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Foreword by SACLANTCEN Director

“...conduct research in support of NATO’s undersea
operational requirements.”

The year 2000 did witness significant progress in the quest for a stable funding regime,
a dominant theme since 1998. Canada agreed to act as lead nation in a further
review of the Centre’s procedures and the Scientific Programme of Work by the Senior
Resource Board Study Team. Intensive preparation and collaboration between HQ
SACLANT, the Scientific Committee of National Representatives and the Centre,
contributed to an explanation and demonstration of the vital role of the Scientific
Programme of Work to the continued operational viability of NATO. The Senior
Resource Board Study Team also recognized that the Centre has instigated an efficient
and transparent financial management system and that further improvements were
being evaluated, including the extension of ISO quality management, which at present
is applied only to the R/V Alliance, to the Centre as a whole. The findings of the Study
Team were confirmed during a visit by a Senior Resource Board delegation in June,
the month in which the Military Committee visited the Centre. The visit by the Military
Committee, originally planned to coincide with the 40™ anniversary in 1899 and
postponed due to the Kosovo crisis, represented a much valued and long awaited
opportunity for the staff of the Centre to interact with the highest NATO miilitary body,
highlighting the importance of focusing on military requirements and the transmutation
of scientific research into operational relevance today and in the future.

The quality of the scientific vision of SACLANTCEN has been tellingly demonstrated
by the fact that several major projects in the Scientific Programme of Work have for
several years addressed research recommended by the Long Term Study of the
Implications of New Technologies on Maritime Operations in 2015 (MO 2015). The
study was completed under the directorship of SACLANT HQ in 2000, with important
contributions by SACLANTCEN scientists.

The resource implications of relevant parts of MO 2015 and other high profile themes
such as Defence Capabilities Initiative (DCI) and Concept Demonstration and
Experimentation (CDE) are reflected in the Medium Term Financial Plan 2002-2006.
Further integration will be in the forthcoming Business Plan.

The results of MO 2015 provided the impetus for the highly successful MCM
Development Shop Window, sponsored and hosted by SACLANT, organized by the
Centre and attended by 200 visitors from nations and commands and industry, with
significant representation at flag level. Demonstrations, displays and presentations
contributed to a valuable exchange of information and discussion of future concepts.



The NATO Maritime Rapid Environmental Assessment Concept of Operations,
endorsed by the Military Committee in March 2000, designated the Centre, in
collaboration with the REA Command and Support Centres, as the data-fusion site
for future REA operations.

The Centre's Autonomous Ocean Sampling Network (AOSN) technology capability
has been enhanced by a second experiment in the Generic Oceanographic Array
Technology System (GOATS) series. Advances were demonstrated in AUV network
technology, adaptive AUV sampling and AUV operations with REA and MCM
components. GOATS was augmented significantly by the integrated Multi-scale
Environmental Assessment Network System (MEANS). The potential for determining
seabed properties through-the-sensor was demonstrated in a geo-acoustic inversion
experiment on the Malta Plateau. Experimental results from a towed array rather
than a fixed system demonstrated operational as well as performance advantages.

Progress towards the implementation of Synthetic Aperture Sonar (SAS) in an AUV
was demonstrated with the production of SAS images from a towed body at sea.
Additionally five years work on the impact of the environment on minehunting sonar,
has included the development of a methodology for seabed classification through
the inversion of multibeam data and the delivery of time domain, HF scatter and LF
seabed penetration models. The Centre's planning and analysis of minehunting
percentage clearance trials, 2a measure of how accurately NATO minehunters report
their operational effectiveness, has proved to be very popular with the operational
community.

Analysis of the 1999 tactical active sonar experiment revealed severe degradation
of the performance of the cardioid array. Shortcomings in the array’s mechanical
characteristics have been rectified. A significant milestone was reached in the ASW
programme with the placing of the contract for the buoys for the Deployable
Underwater Surveillance System. The development of new techniques for the
measurement of low frequency scattering and reverberation will enable adequate
data acquisition for improved sonar performance prediction in shallow water.
There could be no clearer manifestation of the underlying support for the Centre
throughout NATO, spearheaded by SACLANT, than the soon to be launched, state-
of-the-art coastal research vessel Leonardo, the first Italian Public Vessel on a newly
created Ministry of Defence register. This tangible evidence of the esteem with which
the work of the Centre is perceived by SACLANT is fundamental to the continued
ability of SACLANTCEN to attract the best scientific talent in NATO in order to be
able to comply with the mandate of the North Atlantic Council.
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Thrust 01 Rapid Environmental Assessment (REA)

Project 01-A: Rapid assessment of operational ocean

parameters (Manning days -1)

Operational Relevance

Rapid Response, the third in the series of demonstrations of skills in rapid environmental
assessment (REA) ended in 1998. A comparable demonstration bringing together research
organizations and military command structures with common purpose will not recccur until
2002 in support of Strong Resolve. REA methodologies continue to be developed in paralle!
with validation of the SACLANT concept of REA operations by the NATO MILOC community.

