes and monitored the ambient noise levels in
the Arctic soundscape. Preliminary analyses of the
oceanographic data collected during the trial show
a significant freshening and cooling of the Atlantic
waters in the region over the last three years.
In light of this work, the STO Office of the Chief
Scientist commissioned an exploratory study to
examine the extent of which climate change could
impact ASW sonar performance. Five locations
in the North Atlantic and Arctic Oceans were
selected for the study. Researchers framed the
data within two periods, a historical analysis from
1970–1999 and projections based on greenhouse
gas concentration trajectory between 2070–2099.
By altering sea temperature and salinity, and,
consequently, sound speed profile, as well as,
determining generic winter and summer ASW active
and passive sonar detection ranges, the results
indicate that climate change will likely significantly
impact ASW sonar performance.
This study as well as further Arctic ASW topics were
discussed during the CMRE workshop, Developing
Rapid Environmental Assessment Requirements
and Capabilities for ASW in a Rapidly Thawing
Arctic Ocean. Bringing together over 140 scientists
and military leaders from NATO and Nations, this
event culminated in a Letter of Intent that enlists
24 National entities to collaborate on the security
and defence challenges posed by Arctic climate
change. It is anticipated that refining and extending
such investigations into the potential impacts of
climate change on NATO operations will be an
important part of the future work of the CMRE RD.
D-EKOE-M Projects: DKOE
In 2021 DKOE was fully incorporated into the
EKOE-M programme, this flagship data science
project continues to address NATO S&T
requirements by advancing information processing
techniques that enable maritime algorithmic
advantage in MSA and decision support through
AI and advanced analytics. The project aims at
building and sharing a coherent MSA through allsource information integration and fusion; target
tracking; traffic patterns learning; uncertainty
handling and reasoning; and anomaly detection
and behavioural analysis. Some prototypes have
achieved considerable maturity and are candidates
for transition into NATO operational tools.
MUSE Projects
To complete the RD picture, the MUSE programme

groups together cross-cutting capability enablers
for maritime autonomous systems — including
security and standardization aspects, and
underwater communications — with a focus on
architectural coherence and interoperability.
MUSE investigates the architectural framework in
which future autonomous underwater systems and
missions will be cast to provide future NATO forces
with secure, interoperable and scalable systems
that increase effectiveness while reducing risks and
costs. MUSE also addresses maritime Command
and Control (C2) support and development in harsh
environments, dealing directly with the emerging
concept of digital-physical convergence, and
pushing forward the concept of ‘digital oceans’ for
testing, verification, and validation of autonomous
maritime systems and missions. The three strands
of research under MUSE are: interoperability and
security for MUS; Modelling and Simulation (M&S)
for MUS; and underwater communications and
networks. Together they combine AI; data and
analytics; and autonomy and human enhancement
to address the changing nature of warfare and
security operations.

NRV ALLIANCE seen from a re-emerging Ocean
Explorer (OEX) AUV during REP(MUS)-21
(Portugal)
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AUTONOMOUS NAVAL MINE COUNTERMEASURES

COLLABORATIVE AUTONOMOUS MINE COUNTERMEASURES

FUNDING BODY: NATO ALLIED COMMAND TRANSFORMATION

Overview
Autonomous platforms have significant potential to improve the effectiveness and efficiency
of NMCM operations, and — maybe most importantly, increase safety by removing the human
from the minefield. Since the early 2000s, NATO and Nations have developed and procured
autonomous capabilities for NMCM. However, significant research challenges remain in
enabling adaptive and collaborative vehicle behaviour and assuring interoperability between
heterogeneous systems. Accordingly, CMRE’s CA-MCM project has three principal strands of
work: exploring single and multi-vehicle autonomy for the detection, classification, re-localization,
and identification of underwater objects; enabling autonomous adaptive behaviour by machine
intelligence and cognitive situational awareness, including automatic target recognition
(ATR); and developing an interoperability framework for collaboration among heterogeneous
autonomous underwater vehicles (AUVs).
Results
● The focus in 2021 for single vehicle autonomy has been on a platform carrying a high-resolution
acoustic sensor for object re-localization and identification. The BIONDo (Bi-modal Identification
or Neutralisation Demonstrator) AUV fitted with an ARIS Explorer 3000 high resolution acoustic
camera has been upgraded to add the CA-MCM autonomy stack on-board, including singlevehicle behaviour management and multi-vehicle task arbitration of CMRE’s Distributed Decoupled
Collaborative Autonomy Framework tool.
● Convolutional neural network-based Automatic Target Recognition (ATR) performance has been
enhanced by extracting and exploiting seabed characterization features and auxiliary target
information. These ATR approaches, developed for Synthetic Aperture Sonars (SAS), have been
applied to Side-scan Sonar (SSS) images. Complementary efforts were directed towards the
development of Generative Adversarial Networks to augment the database of collected images
with synthetic images.
● CMRE CA-MCM staff co-chairs the STO Collaborative Programme of Work (CPoW) Systems Concepts
and Integration Research Task Group (RTG) entitled, ‘Enabling Collaborative, Federated Autonomy.’
The aim of this RTG is to develop a NATO interoperability approach for building federated coalitions
of autonomous systems and builds on the work of the ‘Autonomy in Communications Limited
Environments’ RTG. Four meetings were held during 2021 with participating Allied and Partner
Nations.

The CMRE BIONDo AUV deployed during NUSRET-21 (Turkey) and imaging of underwater targets
collected during the exercise by the AUV
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AUTONOMOUS NAVAL MINE COUNTERMEASURES

HIGH RESOLUTION LOW FREQUENCY SYNTHETIC
APERTURE SONAR
FUNDING BODY: NATO ALLIED COMMAND TRANSFORMATION

Overview
Forward looking sonar systems for minehunting have been operated by NATO Navies since
the 1960s. Minehunting sonars have evolved over the years to include SSS and subsequently
SAS. Such minehunting sonars operate at higher frequencies to be able to resolve objects of
mine-like dimensions on the seabed and in the water column. However, more complex seabed
environments degrade the performance of these higher frequency systems, especially for
objects partially or fully buried in the seabed. The aim of this HRLFSAS project is to develop
a prototype advanced sensor for the enhanced detection, classification, and identification of
objects not detectable by operational higher-frequency sonar systems. In 2020, the prototype
CMRE HRLFSAS system was successfully deployed for the first time at sea from CRV Leonardo
ship, and an exceptional dataset collected in real environmental conditions.
Results
● Detailed analyses of the data collected during 2020 at-sea trials, the results of which demonstrate the potential of the system to detect and classify objects in complex seabed environments, including buried objects.
● Research on the theory of 3D spatial coherence and its application to low-frequency systems
has led to the development of novel data-driven micro-navigation algorithms enabling coherent
SAS processing without any navigation information.
● A 3D Finite Difference Time numerical simulator implementing a multigrid component for memory and computation power optimization has been developed to solve the visco-elastic wave
equation. Extremely accurate 3D simulations of complex objects close to a random interface
are now feasible in reasonable timescales thanks to an efficient GPU implementation. Such
simulations may be used to better comprehend the complex interaction of acoustic waves with
solid objects, and to compute large synthetic databases to train future Automatic Target Recognition (ATR) neural networks dedicated to low-frequency systems.

CRV LEONARDO at sea with the CMRE HRLFSAS system deployed (Ligurian Sea)
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AUTONOMOUS NAVAL MINE COUNTERMEASURES

PLANNING AND EVALUATION FOR NAVAL MINE
COUNTERMEASURES
FUNDING BODY: NATO ALLIED COMMAND TRANSFORMATION

Overview
Current NATO MCM P&E tools and doctrine were developed for legacy, crewed minehunting
platforms fitted with forward looking sonars. Current generation and future operational
minehunting capabilities of the NATO Allies make increasing use of side-looking sensors —
such as SSS and SAS — fitted to AUVs. The aim of this project is to develop accurate and
robust MCM P&E algorithms and procedures for all current and future NATO Naval MCM sonars,
with a particular research emphasis placed on implementing organic planning and evaluation
capabilities to autonomous platforms in order to enable adaptive behaviour. In 2021 CMRE’s
MCM staff participated in the Turkish naval mine warfare exercise NUSRET21.
Results
● The through-the-sensor performance evaluation approach developed under this project in previous years for SAS was extended to SSS to allow for the fusion and combined performance
evaluation following a minehunting mission being conducted by heterogeneous platforms. A
virtual meeting to share recent developments was attended by 20 external participants from
eight Nations.
● Work started on an improved semi-supervised bottom type characterizer using a statistical
model able to learn from both labelled and unlabelled SAS data.
● Multi-vehicle concepts were explored within CMRE’s P&E of systems of systems simulator. In
particular, the impact of detection and classification false alarm rates on identification missions
was investigated given the time required for contact reacquisition — accounting for navigation
error — and subsequent identification.
● CMRE researchers and engineers participating in NUSRET21 embarked on the NATO Standing
Naval MCM Group 2 (SNMCMG2) flagship. The capability to autonomously detect, classify, relocate, and identify exercise mine targets was successfully demonstrated. To accomplish this,
CMRE’s MUSCLE AUV, equipped with an SAS and organic automatic target recognition for
contact detection and classification, operated collaboratively with CMRE’s BIONDo AUV for
mine-like contact identification tasks.

The CMRE MUSCLE AUV equipped with Side Scan Sonar embarked on SNMCMG2 Flagship SPS Rayo
during NUSRET 21 Exercise (Turkey)
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AUTONOMOUS NAVAL MINE COUNTERMEASURES

OPEN COOPERATION FOR EUROPEAN MARITIME
AWARENESS (OCEAN2020)
FUNDING BODY: EU PREPARATORY ACTION ON DEFENCE RESEARCH
Overview
The main objective of the OCEAN2020 project was to demonstrate enhanced MSA through the
integration of legacy and new technologies for unmanned systems with intelligence, surveillance,
target acquisition, and reconnaissance payloads. The particular focus was on interoperable, open
architectures to integrate existing platforms, sensors, and data products into a coherent operational picture presented at national Maritime Operations Centres. The consortium consisted of 43 partners from 15 countries, including small, medium, and large enterprises as well as research institutes
(including CMRE) and end users. CMRE’s contribution included activities in requirements capture,
architectural design, M&S, unmanned systems engineering, autonomy, perception, artificial intelligence, and experimental campaigns.
The major event during 2021 for CMRE within the OCEAN2020 project was the preparation of
and participation in the Baltic Demonstration, conducted in August 2021 off the southeast coast of
Sweden. CMRE’s principal contribution was the execution of autonomous missions for identifying
underwater objects, as an element of a wider maritime scenario. CMRE’s BIONDO AUV and running equipment were upgraded for the demonstration, including: physical modifications to work
in the low-salinity waters of the Baltic; communications hardware upgrades to mesh with partner
networks; and command and control software updates to interface with the project-wide C4ISR
(Command, Control, Communications, Computers, Intelligence, Surveillance and Reconnaissance)
service architecture. Additionally, CMRE made a substantial contribution to two simulated trials
during 2021 utilizing a distributed network of simulators to de-risk, augment, demonstrate, and
integrate the project’s key technologies.
Results
● During the Baltic Demonstration, the Netherlands Organization for Applied Scientific Research
(TNO) and CMRE assets were integrated to form an autonomous MCM squad, tasked by the
larger C4ISR network to perform a MCM mission. TNO assets performed the search surveys,
with on-board automatic target recognition functions detecting contacts in real time, and passing contact of interest positions to generate identification missions for CMRE’s BIONDo AUV.
BIONDo successfully executed two dense, small-area surveys to locate and identify the targets
of interest.
● The integration interface between the heterogeneous TNO and CMRE assets was based on
the 2015–2019 work started under the STO CPoW RTG, ‘Autonomy in Communications Limited
Environments’, continued in 2021 as part of the NATO ACT Maritime S&T programme under the
scope of the STO ‘Enabling Federated, Collaborative Autonomy’ RTG.
● CMRE participated as a central partner
in the development, accreditation and
maintenance of a persistent pan-European simulation network that allowed the
simultaneous and combined operation of
over 20 specialist simulators, provided by
nine laboratories distributed throughout
Europe.
● The availability of a large number of specialist simulators within a versatile and
robust simulation network allowed the
effects of high-fidelity simulators to be
merged with simulators executing complete missions, aiding the development of
new technologies and supporting the pro- CMRE’s MCM Team with BIONDo AUV during OCEAN2020
Baltic Demonstration (Sweden).
ject’s live demonstrations.
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AUTONOMY FOR ANTI-SUBMARINE WARFARE

MARITIME UNMANNED SYSTEMS FOR ASW
FUNDING BODY: NATO ALLIED COMMAND TRANSFORMATION

Overview
Addressing the submarine threat is critical for the safety of maritime operations and the security of
NATO Nations. Maritime unmanned systems equipped with advanced sensing technology and artificial intelligence for adaptive and collaborative behaviour have significant potential for ASW operations, complementing conventional NATO ASW assets. The work carried out under this project
focuses on research and experimentation to validate advanced sensing, algorithmic, and autonomous platform concepts in operationally relevant scenarios in order to identify the most effective
technologies for NATO to counter submarine threats.

Results
● In 2021, the project team developed and built two low power consumption, long-endurance
bottom nodes equipped with a heterogeneous sensor suite comprising of passive acoustic
vector sensors, novel quantum magnetic sensors, and geophones.
● The bottom nodes were deployed as a network with two AUVs towing advanced hydrophone
arrays and two sensorized Slocum buoyancy gliders during the ROBOTIC EXPERIMENTATION
AND PROTOTYPING AUGMENTED BY MARITIME UNMANNED SYSTEMS (REP(MUS)21) Exercise in Portugal in September 2021. One of the AUVs was used as an artificial target by mimicking submarine radiated noise using its active acoustic payload. The results obtained using
quantum magnetic and passive sonar sensing capabilities were very promising.
● Another notable achievement during REP(MUS)21, teams connected the deployed CMRE ASW
capabilities to the exercise command and control system for real-time situational awareness
and interoperability with other participating assets.
● Furthermore, and in close collaboration with other CMRE projects, a technical demonstration
was carried out as part of a submarine in distress exercise, with
two AUVs performing autonomous
searches assisting in the successful
localization of the submarine.
● In the first week of October 2021,
CMRE staff on-board NRV ALLIANCE executed a successful Passing Exercise (PASSEX) with the
Standing NATO Maritime Group 2
(SNMG2). During this PASSEX, a
technical demonstration was carried out of CMRE’s multistatic active ASW capability with an autonomous ASW network comprising two
AUVs with towed arrays. In addition
to sharing the latest in CMRE MUS
science and technology with naval
operators, valuable data was colDeployment from NRV ALLIANCE of Ocean Explorer AUV
lected to support machine learning
equipped with a multistatic active receiving capability
for automatic submarine detection.
during PASSEX with SNMG2 (Ligurian Sea)
16
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The Ocean Explorer (OEX) AUV equipped with a multistatic active receiving
capability deployed from NRV Alliance during PASSEX with SNMG2 (Ligurian Sea)
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AUTONOMY FOR ANTI-SUBMARINE WARFARE

ASW DECISION SUPPORT

FUNDING BODY: NATO ALLIED COMMAND TRANSFORMATION

Overview
The decision support project optimizes the deployment configuration of unmanned systems conducting ASW missions. Through a combination of operations research studies and simulation, the
overall effectiveness of large numbers of heterogeneous unmanned platform types, either developed at CMRE or by NATO Nations, conducting barrier or area search ASW operations is explored.
An overall benefit is that the results obtained may be transitioned into tactical advice for incorporation into relevant NATO doctrinal publications.

Results
● Leveraging ‘brute force’ optimization methods, closed form search algorithms within a linear
programming framework have been implemented, providing faster results while guaranteeing
an optimum solution for the deployment of various numbers of different types of unmanned
platforms for both barrier and area search ASW missions.
● The effects of varying sensor performance along the length of an ASW barrier — as may occur
because of changes in the environmental conditions — have been included, such that the
optimum result now indicates how many, and in which barrier section, each type of platform
should be deployed. The framework can be expanded to account for varying sonar depth,
additional logistic constraints, and range dependent acoustic predictions.
● Analyses of the optimum deployment configurations have revealed certain patterns that can
be converted into guides and/or measures of effectiveness to update NATO unmanned ASW
experimental tactics.
● A Table Top Exercise was conducted with ASW operators and subject matter experts to evaluate
the perceived utility of unmanned ASW networks during naval operations.

Visual representation of a heterogeneous network of unmanned platforms conducting ASW operations.
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AUTONOMY FOR ANTI-SUBMARINE WARFARE

TECHNICAL DEMONSTRATION WITH
STANDING NATO MARITIME GROUP 2
FUNDING BODY: NATO ALLIED COMMAND TRANSFORMATION

Overview
In October 2021, CMRE conducted a PASSEX with the SNMG2 off the Ligurian coast, which included NRV ALLIANCE and CRV LEONARDO as well as other assets. The objectives of the PASSEX
were to familiarize the naval staff with MUS technology for ASW; submarine detection using conventional ship-based platforms in concert with AUVs using multiple sources and multiple receivers;
and data collection for machine learning.
A multi-static active ASW network was deployed for the exercise composed of two mid-size AUVs
and a wave glider surface vehicle as a gateway buoy, relaying messages between the aboveand underwater domains. The AUVs were equipped with towed hydrophone arrays and on-board
signal processing for real-time detection and localization of possible targets. The use of multiple
transmitters and receivers, combining high-resolution range and Doppler resolving waveforms,
greatly improves the effectiveness of ASW operations.

Results
● Despite adverse weather conditions, advanced concepts for unmanned ASW were successfully
tested and demonstrated. The CMRE team on-board NRV ALLIANCE collected valuable data
together with the SNMG2 team composed of the ITA vessel VIRGINIO FASAN, including its
rotary wing asset, and TUR ship TCG GÖKÇEADA.
● The PASSEX was concluded with a Hot Wash-Up on-board the SNMG2 flagship. Overall,
the PASSEX demonstrated the benefit of close collaboration between NATO’s research and
development community and military operators.

CMRE ASW Programme Manager Dr Robert Been, presenting the result of the activity to the SNMG2
Staff during the Hot Wash Up of PASSEX-21 on-board SNMG2 Flagship ITS Virginio Fasan
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AUTONOMY FOR ANTI-SUBMARINE WARFARE

SCOPING STUDY TOWARDS THE DEVELOPMENT
OF A FUTURE NATO ACOUSTIC PREDICTION TOOL
FUNDING BODY: NATO ALLIED COMMAND TRANSFORMATION
Overview
CMRE researchers frequently require fast acoustic modelling to support project activities. To this
end, the Multistatic Tactical Planning Aid was developed over several years as a scientific tool to
conduct range dependent acoustic simulations accounting for active, passive, and multistatic sonar
configurations. More recently, this scientific tool was reconfigured to employ a web service approach,
providing fast acoustic predictions over a network. The resulting tool was named the Rapid Acoustic
Prediction Service (RAPS). The flexibility afforded by this approach allows for a more streamlined
GUI and for automated sonar prediction requests to be fulfilled over a network connection.
In 2021, NATO ACT funded CMRE to perform a scoping study with a view towards the future
development of the RAPS prototype into a Minimum Viable Product (MVP) for the NATO operational
community. This work was performed in close cooperation with NATO Allied Maritime Command
(MARCOM) meteorological and oceanographic (METOC) Anti-submarine staff who are envisaged as
the principal end users of the MVP. The work conducted in 2021 captured and refined requirements
through both a demonstration of the reach back analysis carried out during two NATO ASW Exercises
and a detailed work flow analysis of the METOC support required during operations and exercises.

Results

● Feedback and iteration with NATO MARCOM staff during an ASW exercises served to refine the
required performance metrics and their visualization. The work employed the service-oriented
architecture of the current RAPS version by means of a set of algorithms running in Matlab to
generate various acoustic and environmental output.
● The collaboration with NATO MARCOM staff also resulted in a series of detailed discussions regarding the particular use case of the METOC community. Analysis of these discussions, along
with desk research of NATO documents, has resulted in a more complete understanding of the
use of a future MVP within an operational context. This research has been synthesised into a
hierarchical task analysis. This task analysis described the steps that a METOC officer must go
through in the course of their duties to support the development of a METOC product, and will
be used by the software team to implement a comparable workflow for the GUI of the future
MVP tool.
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AUTONOMY FOR ANTI-SUBMARINE WARFARE

SUPPORT TO NATO ALLIED MARITIME COMMAND IN-STRIDE
DEBRIEFING TEAM DURING NATO ASW EXERCISES
FUNDING BODY: NATO ALLIED MARITIME COMMAND
Overview
NATO conducts a number of live ASW exercises on an annual basis in which large numbers of
naval assets conduct training serials. The MARCOM led in-stride debriefing team (IDT) serves an
important role in providing participants with a performance analysis through a reconstruction of
asset positions and reported contacts. Ultimately, this analysis informs participants if a submarine
was successfully prosecuted or not. The IDT provides this feedback shortly after the completion of
each training serial in order to ensure that any lessons identified may be quickly learned.
NATO MARCOM funded CMRE to support the IDT analysis during several NATO ASW exercises
in 2021. CMRE seeks to augment the IDT analysis through detailed acoustic modelling, predicting
ASW sonar detection ranges accounting for a range dependent environment and actual sonar and
submarine depths. A comparison of predicted detection with a reconstructed range between the
ASW asset and submarine target highlights detection opportunities. Further analysis explores the
factors contributing towards detection performance, such as the depth of the sonar and submarine
relative to acoustic layers and submarine aspect.

Results
● In 2021, CMRE staff supported NATO Exercises DYNAMIC MANTA, DYNAMIC MARINER, and
DYNAMIC MONGOOSE.
● The analysis performed on-site at CMRE used the RAPS to provide fully automated sonar detection performance predictions as a function of sonar depth, submarine depth, and submarine
aspect, throughout the exercise area. Further analysis scripts combined the reported platform
positions with the pre-calculated sonar performance data in order to highlight detection opportunities along with the contributing factors.
● This detailed analysis provided added training benefits to exercise participants by directly correlating environmental and tactical factors with ASW performance.
● Feedback showed that the detailed CMRE analysis products were well received by exercise
participants.
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AUTONOMY FOR ANTI-SUBMARINE WARFARE

METRICS

FUNDING BODY: EU COMMISSION

Overview
Building on the outcomes of the Smart Cities Robot Competitions project, the Metrological Evaluation
and Testing of Robots in International Competitions (METRICS) project continues the European Robotics
League experience, organizing physical and virtual challenge-led robotics competitions in four priority
research areas: healthcare; inspection and maintenance (I&M); agri-food; and agile production. METRICS
organizes competitions as reproducible and objective evaluation campaigns and aims to support the
European robotics and artificial intelligence community by building a sustainable network of stakeholders.
The competitions are designed to engage European industry, academia, and innovation hubs, while
stimulating public engagement. In order to assess the capabilities of the different competing robots in a
rigorous and unbiased way, evaluators use a framework based on metrological principles.
With a breadth and depth of experience in the organization of robotics competitions, CMRE is a key
partner in the project. CMRE is responsible for the marine segment of the I&M competition, and will
organize two physical events hosted at CMRE in 2022 and 2023, as well as two virtual challenges. The
physical competitions will involve underwater robots challenged with response tasks in a realistic oil
and gas emergency scenario, which will require the participating robots to demonstrate perception,
autonomy, and manipulation skills.
Results
● Definition of the rules for the I&M physical and virtual competitions.
● Design of the virtual competitions and dry run execution: selected underwater images of objects
of potential interest (pipes, coloured shapes, coloured buoys, etc.) have been collected and
labelled. CMRE staff has run image processing algorithms on this dataset to better design and
set-up the rules of the virtual competition to be launched in early 2022.
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AUTONOMY FOR ANTI-SUBMARINE WARFARE

INFORE

FUNDING BODY: EU COMMISSION

Overview
The aim of the INFORE project is to address the challenges posed by big datasets and pave the
way for real-time, interactive extreme-scale analytics and forecasting. Today, at an increasing rate,
industrial and scientific institutions need to deal with large and high-velocity data streams derived
from a multitude of sources. The ability to construct accurate forecasts from such streams allows
decision-makers to identify opportunities and avoid undesired outcomes, all while saving valuable
time, effort and resources.
The INFORE project addresses three use cases: financial, biological, and maritime. CMRE is involved
in the maritime use case, the goal of which is to extract insights from incoming surveillance data
streams and accumulated big data to forecast events of interest, facilitating improved maritime
Intelligence, Surveillance, and Reconnaissance. In particular, CMRE and partners are committed
to design, develop, and test at-sea a hybrid surveillance network composed of shore-based fixed
imaging sensors and autonomous surface and underwater robots, equipped with acoustic passive
sensors and cooperating together to detect and localize ship targets. The downstream fusion of
the data stream generated by the network with Automatic Identification System (AIS) data streams
and satellite remote sensor data will enable improved situational awareness and further enhance
the capability to detect ship traffic anomalies.