Exercise support for Linked Seas
2000

During Linked Seas 2000, for the first time,
survey vessels were exclusively military. The
REA commander controlled the survey, for which
the plans had been designed by the military
oceanography (MILOC) syndicate or, in the case
of ocean sampling, by an ocean modeiler.

SACLANTCEN supported the REA components
of Linked Seas by embarking a group of
scientists on HMS Roebuck, to conduct a survey
using expendable bottom penetrometers (XBP),
sidescan sonar and a device to measure bottom
reverberation. The data were rapidly processed
and fused into a decision aid (Figs. 01-A.1a and
01-A.1b).

Spread spectrum radios for line-of-sight
communication were provided to the survey
ships with computers and software, which
automatically and transparently transfer data
between all partners in the network until each
holds the complete set of data. It is only
necessary to load acquired data into the system.
Survey data from the ships were thus
concentrated on the Portuguese vessel Dom
Carlos, from whence new information was
transmitted twice daily via Inmarsat B satellite

"REA in a box.

link to the shore-based data fusion centre.
Acknowledgement messages confirmed transfer
to every data originator. Although the Linux-
based system RIAB', had been under
development to the last minute, it performed
flawlessly.

Ocean modelling for Linked Seas at
SACLANTCEN was concentrated on support for
the mine countermeasure forces, to whom
excessive ocean currents would be a challenge.
The Harvard Ocean Prediction System was
initialized with data from the initial ship survey
and forced with atmospheric model fields
spanning 7 days of forecast. They were obtained
from the Bundesamt fir Wehrgeophysik in
Traben-Trarbach, Germany. Two scientists from
the Instituto Hidrografico in Lisbon, Portugal, at
the Centre assisted with numerical ocean
modelling. The currents produced by internal
ocean dynamics and wind action were weak and
therefore comparable with the strength of tidal
currents in that area. Tidal currents computed
by Instituto Superior Técnico in Lisbon with three
hours time resolution (Figs. 01-A.2 and 01-A.3)
were displayed on the web site of the data fusion
centre (Fig. 01-A.4).
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with an existing map of sediment properties.

Data fusion for Linked Seas 2000 was based in
La Spezia, as in previous REA exercises. The
fusion team was augmented by information
technology specialists from France, Germany
and the Netherlands. The majority of data was
received and distributed by a server on the
Internet, where access was restricted to
authorized persons. As some data were not
released for transmission through the Internet a
restricted web site was also maintained on the
NATO Intermediate Data Transfer System
(NIDTS) (Fig. 01-A.5). Incremental backups of
the unclassified data set were transferred
regularly to NIDTS and merged with the
restricted information. Following Linked Seas
** 2000, procedures for the maintenance of a REA
data fusion centre were prescribed in a report’.

Figure 01-A.2 Forecast of surface temperatures and
currents in the Linked Seas 2000 model/ domain The
Harvard Ocean Prediclion system was initialized and
updated within situ measurements from survey ships
and forced by atmospheric forecast fields provided by
the Bundesamt flir Wehrgeophysik.

milestone
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Figure 01-A.3 a) Model result for the small (nested) domain of the Linked Seas exercise area. The colour scale indicates the
strength of sub-tidal surface currents (time scales longer than those of tides). b) Tidal currents calculated by Instituto Superior
Técnico from deep ocean tides and shelf topography. Forecast currents are the sum of sub-tidal and tidal currents.

Multiscale Environmental
Assessment Network Studies
(MEANS)

In spring 1999, when the scientific programme
of work for 2000 was already drafted, a Joint
Research Project (JRP) was suggested
(MEANS) to be carried out in conjunction with
the existing JRP named GOATS (Project 01-B)
to exploit ship time at night.

The Naval Oceanographic Office at Stennis
Space Center operationally runs a 3-D ocean
model (SWAFS) of the Mediterranean Sea with
a two day forecast. It is forced with

2.
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meteorological forecast fields (COAMPS) from
the Fleet Numerical Meteorology and
Oceanography Center. It assimilates satellite sea
surface temperature and in situ data of
opportunity, mainly temperature profiles (XBT)
taken by US navy ships. An unclassified version
has been run in paralle! since winter 2000. The
unclassified model results are made available
to NATO and hence to the MEANS JRP. The
University of Colorado version of the Princeton
Ocean Model (CU-POM) tailored to the Ligurian
Sea uses the SWAFS output as initial conditions
and continuously assimilates its result at the
boundary of the Ligurian Sea domain (Figs. 01-
A.6, 01-A.7). The Harvard Ocean Prediction
System (HOPS) was applied in the
Corsica Channel domain (Fig. 01-
A.8) and in a small sub-domain at
Elba with 225 m model resolution.
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results of the larger area, while the
Channel domain was run with both
options: with boundary conditions
taken from CU-POM and with open
boundaries.

Figure 01-A.4 The Linked Seas 2000 data
fusion home page combines structured
entries to environmental information with
organizational and survey documentation
and provides answers to technical

o questions.
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Figure 01-A.5 Schematic diagram of data fusion. Contributions
delivered at the fusion centre are immediately available to all
contributors in the network. The fusion team prepares
inventories, visualizations and combined products. It creates
hypertext pages for optimal accessibility. The unclassified
servercontent is mirrored to a restricted server and enriched
with restricted and proprietary data.

Dense sampling of temperature and salinity data
by NRV Alliance prior to the GOATS experiment
provided excellent initial values for the numerical
models in the eastern Ligurian Sea. Limited
radius night excursions of the Alliance during
GOATS yielded sufficient data to prevent
degradation of the model of the Channel domain.
Satellite sea surface temperature images were
useful for the assessment of the oceanographic
situation and for track planning. Shipborne
acoustic Doppler current profiler (ADCP)
measurements were used for verification of the
model results. The ocean model was also
prepared to ingest data from autonomous
underwater vehicles (AUV). The area in which
AUVs were operated was however too small for
their data to be of major value.

In the MEANS programme, data acquisition and
processing at sea was conducted by Centre
personnel. A SACLANTCEN ocean modeller
went to Harvard University for participation in
HOPS modelling. The Centre also took care of
the model runs of CU-POM and of the
arrangement of SWAFS and COAMPS fields. In
MEANS it was successfully demonstrated that
ocean models of different origin, maintained in
different places can be compelled to interface
for multiple nesting operational forecast. Whether
nesting has an advantage against open
boundary conditions must be decided separately
for each ocean area under consideration.

HOPS
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Figure 01-A.6 Pre-defined model domains for the MEANS
experiment. SWAFS covers the whole Mediterranean Sea. It
relies on sparse in situ assimilation data. The CUPOM area
was extended to double size towards the west. MEANS
initialization took place in the pink and yellow area, with update

sampling in the yellow area.

Figure 01-A.7a The Corsica
Channel dormain was run with open
boundary conditions (a) and with
boundary conditions taken from the
CU-POM output fields (b). While
the main features are unchanged,
warm and saline water from a
coastal patch in CU-POM is sucked
into the Capraia eddy when models
are nested.

Tempera’cur.e (deg C) at Level 1
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Figure 01-A.8 The numerical model result of a clockwise
rotating eddy (a) is verified by current measurements taken
by NRV Alliance during her update surveys (b).

Satellite-based ocean
forecasting systems

The availability of suitable in situ measurements
for assimilation into ocean forecast models
cannot be guaranteed under all circumstances.
Satellites sometimes constitute the only way to
discreetly monitor space-time oceanographic
variability in coastal areas at acceptable spatial
and temporal resolutions simultaneously. The
ability to carry out ocean forecasts based
exclusively on satellite remote sensing would
constitute a great advantage.