Results
● Extended the MSA–Heterogeneous Sensor Network Ontology design with entity profiles and
the context for threat assessment, including the development of an ontology knowledge graph
API.
● Developed and tested ship target classification algorithms based on convolutional neural
networks for multi-spectral satellite image data.
● Developed a perception layer for marine robots based on an occupancy grid framework,
which enables data fusion for target localization and is the basis for cooperative, data-driven
autonomous decision-making.
● Successfully tested at-sea
the occupancy grid approach
managed by CMRE’s onboard Intelligent Cooperative
Autonomous Decision Making
Engine framework during
the REP(MUS)21 Exercise
held in Portugal. The target
vessel — NRV ALLIANCE in
this case — was correctly
and autonomously localized
in real-time by collaborating
AUVs through data fusion
exploiting occupancy grid
maps.
Deployment of a Wave Glider from NRV ALLIANCE during
REP(MUS)-21 (Portugal)
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DATA KNOWLEDGE AND OPERATIONAL EFFECTIVENESS
FUNDING BODY: NATO ALLIED COMMAND TRANSFORMATION
Overview
Reliable techniques to process data acquired by heterogeneous sources are essential to build a
comprehensive, accurate maritime situational picture, and, in particular, for the early detection and
intervention of suspicious and potentially malicious activities. The DKOE project addresses the big
data challenges of volume, velocity, variety, and veracity to enable maritime information superiority,
by exploiting state-of-the-art AI, machine learning, and information fusion techniques. DKOE research products can be integrated into test bed environments able to interoperate with networked
systems — including military C2 systems.

Results

24

● Work continued in 2021 on exploring how the available space-based sensor technologies — e.g.
satellite AIS, synthetic aperture radar, and other sources of information — could be exploited in the
context of the maritime surveillance. The studies focused on recent AI and Bayesian techniques to
perform target detection and classification in high-resolution satellite images, anomaly and environmental threat detection (e.g. dark route deviations in the presence of AIS spoofing), and maritime
traffic route extraction from satellite AIS data.
● The multi-target tracking framework based on the belief-propagation method was enhanced to allow the fusion of measurements extracted from satellite images, e.g. SAR images, with satellite AIS
data, and available contextual information.
● The same framework has been extended to address challenging multi-sensor and multi-target
tracking scenarios in the underwater domain, where both sensors and targets are moving with highly uncertain positions and actions. These algorithms were successfully tested in conjunction with
CMRE’s MUS for ASW project as part of the PASSEX in October 2021, highlighting the synergies
among CMRE’s research activities.
● Further research activities based on deep-learning were focused on improving the forecasting of
vessel trajectories in complex maritime environments as well as on predicting short-term, complex
manoeuvres in different multi-target
scenarios.
● The FORUM (Fusion and Reasoning under Uncertainty Modelling) research platform has been developed,
which supports the design of solutions
for reasoning with and fusing information from multiple sources of any type
(AI and human). Mixing logical and
probabilistic formalisms, the underlying framework enables expressive
uncertainty representation of both
subjective expert assessments and
objective statistical information. Several complex solutions of threat assessment (including undersea cable
protection) have been implemented,
illustrating the different functionalities The processing of data acquired by heterogeneous sensors
state-of-the-art artificial intelligence and data
of the platform as well as its efficient using
fusion techniques to extract current maritime situational
computation.
information and knowledge.
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DATA-ENVIRONMENTAL KNOWLEDGE AND OPERATIONAL EFFECTIVENESS

PROMENADE

FUNDING BODY: EU COMMISSION
Overview
Over the last few decades, advances in ICT have provided better means to monitor and analyse
maritime vessel activity. Value-added information can be generated by combining different private
and public sources of data including: AIS; remote sensing from space; vessel traffic services; vessel
traffic management systems; and vessel traffic monitoring and information systems.
Approximately 12,000 vessels daily navigate European waters, sharing their positions to avoid
collisions, and generating a huge number of positional messages. It is important that such an overabundance of data does not overwhelm the marine operator responsible for decision-making. The
challenge is to encourage the exchange of heterogeneous data while exploiting all these datasets
by means of automated processing, and in a way that minimizes false alerts resulting from either
incorrect processing or interpretation of the results.
PROMENADE (Improved Maritime Awareness by Means of Artificial Intelligence and Big Data Methods) will promote the collaborative exchange of information between maritime surveillance authorities and improve solutions for vessel tracking, behaviour analysis, and automatic anomaly detection by applying AI and big data technologies.

Results
● CMRE scientists started work in 2021 on the design and implementation of a vessel trajectory
learning and prediction framework to generate future trajectory samples of a vessel given a sequence of past observations. The capability to forecast the future position of a vessel is critical
for many maritime surveillance applications, such as maritime traffic management, multi-source
data association, and anomaly detection.
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ENVIRONMENTAL KNOWLEDGE AND OPERATIONAL
EFFECTIVENESS
FUNDING BODY: NATO ALLIED COMMAND TRANSFORMATION
Overview
Knowledge of the environment improves both naval operations planning and operational effectiveness. Advanced analytics, processing data observations from persistent and resilient sensors,
provide timely environmental information to enhance military decision-making and optimize mission performance. Such sustained environmental surveillance of hostile and/or harsh regions, for
example the High North, requires autonomous vehicles to carry sensors into areas where it may
not be safe or prudent for manned platforms to venture. EKOE assures science-informed naval operations by covertly assessing environmental conditions in operationally relevant timescales. The
EKOE research team is developing a scalable, autonomous sensing network inherently distributed
in space, time, and functionality, which is complemented by remote sensing and enhanced numerical models.

Results
● The NREP21 sea trial was conducted from 11 June–10 July 2021 in the Greenland Sea/Svalbard
region. Among other activities, two permanent moorings to collect persistent environmental
data were deployed in the vicinity of the Molloy Hole and in the Svalbard continental slope.
● The Directional Sound Characterization software package was developed to determine the
directionality and intensity of ambient noise collected by continuously using an underwater
glider.
● A large-scale coupled sea-ice ocean model was implemented, which covers the Arctic Ocean
and the entire North Atlantic, and simulations were performed to investigate the acoustic sensitivity to high-frequency ocean variability.
● Software was developed for the Wirewalker oceanographic instrument that allows real-time
data processing. The Wirewalker uses the energy from surface waves to move a sensor package through the water column to identify the acoustic propagation regimes during an ASW
exercise.

Summer sea surface
temperature (colour) and seaice coverage as estimated
by the ocean model used
at CMRE. Note the two
areas where high-resolution
numerical models have been
nested within the large-scale
North Atlantic model.
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DATA-ENVIRONMENTAL KNOWLEDGE AND OPERATIONAL EFFECTIVENESS

EXPLORATORY STUDY ON FUTURE CLIMATE CHANGE
IMPACTS ON ASW OPERATIONS
FUNDING BODY: NATO STO OFFICE OF THE CHIEF SCIENTIST

Overview
During 2021, CMRE carried out a preliminary assessment of how climate change could impact
passive and active sonar ASW operations in selected areas of the North Atlantic and Arctic Oceans.
This study used publicly available temperature and salinity data produced by an Atmosphere-Ocean
General Circulation Coupled Model belonging to the Coupled Model Intercomparison Project 5
family to compute underwater sound velocity profiles (SVP). The study considered two 30-year
periods: 1970—1999 as a historical reference, and 2070—2099 as a prediction period following
a high greenhouse gas emissions trajectory. SVPs were computed at five deep-water locations
for the months of January and July, to reflect seasonality. Acoustic transmission loss values were
determined using an acoustic model (BELLHOP). Predicted sonar detection ranges were calculated
from sonar equation Figures of Merit for highly idealized ASW operational scenarios: passive sonar
detection of low-frequency sound radiated by a generic submarine and a generic active midfrequency variable depth sonar.

Results
● Climate change will likely significantly impact ASW sonar performance, varying substantially
from area to area.
● A prevalence towards the degradation of ASW sonar performance is observed for the prediction period (2070—2099) owing to changes in SVPs.
● Among the five locations considered, the tropical and the Arctic areas do not show operationally relevant changes in predicted sonar ranges, whereas the locations in the Nordic Seas and
off the Iberian peninsula exhibit remarkable variations.
● The results from this preliminary study have highlighted the potential impact of climate change
on passive and active sonar ASW operations. Further investigation is warranted in different operational areas using higher-resolution models.

Differences in predicted detection ranges (km, colour scale) for active variable depth sonar, in the
North Atlantic Ocean in January, for 1970-1999 (left) and 2070-2099 (right) period.
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NORTHERN RECOGNIZED ENVIRONMENTAL PICTURE 2021
FUNDING BODIES: NATO ALLIED COMMAND TRANSFORMATION, US OFFICE OF
NAVAL RESEARCH, AND NATO STO OFFICE OF THE CHIEF SCIENTIST
Overview
The Arctic Ocean is strategically relevant to NATO because of the advancements in submarine capabilities
developed and fielded by adversaries. In addition to new threats, climate change is rapidly transforming
the Arctic region. In this context, in 2020 the Centre produced the CMRE Arctic Science and Technology
Strategy. This document is designed to support a reshaping future security space in the Euro-Atlantic zone,
where the Arctic will increasingly become an area of power competition. The strategy identifies and develops the REA requirements and capabilities to support NATO ASW operations in a rapidly transforming Arctic
environment. Through this initiative, CMRE will be able to provide NATO forces with sufficient understanding
and appropriate environmental databases — underpinned by enhanced remote sensing capabilities and
observational networks — for optimal system configurations and tactics in Arctic ASW operations.
The NREP sea trial was conducted from 11 June—10 July 2021 in the Greenland Sea/Svalbard region onboard NRV ALLIANCE. Data collection during the sea trial was designed to accomplish the following objectives:
● Support future studies about the impact of thermohaline intrusions and spiciness (density compensated waters with different temperature and salinity) on acoustic transmissions;
● Monitor the ambient noise levels in the Arctic soundscape; and
● Determine the impact on acoustic transmissions of a random distribution of ice floes at the sea surface.

Results

During the sea trial, the following data collection activities were executed at selected locations:
33 conductivity-temperature-depth (CTD) casts;
68 expendable bathythermographs;
90 nautical miles of underway CTD; and
80 minutes of acoustic transmissions.
Preliminary results inferred from the CTD cast datasets have shown the existence of irregularities in the
sound speed profiles (the ‘finestructure’) with a vertical size of one metre to a hundred metres. These
structures seem to be generated by the interleaving of ocean layers from adjacent fronts with different
physical properties. Finestructure is a major cause of randomness in acoustic propagation, and perturbations in underwater acoustic signals may be accentuated by such structures during future NATO ASW
operations in the Arctic.
● An acoustic experiment was conducted to determine the impact on near surface acoustic transmissions
of a random distribution of sea ice floes. Drifting sea ice groups between NRV ALLIANCE and moored
acoustic receivers were selected north of Svalbard to execute the experiment. Acoustic transmissions were performed from NRV ALLIANCE
while drifting in the sea ice. The analysis of the
acoustic datasets collected by the moored
acoustic receivers is expected to show the impact of the sea ice patches on acoustic transmissions.
● Finally, the environmental data collected during
NREP21 show a large freshening and cooling of
the Atlantic waters in the region in the last three
years, compared with data collected during the
2000s in the same region. The results of this
analysis show evidence of sudden changes in
the underwater soundscape conditions in certain regions of the Arctic Ocean.
●
●
●
●
●
●
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Above: NRV ALLIANCE in navigation near the sea ice in the Arctic Ocean, in June 2021, during the
NREP-21 Sea Trial.
Left: Oceanographic data collection from NRV Alliance in June 2021, off the Coast of Svalbard Island,
during the NREP-21 Sea Trial. Red (blue) dots correspond to (conductivity-Temperature-Depth (CTDs)
casts. Solid lines represent the Underwater-CTD trajectories. Black squares indicate mooring locations.
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CRACCEN INITIATIVE

FUNDING BODY: DEFENCE RESEARCH AND DEVELOPMENT CANADA — ATLANTIC
RESEARCH CENTRE

Overview
CMRE is supporting the Defence Research and Development Canada (DRDC) — Atlantic Research
Centre through a collaboration entitled, Incorporating Uncertainty and Battlespace Data Sources into Real-time Sonar Performance Predictions. The work is part of DRDC’s Command Reconnaissance Area Coordination and Control Environment Network (CRACCEN) initiative. The goal
of CRACCEN is to provide the Royal Canadian Navy with a revolutionary Underwater Warfare C2
system with predictive situational awareness, battlespace management, operations planning, and
mission execution capabilities. CMRE is contributing its expertise in three areas: accessing distributed data sources for sonar performance prediction; REA; and AI for autonomous systems.

Results
● REA: CMRE staff has used previous sea trial data to compare different REA procedures targeted
to underwater acoustics. A state of the art numerical ocean model has been developed using
two-way telescoping nesting techniques to increase the horizontal resolution, and a three-dimensional variational assimilation scheme to assimilate observations. Results, in terms of the
ability to reproduce oceanographic and acoustic properties, indicate that a proper modelling
suite with appropriate assimilation capabilities has the potential to outperform standard rapid
environmental approaches.
● AI: CMRE staff carried out a study on modern machine learning and intelligent planning and
multi-sensor network coordination algorithms for future intelligent ocean sensing networks.
The pertinent literature was reviewed and theoretical and applied studies reported with emphasis on REA applications. The study verified the degree of maturity of modern intelligent
decision algorithms in the ocean sampling framework and evaluated the extent to which these
techniques have been experimented under real conditions at sea.

CRACCEN conceptual architecture diagram

30

2021 ANNUAL REPORT

31

NATO STO-CMRE

MARITIME UNMANNED SYSTEMS ENABLERS

MARITIME UNMANNED SYSTEMS ENABLERS
FUNDING BODY: NATO ALLIED COMMAND TRANSFORMATION

Overview
The MUSE project designs the architectural framework in which future autonomous underwater
systems and missions will be cast. The project establishes standards for control, data flow,
information security, performance, and interfaces, to provide NATO forces with secure, interoperable
and scalable systems that increase effectiveness while reducing risk and cost.
The broad targets established by MUSE are:
● to provide Maritime C2 support and development from system-level (architectural support),
vehicle level (underwater communications), to maritime picture aggregation;
● mission assurance and security aspects of MUS; and
● to promote the concepts of digital twins for the development, testing and validation of
autonomous maritime systems and missions.
All these targets feed into the underlying themes of interoperability and standardization, which are
essential elements of effective multi-national force integration within NATO.
Activities within the MUSE project are organized into the following three focus areas:
● Interoperability and security for MUS
● Modelling and Simulation for MUS
● Underwater communications and networks

Results
● During the REP(MUS)21 Exercise held in Portugal, the MUSE team deployed and demonstrated
the initial version of a decentralized data architecture based on the datasets developed by
the STO CPoW Systems Concepts and Integration RTG, allowing the sharing of a common
operational picture across different exercise participants and geographical locations.
● A modelling and simulation federation was employed in support of ASW missions.
● During REP(MUS)21, a new concept of operations was introduced for submarine rescue
operations with the employment of NATO’s digital underwater communications standard,
JANUS, for automated transmission
of vital data from a submarine in
distress.
● A new cognitive underwater
communications
system
was
employed at sea with the ability
to automatically change the
transmitted waveform in response to
the underwater acoustic conditions,
opening new possibilities for better
exploring the limitations of the
physical channel.
● A proof-of-concept system for
secure underwater communications
based on Quantum-Key Distribution
was developed in cooperation
with Özyeğin University (TUR) CMRE’s RHIB seen from a re-emerging Ocean Explorer AUV
researchers.
off the coast of Sesimbra (Portugal) during REP(MUS) -21
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CMRE’s Autonomous Surface Vehicles (Wave Glider)
deployed from NRV ALLIANCE off the coast of Sesimbra
(Portugal) during REP(MUS)-21
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MODELLING AND SIMULATION SUPPORT
FUNDING BODY: NATO ALLIED COMMAND TRANSFORMATION

Overview
This project assists ACT with the investigation, analysis, and development of solutions based on the
use of M&S to support wide-ranging NATO activities, including training, decision-making, advance
planning, operations planning, and Concept Development and Experimentation (CD&E).

Results
● The CMRE team investigated the NATO Persistent Parallel Simulated Worlds Capability;
contributed to the development of the M&S aspects of the Capability Package Plan for the
Enablement Support Services Capability Package; and supported ACT staff on the definition
and development of the Next Generation M&S Implementation Plan and Capability Architecture
by following the STO CPoW M&S Group (MSG) RTG on ‘Modelling and Simulation as a Service.’
● The CMRE team contributed to the work of STO CPoW joint MSG and Systems Analysis and
Studies RTG on ‘Using Simulation to better inform Decision Making for Warfare, Planning,
Operations, and Assessment.’
● The CMRE team supported ACT staff on the development of instructional materials for the
NATO CD&E Course at the NATO School Oberammergau on the use of M&S to support
experimentation. A core element of the training materials is the MVP Operation Concrete
Forest, a simulator developed to support the course.

CMRE designed training simulator “Operation Concrete Forest”
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MARITIME UNMANNED SYSTEMS ENABLERS

ROBORDER

FUNDING BODY: EU COMMISSION

Overview
ROBORDER (Autonomous Swarm of Heterogeneous Robots for Border Surveillance) is an EU Horizon 2020 project with 25 partners, including law enforcement agencies and industry. This project
will develop a multi-domain platform, which — with the use of autonomous vehicles — will support
border security agents and will be applied to surveillance, surface air rescue, and environmental
monitoring operations. The CMRE project team developed a M&S-based test bed for the verification and validation (V&V) of autonomous engines and to support operational CD&E. The CMRE
team also led the demonstration and evaluation of the ROBORDER system during live demonstrations in Bulgaria, Greece, and Italy.

Results
● The CMRE team designed, implemented, tested, and used the M&S-based test bed capability
to support ROBORDER in the organization of demonstrations and the V&V processes of unmanned ground and rotary wing aerial vehicles as well as radar sensors. The M&S capability
supported the organization of the live events, which gathered data to test the demonstration
configuration and evaluated the potential performance of systems not present during the live
tests.
● The CMRE team led the deployment of the ROBORDER system during the live demonstrations
in Bulgaria, Greece, and Italy, where it was used to verify the compliance of the systems to the
project objectives.
● The CMRE team carried out a user-centric quantitative and qualitative evaluation of the ROBORDER system performances. Quantitatively, the data generated by the platform during the
demonstrations were analysed to compute Key Performance Indicators (KPIs) for benchmark
comparisons. The qualitative assessment comprised a set of user questionnaires, which were
specifically developed for ROBORDER and completed by end users involved in the project.

ROBORDER M&S federation
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MODELLING AND SIMULATION SUPPORT
TO ACT INNOVATION HUB
FUNDING BODY: NATO ALLIED COMMAND TRANSFORMATION

Overview
Starting in 2019, this multi-year project provides CMRE’s seamless support to the ACT Innovation
Hub in the field of M&S technologies and methodologies. Throughout 2021, activities focused on
the development of a series of incremental and user-centric MVPs that support an investigation
into the topic of Trust and Autonomous Systems. The MVPs developed and tested throughout the
year utilize innovative M&S approaches to support a series of Disruptive Technology Experiment
(DTEX) events, enabling a new approach to NATO wargaming designed to test ideas and technologies quickly in an operational context.

Results
● The project held two distributed, virtual DTEX and one in-person event to gather new knowledge
about the effects of emerging and disruptive technologies. Involving participants from military,
scientific and industrial communities, the synthetic environment provided a safe-to-fail space
where concepts could be understood, explored, and analysed through a series of structured
events.
● Building upon the multi-year project framework, and supported by the application of NATO’s
lessons learned processes, an iterative continuous improvement approach to learning has
resulted in a documented and structured body of knowledge that will support a wide range of
future NATO wargaming and M&S activities.

Researchers investigating the effects of emerging and disruptive
technology combinations in a synthetic environment
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AUTONOMOUS SYSTEMS AND VR/AUGMENTED REALITY
FOR SITUATIONAL AWARENESS IN HARBOUR PROTECTION

FUNDING BODY: NATO HEADQUARTERS INTERNATIONAL STAFF EMERGING SECURITY CHALLENGES DIVISION — DEFENCE AGAINST TERRORISM PROGRAMME OF WORK

Overview
The goal of this concept development project is to investigate the use of autonomous systems
for improved situational awareness for harbour protection against maritime IEDs. The CMRE team
is developing a prototype solution for enhanced situational and spatial awareness to overcome
technical and cultural barriers in the employment of unmanned underwater systems.

Results
● The CMRE team attended the NORTHERN CUTAWAY 2021 Exercise hosted by the French Navy,
which was organized as a workshop to share and discuss the preliminary results of the project
with the operational community.
● Based on the use of wargames supported by digital simulations, a methodology was developed
for the elicitation of information and the assessment of assumptions on operational concepts.
This methodology was tested successfully during the NORTHERN CUTAWAY 2021 Exercise.
● To promote a user-friendly representation of the underwater environment and sensor data, a
prototype visualization environment was developed consisting of a VR interface fed by data
coming from simulated runs and processed using emulations of machine learning algorithms.

VR/AR visualization environment
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COMPLEX HOLISTIC OUTLINE BASED INTEROPERABLE
NETWORK FOR UNDERWATER SIMULATION (CHOBIN)
FUNDING BODY: ITA MINISTRY OF DEFENCE

Overview
The Italian Navy research centre CSSN (Centro di Supporto e Sperimentazione Navale) is working
to create a test bed capability for maritime unmanned systems. Modelling and Simulation (M&S) is
one of the pillars of such a capability.
The goal of CHOBIN (Complex Holistic Outline Based Interoperable Network for Underwater
Simulation) is to study, develop and test a prototype of a multi-system interoperable simulator
for underwater warfare scenarios involving heterogeneous autonomous systems. This prototype
would provide CSSN with the capability to be part of federations of NATO simulators and systems,
supporting CSSN’s activities in the testing, evaluation, verification and validation of systems and
platforms, and related operational analyses.
In 2021, CSSN requested CMRE to start a two-phase project. The first phase involves defining
the M&S requirements as the foundation for a wider feasibility study to be carried out during the
second phase. The outputs of this work will be reported in the first quarter of 2022 and, pending
their acceptance, are expected to support the second phase of CHOBIN in 2022.
This project demonstrates national exploitation of the M&S research and development funded by
ACT during the last seven years, and is confirmation of the value of using M&S, and in particular
interoperable simulation, for concept development and experimentation of autonomous systems
and innovative technologies.

Results
● At the time of publication, the first phase of the project is ongoing.

CHOBIN M&S Federation
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CAMELOT

FUNDING BODY: EU COMMISSION

Overview
C2 Advanced Multi-Domain Environment and Live Observation Technologies (CAMELOT) is an EU
Horizon 2020 project to develop and demonstrate customizable C2 service modules for multiple
platform domains. The CAMELOT architecture and modules will help build support within industry
and the user community for the adoption of a standard for multi-service, multi-domain C2 systems.
Communication and localization for underwater C2 have to be implemented in a completely different
way compared with surface systems. CMRE developed an acoustic localization beacon system
(LBS) to provide underwater assets with a positioning service. Similar to the GPS in the surface
domain, the CAMELOT LBS provides AUVs with their position by emitting acoustic localization
pulses that are received by all AUVs within range. The ability to communicate with multiple AUVs
from a single unmanned surface vehicle allows NATO maritime forces greater mission scalability
while maintaining a constant connection with any number of underwater assets.

Results
● CMRE completed and tested the acoustic localization payload for the SPARUS AUV. At-sea
tests have been carried out to check performance and refine the localization algorithms.
● The CAMELOT consortium successfully performed the integration tests and the final demonstration. Due to COVID restrictions, experiments were executed in a virtual scenario.