(deg C) at Level 1

A satellite-based ocean forecasting system for
operational time scales uses a time series of
satellite images of the area of interest as input
to the forecasting system. Forecast fields are
obtained in three consecutive phases. First, the
space-time variability in the time series of
satellite data is divided into space and time

components. In a second phase, each
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component of the variability, spatial and
temporal, is analyzed separately in order to
isolate the deterministic part of the variability.
Finally, artificial intelligence is employed to
forecast the deterministic part of the time
variability. A novel genetic algorithm and an
evolutionary neural network have been
developed for this purpose. The total forecast
field is obtained by the combination of the
deterministic spatial variability with the forecast
time variability.
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In support of the GOATS/MEANS experiment,
the forecasting system was implemented to
obtain monthly mean sea surface temperature
(SST) forecasts and estimates of surface
currents of the eastern Ligurian Sea. A time
series of monthly mean SST ranging from March
1993 to December 1998 has been acquired as
input to the system. One-month-ahead forecasts
of monthly mean SST fields were compared with
data from 1999 for validation of the system
performance. Results of one-month forecasts
from the system were in excellent agreement
with observations (Figs. 01-A.9, 01-A.10, O1-
A1),

Future work will be focused on the development
of hybrid forecasting systems, in which the
satellite based ocean forecast will provide
surface fields to be assimilated into numerical
and ocean thermal models. Partners in this effort
are funded by the European Community.

Sensor platform in trawl-safe
real-time configuration

The SEPTR system - its full name is “Shallow-
water Environmental Profiler in Trawi-safe, Real-
time configuration” — is intended for extended
duration deployments in areas where water

Satellite imagery
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Figure 01-A.8 Flow diagramn for the prediction
of the sea surface temperature field.
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Figure 01-A.10 Mean satellite sea surface
temperature in October 1999.

ngtuie
Figure 01-A.11 One-month-ahead forecast of
SST and surface currents for October 1999.

column instruments are at risk from fishing
trawlers. Real-time data return and control are
achieved via two-way cellular or satellite
communication.

The SEPTR design (Fig. 01-A.12 and 01-A.13)
consists of a trawl-safe bottom platform, which
houses an Acoustic Doppler Current Profiler
(ADCP), wave/tide gauge, ambient noise sensor
array, and buoyant water column profiler. The



Figure 01-A.12 The Shallow-water Environmental Profiler
in Trawl-safe, Real-time configuration (SEPTR).

profiler buoy and associated winch are designed
for autonomous vertical profiling of CTD, optical
and acoustic properties of the water column in
depths down to 100 m.The buoy includes DGPS
navigation and two-way communication for use
while on the surface, acceleration, pressure and
magnetic field sensors for surface wave
measurements. The bottom platform includes an
extended duration battery package in the
recoverable barnacle-shaped housing. For
recovery of the entire system, a messenger buoy
is released either by a command through the
normal communication channel to the profiler
or by means of an acoustic transponder/release
in the bottom platform.

If the platform becomes inverted the
buoyant central housing can still be
realeased through the bottom by
command to a backup acoustic
transponder system within the
bottom platform. The system is
designed for 360 profiles during a 3-
month deployment in 100 m water
depth, with current, wave/tide and
noise measurements every hour. Two
way communication of data, position
and control allows profile results to
be returned in real time, and
operational commands such as
profile schedules to be sent to the
instrument (Fig. 01-A.14). Complete
profiles are also stored on board the
recoverable units.

Critical subsystems were tested successfully in
November 1999. System testing in 2000 resulted
in minor modifications. The first operational test
during the sea trial GOATS/MEANS 2000 was
discontinued when sand fouled the spooling
mechanism of the profiler buoy. The mechanical
problems have been solved (Fig.01-A.15). Tests
will be continued as ship and engineering time
permits. Given favourable conditions, a SEPTR
will be deployed during the experiments in
summer 2001. The Centre is committed to
SEPTR operations during the exercise Strong
Resolve 2002.

Figure 01-A.13 The SEPTR can be deployed and recovered from a small
vessel. Here the cover is opened showing the interior with flotation removed.
The central part is occupied by the Acoustic Current Doppler Profiler (ADCP)
with 4 transducers, the water column profiler with antenna and the
messenger buoy for instrument recovery.
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problem

Figure 01-A.14 During operation only the profiler with antenna
surfaces. Coloured differently it would be virtually invisible.
The REA cruise in November was cancelled. It
had been planned for real-time support of a tri-
lateral sea trial for multistatic submarine
detection, for which the requisite equipment had
not timely been in place. The 01-A cruise time
was allocated to Project 01-B in exchange for a
commensurate period in January 2001.

The Fusion Centre

Under the terms of the mutually advantageous
Memorandum of Agreement' between
the Centre and Commander, Naval
Meteorology and Oceanography Command
(COMNAVMETOCCOM), negotiated by Dr
William Jobst (Deputy Director and Head of the
Scientific Division 1998-2001), oceanographic/
atmospheric modelled products are made
available to the Centre for value added
oceanographic and acoustic research,(Fig01-A.16).