The gallery of webcam broadcasts
during the CAMELOT
pilot demonstration

CMRE SPARUS AUV and
acoustic localization
payload
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EU MARINE ROBOTS

FUNDING BODY: EU COMMISSION

Overview
A sustained monitoring presence in the ocean will enable researchers a greater understanding
of how key issues such as climate change, fishing, pollution, shipping, and security are impacting
global ocean sustainability and stewardship. To foster and contribute to the development of
methods, tools, and robotic vehicles required for this initiative, the EU Horizon 2020 Research
and Innovation EU Marine Robots (EUMR) project aims to establish a world-class marine robotics
integrated infrastructure. This project opens key national and regional marine robotics research
infrastructures to all European researchers and ensures their optimal use and joint development.
The EUMR project builds on existing networks of the EU marine robotics community and is
synergistic with worldwide networks.

Results
● CMRE successfully executed six projects in cooperation with academia, research centres, and
industry located in the European Union and United States using the Centre’s Littoral Ocean
Observatory Network (LOON) test bed to conduct research on underwater acoustic communications, networking, and interoperability.
● The development and at-sea validation of an adaptive hybrid acoustic-optical communication
system to support next-generation cooperative networks. This system was built using CMRE’s
Cognitive Communication Architecture (CCA) and the optical communication solution developed by one of the EUMR partners. Acoustic links are used to obtain situational awareness and
optical links for fast data transfer. At-sea tests were performed using the LOON and unmanned
vehicles.
● The development of a CCA adaptive multi-modal strategy to enable or disable fast optical links
when available. The solution was integrated with unmanned underwater vehicles from EUMR
partners and successfully demonstrated during at sea experimentation in Portugal in August
2021.

Left: A node of CMRE’s LOON underwater communication network being deployed. Right: The underwater
vehicle equipped with the hybrid acoustic-optical communication system during experimentation in Portugal.
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ARESIBO

FUNDING BODY: EU COMMISSION

Overview
ARESIBO (Augmented Reality Enriched Situation Awareness for Border Security) is an EU Horizon
2020 project that develops an integrated situational awareness system for border security based
on Augmented Reality (AR). CMRE’s main role is in the development of a training system based on
M&S to support ARESIBO end users on the AR devices.

Results
● Building on the work completed in 2020 and guided by the feedback provided by the project
end users, two brand new software tools have been developed: Simulation Manager (SM) and
Operative Supervisor (OS).
● The main goal of the SM tool is to guide and help the trainer to run complex distributed simulations. The SM tool provides the trainer with a single centralized point of control over the overall
ecosystem of simulators that form the overall simulated training environment. By using the SM
tool, the trainers have the capability not only to select the sessions they want to run, but also to
adapt the allocation of each simulator to specific computers according to available hardware.
● The OS tool was developed to improve the trainer’s situational awareness while delivering a
session, and is a map based tool that displays on a 2D moving map all the physical entities within a simulated training scenario and their associated properties. Moreover, the OS tool allows
the trainer to interact with the scenario by modifying it at runtime.

Operative Supervisor (top) and
Simulation Manager (bottom)
Graphical User interface
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LESSONS LEARNED ONTOLOGY PROTOTYPE
FUNDING BODY: NATO ALLIED COMMAND TRANSFORMATION JOINT ANALYSIS
AND LESSONS LEARNED CENTRE

Overview
The Lessons Learned Ontology (LLO) project is a new collaboration between CMRE and NATO’s
Joint Analysis and Lessons Learned Centre (JALLC). The project shows how CMRE capabilities create
innovative and tangible benefits in NATO bodies and Nations. The vision of the project is to enhance
the existing NATO Lessons Learned System with AI, especially Semantic Web Technologies, in order to
improve the quality of search results for Lessons Learned Analysts and Officers.
Currently, NATO’s Lessons Learned System can be queried with keywords, which return results only
when they are found within a Lessons Learned document. Documents that are relevant but contain
synonyms or similar words are not returned and as a consequence, all pertinent documents may not
be found. To mitigate this risk, the Lessons Learned System is typically queried with permutations of
keywords, which often results in a very large number of documents that have to be analysed manually
one by one. Additionally, search results cannot be replicated easily, which makes the search for relevant
documents incredibly tedious for the end user.
In order to increase the utility of NATO’s Lessons Learned System for its users, the LLO project was
set up as a collaboration between CMRE and JALLC. The goal of the project is the establishment of a
methodology for the development of a semantic representation of the Lessons Learned domain, i.e.
a NATO LLO. Such an ontology is able to boost the performance of search engines leveraging the
search result from a keyword match to a context match. Additionally, such a semantic representation
of Lessons Learned increases interoperability between NATO and National Lessons Learned Systems.

Results

● Use cases for a future NATO LLO have been identified and a survey completed of existing resources, methods, and tools to be reused for the development of a future NATO LLO.
● A new method for ontology development has been proposed that is being used to develop a
prototype of the NATO LLO with a large community of ontology experts and Lessons Learned
domain experts from all NATO Nations.
● On 09—10 Dec 2021, the NATO LLO Workshop, organized by JALLC and CMRE, was attended
by representatives from NATO Commands and Agencies and 18 NATO and partner nations in a
hybrid on-site and virtual format. The workshop brought together Lessons Learned
experts and AI experts in order to develop
a common way forward for a future NATO
LLO, and the development of methods for
ontology learning that can be applied within nations to improve potential for Lessons
Learned ingestion, exchange, and analysis. Elicitation sessions resulted in capturing Lessons Learned subject matter expert
knowledge on core concepts of the Lessons Learned domain and their relations.
● The ongoing work is supported by a STO
CPoW Systems Analysis and Studies Panel
Exploratory Team, ‘Lessons Learned OntolWorkshop, hosted by JALLC in December 2021, to
ogy Technologies — Improvements to Shardevelop a NATO LL Ontology, as well as create a
new community that will push LL into the era of AI.
ing and Searching.
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SCOUT

FUNDING BODY: US OFFICE OF NAVAL RESEARCH GLOBAL (ONR-G)

Overview

Novel and increasingly capable technologies are available in the field of underwater communications
and marine robotics. As these technologies mature, NATO Nations are employing cooperative
Underwater Acoustic Networks to perform dull, dirty, and dangerous tasks in military and civilian
scenarios. However, aspects related to security need to be carefully investigated to protect
against possible DoS attacks. The main objective of the Secure and Cognitive Communications in
Underwater Networks (SCOUT) project is to address network security from a cognitive and crosslayer perspective, spanning from the physical layer to the higher layers of the communication
stack. Low-probability-of-intercept and anti-jamming capabilities were investigated by combining
various coded modulation techniques. Physical Layer Security has also been explored to generate
a cryptographic key between two underwater nodes without exchanging the key itself. Moreover,
cooperation between nodes (including mobile platforms) was employed to enable the network to
respond to various types of DoS attacks.

Results
● A crypto-key generation protocol was developed using the inherent underwater acoustic channel correlation between two submerged nodes. The protocol performance was evaluated with
a combination of real and simulated data in scenarios with two legitimate nodes and an eavesdropper. Promising results were obtained for further investigation and validation during future
at-sea experimentations.
● Strategies to counteract DoS attacks in an underwater acoustic network were investigated. Replay, resource exhaustion, and sinkhole DoS attacks were examined as test cases for scenarios
where: first, the malicious node had
no knowledge about the communications solutions employed in the
network (replay attack); and second,
the attacker had knowledge of the
protocol stack used by the legitimate
nodes (resource exhaustion and sinkhole attack). In both cases, different
countermeasures were designed and
implemented showing that a trade-off
needs to be found between security
and resources.
● A game-theoretical analysis was
conducted to address jamming DoS
attacks. The performance of the designed system was evaluated in terms
of battery lifetime and packet reception probability. The collected results
show how the transmitter can apply
a combination of active and evasive
defences based on the network geometry to mitigate the impact of the
Spectrograms of signals collected during at sea
jammer.
experimentation
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COMPASS2020

FUNDING BODY: EU COMMISSION

Overview
COMPASS2020 (Coordination of Maritime Assets for Persistent and Systematic Surveillance) is an
EU Horizon 2020 project that integrates multi-domain unmanned systems and data fusion services
with traditional surveillance assets to support maritime border surveillance missions. During 2021,
the full suite of COMPASS2020 systems and services were successfully demonstrated in counter
drug smuggling and irregular migration missions, proving the potential of unmanned systems and
data fusion algorithms to increase maritime surveillance coverage and persistence while reducing
costs and response times.

Results
● The development approach focused on the use of conceptual modelling principles to bring
together communities to identify and optimize key opportunities for emerging technologies in
the generation of reference and target requirements architectures.
● In order to test candidate system architectures, a set of KPIs were identified, refined and used
to communicate the benefits of COMPASS2020 over existing ways of working.
● Building upon NATO Architectural Framework (NAF) guidance, the NAF Dashboard Toolset is
a model-based communication aid designed to support collaborative working among diverse
and geographically distributed teams.
● The COMPASS2020 demonstration and final reviews were successfully completed, closing out
this ambitious and innovative project.

CMRE’s model-based architectural development
and progress monitoring tools
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UNDERWATER COMMUNICATIONS AND NETWORKING
CONFERENCE
FUNDING BODIES: NATO ALLIED COMMAND TRANSFORMATION (ACT), IEEE OCEANIC
ENGINEERING SOCIETY, AND US OFFICE OF NAVAL RESEARCH (ONR)

Overview
CMRE’s Underwater Communications and Networking (UComms) conference series focuses on
working towards a deep understanding of the propagation of underwater communication signals
and the performance of necessary higher-level protocols. Ucomms supports the intelligent choice
of underwater communications standards as a foundation for interoperability.
This highly-regarded, biennial academic conference began in 2012. Unfortunately, the 2020 edition
was cancelled due to COVID restrictions; however, on 31 Aug—01 Sep 2021, CMRE held the virtual
conference.

Results
● The conference was organized into seven sessions, each coordinated by key researchers in
the field of underwater communications.
● A total of 195 delegates registered from around the globe to join the UComms technical presentations.
● The collection of 30 high-quality, peer-reviewed scientific short papers with contributions ranging from optical and acoustic communications, cryptographic techniques, adaptability, to new
channel insights.
● A book of conference paper abstracts is available on the UComms website (https://www.
ucomms.net) and the video presentations are available in CMRE’s YouTube Channel.
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Overview
The mission of the Engineering Department (ED)
is to support CMRE’s Scientific Research and Customer Funded Work by enabling the collection of
scientific and engineering data in the above-water
and underwater domains. Thirty-five engineers,
technicians, and craftsmen address the challenges
of taking CMRE’s science and technology to sea.
Collectively, they design and develop unique experimental systems; enhance commercial off-theshelf technology with in-house developed, innovative capabilities such as advanced sensor suites;
and test, operate, and maintain the broad range of
equipment, instruments and machinery in CMRE’s
engineering and scientific inventory.
The work of ED is structured along two dimensions:
indirect “Horizontal” activities include the maintenance, repair, calibration, and improvement of existing CMRE-owned equipment in preparation for
operations at sea; while direct “Support to Projects”
activities develop new equipment and instruments,
designed, and integrated according to specific requirements from either CMRE’s research projects
or external customers.
ED’s multidisciplinary staff are organized into five
sections:

46

● Acoustic: develops and operates state-of-theart sonar systems, including transmitting and
receiving transducers, sensors, and arrays to
be towed from ships, moored to the sea floor,
or installed in autonomous platforms.
● Electronic: supports data acquisition, storage,
and processing, as well as the needs of propulsion, communication and control of unmanned
systems through the integration of custom
electronics. Emphasis is placed on miniaturization, energy efficiency and endurance.
● Oceanographic: provides knowledge of the
ocean environment with traditional and innovative sensors deployed in moorings, towed from
ships or installed on-board CMRE’s fleet of gliders for persistent data collection in large ocean
areas.
● Unmanned Systems: supports most CMRE activities through the custom integration and operation at sea of surface and underwater autonomous platforms.
● Mechanical: provides support through the design, fabrication, integration, testing, operation
at sea, and maintenance of all CMRE engineering equipment, using state-of-the-art machinery and techniques.

2021 ANNUAL REPORT
Results
During 2021, ED staff have operated within the
COVID-19 constraints and restraints, including the
use of personal protection equipment, workspace
organization compliant with social distancing, and
health and safety protocols, including strict quarantine periods before sea-going activities. Despite
all the challenges, ED staff have worked on equipment, ashore and at sea, and have successfully
supported trials for a range of ACT Maritime S&T
POW and other customer funded projects.
● ANMCM – CA-MCM Project: development and
upgrade of the BIONDo AUV, fitted with an
ARIS Explorer 3000 high-resolution acoustic
camera, to add the CA-MCM autonomy stack
on-board the vehicle.
● ANMCM – HRLFSAS Project: completion of the
planned upgrade of the TX Amplifiers, and contribution in the planning for security accreditation.
● ANMCM – P&E Project: preparation of the fleet
of minehunting AUVs (MUSCLE, BIONDo) and
support equipment, and participation in the
Turkish naval mine warfare exercise NUSRET21
(October 2021), embarked on the SNMCMG2
flagship.
● OCEAN2020: preparation of the fielded capabilities, based upon the BIONDo AUV, and participation in the Baltic Demonstration, conducted in August 2021 off the southeast coast of
Sweden.
● AASW – MUS for ASW Project: development,
integration, and operation at sea of two low
power consumption, long-endurance bottom

●

●

●

●

nodes (BONO) equipped with a heterogeneous
sensor suite (passive acoustic sensors, quantum magnetic sensors, and geophones). Maintenance, preparation, and at-sea deployment
of a network of equipment (two BONOs; two
OEX-C AUVs towing advanced hydrophone
arrays; two buoyancy Glider AUVs with vector sensors; one AUV equipped with an active
acoustic payload mimicking submarine radiated noise; and a full set of communications gateway systems, including buoys and wave glider
Unmanned Surface Vehicles (USVs), during the
REP(MUS)21 Exercise. Preparation and deployment at sea during the PASSEX with SNMG2
of a multi-static active ASW network with two
OEX-C AUVs towing advanced hydrophone arrays and a wave glider USV communications
gateway.
EKOE Project: preparation and deployment
of oceanographic and acoustic instruments
(drifting and underway CTDs and XBTs) and
moorings (including acoustic receivers) during
NREP21.
MUSE Project: preparation and operation of a
cognitive underwater acoustic communication
system as part of the DISSUB vignette during
the REP(MUS)21 Exercise.
MUSE CAMELOT Project: development and
test of an acoustic localization payload for the
SPARUS AUV, and support to the integration
tests and the final demonstration.
MUSE – EUMR Project: maintenance and operation of the CMRE’s LOON test bed (54 days of
usage in total).
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Overview
The IT department is responsible for software development, data management, and scientific Computer and Information Systems (CIS) at CMRE. The
team is composed of 15 IT engineers and technicians.
In 2021, work continued on refining the service
model for operating the internal source code repository service Gitlab, including the definition and
testing of an initial set of guidelines. Additionally,
the team is increasingly involved in leading and executing innovation projects in the maritime domain,
using modern Agile and DevOps methodologies.
Following the CMRE Data Management Road Map,
published in 2020, discussions with partners external to CMRE resulted in an opportunity to work with
NCIA on studying the workflow of a data scientist,
to help identify how innovative classified Cloud
services can improve the way of working at CMRE.
During 2021, IT Department staff implemented several upgrades to the Scientific Network (SciNet)
Infrastructure — CMRE’s working network for researchers and engineers — to enhance its resilience and assure business continuity.
Results
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the products of the CMRE ANMCM P&E project,
with emphasis on implementing algorithms for
newer vehicles and sensors.
● The successful evaluation of the LIME711 MVP
shows how CMRE is leading innovation programs using a cross-functional team with scientific researchers, operational personnel, and
software professionals working together to create value for the operational community.
● In collaboration with NATO Communications
and Information Agency (NCIA) staff and CMRE
AASW researchers, a study was delivered detailing the workflow for active sonar ASW target classification. The purpose of the study was
to understand if and how a machine learning
workflow could be conducted using modern
cloud infrastructure provided by NCIA working
at higher NATO security classification.
● Design and implementation of a new WAN architecture to interconnect the SciNet LAN onboard NRV ALLIANCE to the SciNet core at
CMRE.
● Participation and IT support to CMRE trials, with
sea-going IT specialists embarking on-board
vessels for the major 2021sea trials.

● Following the publication and socialization of
the CMRE Data Management Road Map, ACT
funding was secured for a Data Management
project for execution in 2022. The project will
focus on the governance and metadata preparation of MCM data, and on sharing a pilot data
catalogue with selected external stakeholders.

● During the REP(MUS)21 Exercise, and in collaboration with CMRE’s MUSE project funded by
ACT, design and successful implementation of
a distributed network architecture to share situational awareness information, collected onboard NRV ALLIANCE, with the C2 systems of
different exercise participants.

● An initial set of guidelines were established for
the use of a source code repository, and tested on a set of pilot projects. In the longer term,
the aim of the guidelines is to help researchers
gain insights about the software assets available at CMRE as well as ease the workflow of
using software during sea trials.

● Upgrades to the resilience of SciNet included:
implementation of a new Windows Server Update Service to manage the distribution of updates to the SciNet Windows environment and
final implementation of new scientific data storage infrastructure with the successful migration
of data to the new system.

● Funded by ACT Innovation Branch, CMRE continued to implement MVPs using agile software design and development methodology. A
second version of the Light and Interoperable
Naval Mine Warfare Evaluation (LIME 711) tool
was produced and tested by the operational
community in a tabletop exercise. A feasibility
study was carried out for the development of
a new MVP for a MCM P&E tool incorporating

● Reorganization of the SciNet helpdesk to improve adherence to IT Infrastructure Library
principles and provide current IT capabilities as
services.
● In collaboration with researchers from CMRE’s
ANMCM and ASW programmes, design of a
GPU-based high performance computer cluster
for deep learning and AI. The new architecture
is planned for implementation in 2022.
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LIGHT AND INTEROPERABLE NAVAL MINE WARFARE
EVALUATION
FUNDING BODY: NATO ALLIED COMMAND TRANSFORMATION

Overview
The development of the LIME 711 and data exchange tool was done in close collaboration with
ACT. LIME 711 is an MVP developed by CMRE, which is based on an agile design and development
methodology using modern DevOps technology and workflows.
The aim of LIME is to bridge a current capability gap related to the exchange of NATO Naval Mine
Warfare data. The ACT INNOVATION BRANCH VERIFICATION EXERCISE LIME 711 was conducted
to train operators and assess the impact and utility of LIME.

Results
During the ACT-led verification exercise, the LIME MVP was assessed by the participants as a highlyrelevant self-contained tool that is easy to use with a good level of learnability. The potential impact
of the tool was considered very high in terms of time saving, increased situational awareness, and
error reduction.

Military Operators testing LIME Minimum Viable Product (MVP) during the ACT Innovation Branch
Verification Exercise hosted by CMRE
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MCM P&E TRUMPET FEASIBILITY ASSESSMENT
FUNDING BODY: NATO ALLIED COMMAND TRANSFORMATION

Overview
A technical feasibility study was conducted in collaboration with ACT staff on the development of
an MCM P&E tool to address the limitations of existing NATO solutions and correctly represent the
use of advanced sensors in MCM operations. The target end users of this tool are NATO NMCM
Tasking Authority staff, national Mine Warfare Data Centres operators, and AUV teams supporting
MCM operations. The implementation of this new tool will represent the successful exploitation
and delivery to the operator of the CMRE NMCM P&E project outputs, funded over several years
as part of the ACT Maritime S&T POW, and address the current shortfalls with legacy NATO MCM
P&E tools.
Activity during 2021 included: collecting input from a wide variety of potential end users in the
NATO MCM community; conducting an analysis of existing tools and standards; working with ACT
and NCIA staff to clarify the Software Development Life-cycle of the future tool; and, defining a high
level architecture, user journey, and product backlog for the new tool.

Results
A set of concrete outputs of the feasibility study were delivered to ACT staff, including:
● A detailed depiction of how an MCM operator uses the current tools through the entire MCM
P&E process;
● A proposed ‘user journey’ for a reimagined modern tool, incorporating new technological advances;
● A detailed analysis of the existing solutions, their strengths and limitations according to users,
to serve as a basis for enhanced functionality of a new tool; and,
● A proposed architecture for a new MCM P&E tool, designed to be modern, interoperable, maintainable, and future-proof to new developments in MCM.

Example of automatic seabed characterization and Residual Risk Map
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MARITIME SCENARIOS FOR DATA SCIENCE
FUNDING BODY: NATO COMMUNICATIONS AND INFORMATION AGENCY (NCIA)

Overview
In collaboration with NCIA, a study of the different stages, challenges and opportunities involved
in the data analysis of Anti-Submarine Warfare (ASW) target classification based on Active Sonar
Data was conducted.

Results
The objective the of Maritime Scenarios for Data Science project was to describe an active sonar
ASW data science use case which is currently developed using the CMRE infrastructure. More
specifically, to provide details and insights for the different stages, challenges and opportunities
in the target classification use case. To achieve these objectives the working team (consisting of
the Subject Matter Expert ASW team and the Data Management team) conducted a workshop and
a series of internal discussions to analyse the existing approach and formulate a set of necessary
preconditions to transition work to the cloud.
The workflow was documented and used to further discuss the potential challenges and benefits
of using the NCIA Data Science sandbox environment as part of embracing a service based and
DataOps workflow at CMRE.
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UNEXPLODED ORDNANCE (UXO) TEST SITE IMPLEMENTATION, DEMONSTRATION AND MAINTENANCE
FUNDING BODY: US ENVIRONMENTAL SECURITY TECHNOLOGY CERTIFICATION PROGRAM (ESTCP)

Overview
The problem of underwater UneXploded Ordnance (UXO) remediation is, if at all possible, long
and complex using conventional methods, such as divers in the field. Consequently, in the last
decade, there has been a proliferation of autonomous underwater and surface vehicle (AUV –
ASV) systems designed or adapted to perform this task. The performance evaluation of these
systems requires lengthy at sea testing, in well-defined and controlled underwater conditions,
documented as accurately as possible. The US Environmental Security Technology Certification
Program (ESTCP)—the US Department of Defense (DOD) environmental technology demonstration
and validation program—awarded CMRE at the end of 2020 a grant for a project to implement,
maintain, manage and monitor an UXO Testbed site, located offshore of the CMRE facilities, in the
harbour of La Spezia.
Activities under this project include the environmental characterization of the site, the seeding of
the area with selected inert ordnance and manmade clutter objects, and a final survey to determine
the ground truth immediately prior to any system testing demonstrations. Two demonstration
periods are planned for summer 2022 and 2023, each one followed by a Technical Workshop
to disseminate the results to the relevant scientific and technical communities and review
lessons identified. CMRE will also carry out test site maintenance and control between the two
demonstrations, with the removal of the site and final reporting scheduled for the end of 2023.

Results
CMRE staff successfully completed the comprehensive environmental characterization of the test
site. Ongoing tasks include the selection of UXO inert/dummy targets for site seeding (in cooperation
with local ITA Navy Shooting Range – ‘Balipedio Cottrau’, and the ‘Agenzia Industrie Difesa (AID) Stabilimento Militare Ripristini e Recuperi del Munizionamento (SMRRM)’), and the preparation of
the detailed test plans and procedures. Contacts are being established with potential participants
in the 2022 demonstration.

Location of the UXO test site in La Spezia Harbour
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ACTIVE TOWED ARRAY SONAR AT-SEA TESTS
FUNDING BODY: LEONARDO DEFENCE SYSTEMS, ITALY

Overview
The Active Towed Array System (ATAS), developed for the Italian Navy by Leonardo Defence
Systems, is a variable-depth sonar designed for ASW operations in both littoral waters and open
oceans. CMRE has supported the development of ATAS by designing and building the prototype of
the acoustic receive array and providing a prototype code for the receive signal processing chain.
CMRE has been involved in testing the entire integrated system using NRV ALLIANCE as the trial
platform.

Results
● The complete ATAS system was fully tested for the first time at sea onboard NRV ALLIANCE in April 2021.
● Successful integration of the ATAS
and its launch and recovery system equipment on-board NRV ALLIANCE, which was a challenging
two-week long operation preceding the at-sea trials.
● A dedicated marine mammal risk
mitigation study was carried out
and appropriate actions taken during the trials.
● The full series of planned tests were
successfully carried out at sea during six days of trials, including mechanical and operational tests, and
passive and active acoustic measurements.
● A post-analysis phase followed, the
outcome of which is a set of deliverables presenting the predicted
sonar performance during the trials,
the results of preliminary post-trial
processing of selected datasets
gathered during the trials, and the
principal lessons identified and recommendations.

Leonardo’s Active Towed Array System (ATAS) tested
at sea on-board NRV Alliance (Ligurian Sea)
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PROTOTYPE DEPLOYABLE SIGNATURE RANGE (PRODES)
FUNDING BODY: ITALIAN NAVY THROUGH THE NATO SUPPORT AND PROCUREMENT
AGENCY (NSPA)

Overview
PRODES is an advanced deployable system for the measurement of the acoustic signatures of
Italian Navy ships and submarines. The system, contracted through a Sales Agreement between
CMRE and the NATO Support and Procurement Agency (NSPA), will be delivered at the end of
2022 to the Italian Naval Support and Experimentation Centre (CSSN).
This project covers a study and design phase and a system implementation phase, including system verification and validation (V&V) and test and evaluation (T&E) activities.
The system architecture consists of:
● An underwater acoustic suite for the collection of the acoustic data;
● A radio-buoy for the management, configuration, and remote monitoring of the acoustic sensor
suite, and for data storage;
● A mooring system;
● A real-time system for the management, monitoring and evaluation of the quality of the data
recorded; and,
● A post processing system for off-line post-processing and in-depth analysis of the recorded
acoustic data.

Results

● Execution of the contract, divided into two phases and deliverable lots, is ongoing.
● Phase one completed, and all Lot 1 products delivered, comprising:
o Acoustic Segment Requirements Specifications;
o Master Schedule and Quality Plan;
o Acoustic Array and Digital Acquisition Segment Technical Specifications;
o Array Design and Components Selection; and,
o Array non-acoustic sensors procurement.
● All laboratory verification and acceptance tests of delivered products completed.
● Phase two activities continued, including the development and integration of the Lot 2 deliverable products, including the radio buoy, mooring, real-time monitoring, and post processing
sub-systems.
● Final at-sea system verification and acceptance tests are expected to be completed according
to contract due date in 2022.

Schematic
of the PRODES
range system.
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ENGINEERING & IT DIVISION

CAPRERA CANYON DEEP DIVERS
COLLABORATIVE PROJECT WITH THE ONE OCEAN FOUNDATION

Overview
On 11 September 2020, a partnership agreement was signed between CMRE and the One Ocean
Foundation to launch a collaborative research project to assess the impacts of environmental and
acoustic pollution on the marine wildlife in the Caprera Canyon off Sardinia’s Costa Smeralda (or
Emerald Coast). Through analysis of the vocalizations of the marine mammals in the canyon, the
research will provide a greater understanding of their behaviour and will help identify sources of
acoustic pollution in the area with the results to be published in peer-reviewed, scientific literature.
The project will support the official recognition of the Caprera Canyon as an Important Marine
Mammal Area, as designated by the International Committee on Marine Mammal Protected Areas
and the International Union for the Conservation of Nature.
Three acoustic recorders were deployed in the Caprera Canyon area from CRV LEONARDO in July
2021. Unfortunately, one recorder was damaged by a fishing boat in August 2021 and returned
to CMRE. The other two recorders were recovered and redeployed from NRV ALLIANCE on 12
November 2021.
The two remaining recorders will be recovered in early March 2022 and an analysis will follow to
assess the recorder performance and cetacean presence data as well as determine the potential
for future investigation.

Results
● The preliminary analysis showed the presence of target species (sperm and beaked whales
and off-shore dolphins) in the Caprera Canyon area and also indicated that daily human activity
is to be expected.
● The figure below shows a sample soundscape — in this case, recorded on 03 Aug 2021 —
where different types of sound arriving from different sources can be noted. Ship noise is typical low frequency noise extended over multiple minutes. The presence of a depth sounder at
30 kHz between 17:00 and 18:00 is a sign that the associated ship is very likely a fishing vessel.
Dolphin echolocation clicks are in general sounds in the high frequency range (typically >20
kHz). Sperm whale echolocation clicks cover a frequency range from 5 to about 30 kHz. Cuvier’s beaked whale echolocation clicks are at a similar frequency to dolphin clicks, but none is
present in this sample soundscape.

Deep-Sea soundscape observed close to the Caprera canyon

56

2021 ANNUAL REPORT

ENGINEERING & IT DIVISION

TOWED HYDROPHONE ARRAY SYSTEM FOR PENNSYLVANIA
STATE UNIVERSITY, APPLIED RESEARCH LABORATORY
FUNDING BODY: US DEFENSE UNIVERSITY RESEARCH INSTRUMENTATION PROGRAM

Overview
In June 2019, the Pennsylvania State University, Applied Research Laboratory contracted CMRE
to build a complete technologically advanced towed array system, to replace their 20-year-old
Five Octave Research Array. The CMRE staff have decades of experience in array design and,
combined with the Centre’s in-house manufacturing and testing facilities, enabled the team to
deliver a cost-effective solution for the system.
The deliverable items consisted of:
● A 50-metre-long acoustic module, containing 128 hydrophone/preamplifiers, plus digitisers and
attitude/depth sensors
● A 25-metre-long vibration isolation module
● Electro-opto-mechanical termination for the (customer supplied) tow-cable
● Deck cable
● Data-acquisition, control, power supply system, and control/monitoring software

Results
● Following a series of successful Factory Acceptance Tests, the complete system was delivered
in September 2021.

Acoustic bench-testing of the 128 hydrophone channels, at CMRE’s arrays manufacturing facility
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MARINE OPERATIONS
Overview
CMRE executes its at-sea research and technology
demonstration programme with two research
ships, NATO Research Vessel (NRV) ALLIANCE and
Coastal Research Vessel (CRV) LEONARDO. The
vessels, owned by NATO, have operated under
the Italian Navy flag since 2016 and are manned by
Italian Navy crews.
NRV ALLIANCE is a 93-metre, 3,100-ton, globalclass ship, designed and built to minimize the noise
it radiates into the water, making it the ideal platform
for research in underwater acoustics and sonar
sensing. Able to sustain speeds over 16 knots, NRV
ALLIANCE can cruise economically at 11.5 knots for
7,200 nautical miles, with an endurance of 26 days,
providing scientists and engineers the opportunity
to perform extended research at sea in remote
waters.
NRV ALLIANCE has 400 square metres of laboratory
space including state-of-the-art wet labs, computers
and connectivity. The vessel is equipped with a
precision navigation system and hull-mounted
sensor suite, along with powerful winches,
cranes and deck handling equipment to deploy,
tow, and recover acoustic and oceanographic
equipment such as vertical and horizontal towed
acoustic arrays; towed or moored oceanographic
instruments; and a range of autonomous surface
and underwater platforms. Being ice-strengthened,
NRV ALLIANCE is a highly versatile ship that has
been employed in a wide range of ocean research
from deployment and control of multiple AUVs; to
deep ocean ASW experiments; to oceanographic
and bathymetric surveys in the High North.
CRV LEONARDO, is a 29-metre, 433-ton coastal
ship designed to accommodate an array of scientific
instrumentation and, like NRV ALLIANCE, radiates
minimal noise to facilitate underwater acoustic
research. CRV LEONARDO is equipped with a
dynamic positioning system capable of stationkeeping to within one-metre and can sail in quiet
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state at speeds up to five knots. The vessel can
host up to 15 persons for day cruises and has 12
berths. It can accommodate a six-metre laboratory
container augmenting the 35 square metre onboard laboratory space.
Results
2021 began with an extended scheduled
maintenance period for NRV ALLIANCE in a
commercial shipyard in Genoa, Italy. During the
four-week period, NRV ALLIANCE underwent
machinery
maintenance
and
classification
intermediate surveys. Also, workspace liveability
improvements were made to the vessel’s main
scientific laboratory. Like all of the Centre’s
activities, operation of both NRV ALLIANCE and
CRV LEONARDO continued to be affected by the
COVID-19 pandemic in 2021. Stringent isolation and
testing protocols remained in place to ensure the
health and safety of personnel on-board. Despite
this additional burden on both the Italian Navy crew
and CMRE personnel, NRV ALLIANCE was able
to complete all scheduled programme activities
during the calendar year. Highlights include the test
of ATAS, designed for the Italian Navy by Leonardo
Defence Systems and supported by CMRE, during
the joint CMRE-ITA Navy High North campaign as
well as the REP(MUS)21 Exercise in Portugal. In total,
NRV ALLIANCE logged over 12,000 nautical miles
at sea during 2021 in support of CMRE’s scientific
programme of work.
CRV LEONARDO also underwent a required
maintenance period alongside in La Spezia
in January. The work included completing the
annual surveys for its classification registration
and the complete overhaul of one diesel
propulsion generator. Programme highlights for
CRV LEONARDO include the Caprera Canyon
Deep Divers sea trial to the east of Sardinia, Italy
in collaboration with the One Ocean Foundation,
and participation along with NRV ALLIANCE in a
technology demonstration of CMRE’s autonomous
ASW capabilities during a PASSEX with SNMG2.

2021 ANNUAL REPORT

NRV ALLIANCE and CRV LEONARDO operating together in the Ligurian Sea
during PASSEX 21 with SNMG2
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COMMUNITY OUTREACH
THE GIONA PROJECT

Overview
Progetto Giona (Giona Project), a multidisciplinary
initiative led by local schools in La Spezia, promotes
environmental awareness among students aged
four to 19. BARLAMARE (Bio-Acoustic Research
to Learn About the Marine Environment) and
the collaboration with Progetto Giona are part of
CMRE’s science, technology, engineering and
mathematics (STEM) initiative carried out under an
agreement with Ufficio Scolastico Provinciale of La
Spezia and in collaboration with Parco Nazionale
delle Cinque Terre, Acquario di Genova, and CIBRAUniversity of Pavia. Through these education and
outreach programmes, CMRE encourages young
people to get involved with STEM today so they will
become the scientists, engineers, and technicians
of tomorrow.
Results
As part of BARLAMARE, local high school students
were selected to participate to a series of talks,
aimed at introducing them to the world of scientific
research. During this preparatory phase, they
learned the basics of bioacoustics and the effects
of human noise pollution on marine mammals.
Due to COVID-19 preventive measures, it was
not possible to execute the planned sea trial to
acquire acoustic data during 2021; therefore, the
students met virtually to continue analysing data
acquired during the 2019 edition of the trial in the
Area Marina Protetta of the Parco Nazionale delle
Cinque Terre.
Under the guidance of Dr Walter Zimmer, CMRE
emeritus scientist, the students were able to analyse
acoustic signals recorded underwater during the
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trial. Through their research in this project, the
students became familiar with the broad topic of
underwater acoustics; in the water, electromagnetic
waves are easily blocked, while light is absorbed in
a few tens of metres. They learned that navigation
and communication for life underwater is based
mainly on sound, and for this reason it is important
to listen to what happens in our oceans.
To facilitate distance learning, innovative cloud
technology allowed the students to remotely
analyse the data in a secure and flexible way. The
students were able to connect from home and
collaborate in a virtual space where they used
open source scientific computing software to
share their scripts and results. Additionally, CMRE
scientists conducted tutoring sessions using video
teleconferencing.
In October 2021, the students presented the results
of their work during Seafuture, an international
business convention for maritime and dual use
technologies, held in the Italian Naval Base, in La
Spezia. During their presentation, the students
recalled the milestones of the BARLAMARE
activity since its start in 2018 and proposed a
follow-up soundscape monitoring activity, using
AI technologies to correlate the variations of the
acoustic environment with climate changes.
In addition to the BARLAMARE, CMRE supported a
Progetto Giona at-sea experience campaign, which
brought more than 300 secondary school students
on-board the beautiful schooner PANDORA. CMRE
personnel embarked on-board PANDORA with the
students and gave talks on various topics such as
oceans and climate, while teaching them how to
spot and recognize the numerous cetacean that
populate the waters of the Ligurian Sea.
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CMRE’s Head of Research Division, Dr Sandro Carniel on a boat trip with young high school students
within the “GIONA Project.”
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AWARDS
NATO STO Scientific Excellence Award
In May 2021, CMRE staff and partners received
the NATO STO Scientific Excellence Award for
the Littoral Continuous Active Sonar (LCAS)
Multinational Joint Research Project. This project
was established to evaluate and enhance the
performance of Continuous Active Sonar (CAS)
waveforms in littoral areas, which are acoustically
complex environments characterized by significant
boundary interactions, high oceanographic
variability, and high ambient noise. The project
successfully delivered an experimentally validated
theoretical understanding of how to design and
implement CAS for littoral areas, thereby enabling
NATO forces to improve ASW performance in these
vulnerable near-shore and confined waters.
Joining CMRE on the LCAS team were NATO
Nations Canada, Italy, Norway, United States, and
United Kingdom and partner nations Australia and
New Zealand. LCAS partners were instrumental
in funding a new position at CMRE to oversee the
collection and processing of the data collected
during the project. Partners also contributed
significant financial and in-kind resources, including
the deployment of higher technology readiness
level sensors and next generation processors, in
addition to the provision of ship and target time.
During the six-year LCAS partnership, four sea trials

on NRV ALLIANCE tested traditional pulse active
sonar alongside novel high-duty cycle waveforms
under identical conditions. These trials generated
highly-valuable data sets that enabled the testing of
new theories to maximize scientific understanding
in this area and new waveform designs as well as
produced new processing guidelines to maximize
effectiveness. This project resulted in a substantial
publication record, including 20 NATO reports and
trial plans, 6 journal articles, 20 conference papers,
and 33 papers presented at workshops and
scientific conferences. Knowledge gained from
the LCAS Multinational Joint Research Project has
already influenced military procurement decisions.
Acoustical Society of America Pioneer of
Underwater Acoustics Award
In December 2021, CMRE Emeritus Scientist Dr
Finn Jensen was presented with the Pioneer of
Underwater Acoustics Award by the Acoustical
Society of America. This prestigious honor
was awarded to Dr Jensen for his outstanding
contribution to the science of underwater acoustics,
mainly for the research he conducted during his
35 years of service at the NATO SACLANT ASW
Research Centre, now CMRE.
Throughout his career, including in his position as
the head of the Centre’s Environmental Modelling

CMRE LCAS Team and NRV Alliance Crew during the LCAS Sea Trial 2018
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Group, he strived to make SACLANT an important
focus of international research by attracting and
mentoring scientists that would also go on to be key
researchers in the field of underwater acoustics. By
1988, his team, a pillar of the underwater acoustics
community, had distributed extremely useable
versions of normal mode, parabolic, and spectral
codes to 46 institutions in 10 countries. Not only did
Dr Jensen influence researchers at the Centre but
he made his mark in the academic arena by being
the first author of Computational Ocean Acoustics
(1993, revised 2011), the standard text for more than
a quarter of a century.
Among the very important contributions he made
was the analysis of transmission loss data in
shallow water as a function of the environment and
frequency — he not only elucidated the required
measurement process to determine the optimum
frequency of propagation, but he quantitatively
identified the major environmental features
that determined the optimum frequency. His
seagoing experimental work has been extensive,
characterizing diverse areas such as the Baltic Sea,
Strait of Sicily, GI-UK Gap and Iceland-Faroe Front
areas. The research produced through Dr Jensen’s
work was not only of importance to underwater
acoustics, but also to marine mammal acousticians
relating the environment to the properties of
marine mammal calls as well as more recently,
the environmental community concerned with
soundscapes. A major future thread of the Centre’s
programme of work.
Throughout his research there was a continuity
of modelling, experimental validation, quantitative

CMRE Emeritus Scientist Dr Finn Jensen

error analysis, and the sharing of an extensive set
of research products. His publication list indicates
co-authorship with two categories — those he
mentored and other world class contemporaries
(often with the former migrating to the latter). Dr
Finn Jensen was not only instrumental in making
the Centre an institution of research excellence but
is clearly a Pioneer in Underwater Acoustics.
International Academy of Underwater Sciences
and Techniques Golden Trident Award
Professor Dr Sandro Carniel, Head of Research
at CMRE, was presented with the 2021 Tridente
d’Oro (Golden Trident) Award by the International
Academy of Underwater Sciences and Techniques.
Professor Dr Carniel is a renowned oceanographer
on the international stage and received the Trident
not only in recognition of his seminal oceanographic
studies but also because of his contributions in
creating accessible texts to educate the public on
the relationship between the oceans and global
environmental sustainability.
Professor Dr Carniel’s research focuses on
understanding the effects of global warming on
our oceans, specifically looking at costal and
polar regions. Utilizing multidisciplinary and
interdisciplinary approaches by combining sea and
satellite data, state-of-the-art numerical models,
and emerging technologies, he is interested in
making the digital ocean concept, a reality. For over
60 years, the International Academy of Underwater
Sciences and Techniques has awarded the Tridente
d’Oro to outstanding oceanographers, previous
honorees include Jacques Cousteau, Jacques
Piccard, and Sylvia Earle.

Professor Dr Sandro Carniel, Head of Research at CMRE
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FINANCIAL OVERVIEW
Similar to many other organizations across the
globe, the COVID-19 pandemic continued to
have an impact on both CMRE’s 2021 revenue
and the execution of the 2021 programme of
work. For the second year in a row, the necessity
to implement COVID protocols for operations
on-board the research vessels resulted in delays
to planned sea trials and additional expenses.
The combined effect of unplanned losses
recorded in 2020 and the projected loss for
2021 will result in the full depletion of the vessel
and general reserves as well as, for the first time
since CMRE’s establishment as a customerfunded entity, the potential need to make use of
the Net Equity Fund.
In recent years, the average annual revenue
is 25 MEUR, with NATO Allied Command
Transformation, CMRE’s principal customer,
providing about 75% of CMRE’s total revenue.
The remaining revenue is generated by
delivering products and services to customers
from NATO National government organizations,
industry, and the European Union.
Owing to the continuing trend of financial losses,
and after careful consideration, CMRE senior
leadership deemed it necessary to implement
a restructuring initiative during 2021. The aim
of this initiative was to increase organizational
efficiency by reorganizing and merging some of
CMRE’s support functions, with a commensurate
downsizing in its workforce. The plan called
for a reduction in NATO International Civilian
personnel establishment to a target of 139 posts,
Five-Year trend of revenue and Expenses in MEUR
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resulting in an overall financial reduction of 1.4
MEUR per annum in fixed costs, and a reduction
of indirect workforce costs of about 25%. Going
forward, the intent is to increase CMRE’s agility
to meet the changing needs of customers and
market demand by using external consultants,
visiting researchers and contractors if necessary.
NATO approved CMRE’s indirect cost recovery
rate for 2022 which is used to determine the
customer charge-out rates.
Although the
organizational restructuring of CMRE’s support
functions carried out in 2021 has had the
desired effect of reducing indirect workforce
costs for 2022, the customer charge-out rates
for 2022 will recover a portion of the Centre’s
vessel maintenance and IT infrastructure costs.
The daily charge-out rate for NRV ALLIANCE
has remained relatively stable and competitive
in the market place for global class research
vessels.
The outlook for CMRE is projected as relatively
stable for the next five years after the completion
of the organizational restructure. Although
COVID-19 protocols continue to impact
operations, the effects are expected to lessen
throughout 2022.
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HUMAN RESOURCES AND
INFRASTRUCTURE BRANCH
Overview
The Human Resources and Infrastructure
Branch provides the recruitment, retention, and
training of the best qualified people available
to fulfil CMRE’s mission. The Branch manages
payroll and allowances, pensions, employment
contracts, legal and health inquiries, and helps
staff and their families become established
upon arrival. After the reorganization of the
Centre’s administration functions during 2021,
the Branch is also responsible for maintaining
CMRE’s infrastructure and manages the
stockroom and logistics.

total of 44 temporary staff, nine of which were
visiting researchers. The average age of staff
at the Centre is 47 with an average length
of service of 10 years. CMRE staff represent
18 NATO Nations and 22% of employees are
female.
CMRE strives for a diverse workforce
representing all NATO countries and has a
programme to attract young scientists. More
information about job opportunities can be
found at:
www.cmre.nato.int

Results
In response to the COVID-19 pandemic in
2021, the Branch tracked the number of CMRE
staff vaccinated as well as provided advice on
quarantine and testing requirements.
In 2021, CMRE hired six NATO Civilians and 26
NATO Civilians left the organization. As part of
an organizational restructuring of the indirect
workforce, some posts were suppressed in
2021 and were not refilled subsequent to
their incumbents leaving CMRE. At the end of
2021, CMRE had 132 NATO civilians and seven
military staff. During the year, CMRE hosted a
Five-year workforce trend
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WORKING WITH CMRE
Overview
In July 2012, after over 50 years as part of the NATO
Command Structure within SACLANT and then ACT,
the CMRE became an executive body of the STO
with its mission to organize and conduct scientific
research and technology development and deliver
innovative and field-tested S&T solutions to address
the defence and security needs of the Alliance,
centred on the maritime domain. The STO Charter as
approved by the NAC required CMRE to be financed
through customer funding; customers are NATO
bodies, NATO Nations and other parties, consistent
with NATO policy.
Since 2013 CMRE has successfully provided
scientific and engineering products and services
for a spectrum of customers with a no-profit, noloss business model. Past and existing CMRE
customers include: NATO bodies — in particular
NATO Allied Command Transformation, which
remains CMRE’s largest customer by revenue; NATO
National government organizations; NATO Nation
industrial entities; and participation in consortia
executing projects funded by EU grants. CMRE
delivers products and services for these different
customers in different ways: for example, for NATO
Nation industry, a commercial contract is used
usually supported by a non-disclosure of proprietary
information agreement; whereas for NATO entities
and government organizations an overarching
memorandum of agreement or understanding is
agreed under which specific projects are carried
out under government grants. Additionally, the
Centre collaborates on multi-national projects with
customers and funding or contribution in kind from
several different nations.
What CMRE offers
CMRE operates two research vessels, the GlobalClass (and ice strengthened) NRV ALLIANCE and
the Coastal/Littoral Class CRV LEONARDO, each
with extensive laboratory facilities and fitted with
a wide range of advanced sensing and equipment
handling systems capable of precise manoeuvring
for scientific research tasks. The Centre has a diverse
fleet of autonomous underwater and surface vehicles
and a world-class inventory of seagoing sensors,
principally to conduct experimentation at sea for
basic research and operational experimentation.
The research vessels and autonomous vehicles can
be made available for use by customers through
charter arrangements.
CMRE scientists create fundamental knowledge
through multidisciplinary theoretical, numerical,
and experimental research. CMRE offers scientific
research services in the fields of: signal processing;
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oceanographic remote and in-situ sensing; oceanatmosphere modelling; control theory; acoustic
modelling; modelling and simulation; operations
research and analysis; big data analytics; data
fusion; autonomy; artificial intelligence; algorithm
development; and climate change studies. CMRE
has successfully provided research services to
customers outside the maritime domain, such as
the Lessons Learned Ontology Support Project
delivered to NATO’s Joint Analysis and Lessons
Learned Centre.
CMRE has a world-class ocean engineering
capability that enables the rapid development of
concepts and prototypes for scientific trials, and
military experiments and technical demonstrations.
CMRE has developed and tested successfully at sea
many prototypes of active/passive sonar arrays and
unmanned systems in the fields of: anti-submarine
warfare; naval mine countermeasures; port security;
and environmental monitoring. CMRE’s expertise
covers mechanical, electrical, software — including
rapid prototyping and the development of minimum
viable products, and ocean engineering. CMRE has
organic test and calibration facilities, which ensure
the acquisition of curated calibrated data during
experimentation at sea. As an example of CMRE’s
engineering capabilities, in 2021 CMRE successfully
delivered to Pennsylvania State University, Applied
Research Laboratory a complete technologically
advanced towed array system. The multi-decade
experience of CMRE staff in array design combined
with CMRE’s in-house manufacturing and testing
facilities enabled a very cost-effective solution for
the system.
Additionally, CMRE staff have experience in preparing
people for new maritime system capabilities through
awareness training, serious gaming, and by offering
specific educational courses.
How to contact us
In summary, CMRE is open for business and stands
ready to provide to customers cost-effective
products and services centred in the maritime
domain, and also more generic services such as
data analytics and training. Please contact CMRE’s
Integrated Business Support team at registry.cmre@
cmre.nato.int to discuss how CMRE may be able to
work with your organization.
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