Figure 01-A.15 Divers observe the function of the SEPTR
during a test deployment.

Two commercial GIS systems, WIPE? and
ESRI?, utilizing client-server technologies, were
procured and installed on a powerful Windows-
NT dual-processor server, to host an array of
geo-spatial information and provide on-line
connectivity to satellite observations.

WIPE provides the framework for near-real-time
image processing and GIS analysis using web-
based technologies. WIPE can automatically
ingest, post-process and browse data from a
number of satellites.

In addition to the satellite imagery, data-bases
containing the digital terrain models (DTM) and
bathymetry are available for different regions at
various horizontal resolutions. WIPE has also
been configured to ingest and process
information from the Naval Oceanographic Office
(NAVO), Fleet Numerical Oceanographic
Meteorological Center (FNMOC), University of
Colorado (UC) and Harvard University (HU).

I'*a) The Commander, Naval Meteorology and Oceanography
Command (COMNAVMETOCCOM) desires to improve the
coverage and resolution of US Navy gridded ocean models in
the Mediterranean Sea, as well as the Black Sea and Baltic
Sea, and to acquire ground truth data for testing and validation
of related U.S.models in these areas.

b) Supreme Allied Command, Atlantic Undersea Research
Centre (SACLANTCEN) desires to develop high resolution
research models addressing littoral oceanography,
sedimentation, biological processes and other projects within
the Scientific Programme of Work (SPOW) assigned to
SACLANTCEN?

2 Web Image Processing Environment (W!PE)

* Environmental Systems Research Institute (ESRI)



The ESRI system supports the following data:

Scenario data Status Type Area
Coast lines and bathymetry from various Loaded | Points, Lines, North and Central Tyrrhenian sea
sources Polygons South lonian sea in 857, from ITHO, All
[ Mediterranean from GEBCO
| SACLANTCEN data Status Type Projects
[ Bath ymelry acquired with EM3000 or Loaded | Polygons 01-8
| the Atlas Multibeam
| Bottom types Loaded | Polygons 01-8, 01-A
L Sediment thickness 0 Loaded_ PolygonL =y 01-:9_, 07_-A, _04_-0_
| CTD/XBT stations Loaded | Points 01-B, 01-A
Sids scan sonar images. Loaded | GeoTilf Images 01-8
Sub bottom profiles Loaded | Images 01-8, 04-C
| sea fioor samples (cores, grabs) Loaded | Points 01-8
| Sea floor images Loaded | Images 01-8
Mammal observations, strandings and Planned | Points 06-C
related data including bibliography
| water properties Planned | Grids

Figure 01-A.16 From right to left: Dr William Jobst, Deputy Director, SACLANTCEN, Dr M.J. Carron, Chief Scientist, Naval
QOceanographic Office, Stennis Space Center; Jan L. Spoelstra, Director, SACLANTCEN; RADM Richard D. West,
Oceanographer of the Navy; CODR Brian Williams, SACLANTCEN Naval Adviser, meeting in November to discuss mutual
benefits of the “enduring relationship” recognized in the Memorandum of Agreement.

Figures 01-A.17 to 01-A.20 show Fusion Centre
products. Figure 21 shows the flow of
information to and from the Fusion Centre.
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Figure 01-A.18 ESRI GIS representation | | ""==*
showing sea floor unsupervised segmentation | awasse
from side scan sonar image (sand [yellow] and | \ wwswan
Posidonia [green]) superimposed on 0.5 m | = f—_‘
bathymetric contours. s
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Figure 01-A.17 ESRAI GIS representation of
CTD data sites in the north Tyrrhenian Sea
with sub-sampling polygon.
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| Figure 01-A.19 ESRI GIS representation of

the Gulf of Biodola, showing an aerial photo,
side scan sonar, unsupervised segmentation,
a ship track and locations of sea floor video

4| images.
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Jiirgen Sellschopp received his diploma in physics at the Institut fur
Kernphysik, University of Kiel and his Ph. D. at the Institute fir Meereskunde,
University of Hamburg. From 1970 to 1976, he conducted research on sea
state prediction, sponsored by the German Ministry of Defence. From 1976
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Project 01-B: Rapid environmental assessment of
operational acoustic parameters
(Alliance days - 62, Manning days - 39)

Operational relevance

Provide detailed, accurate environmental information at short notice in near reai-time

Mapping and characterizing the
seabed and ocean with
autonomous underwater vehicles

Progress in underwater robotics has led to a new
paradigm in ocean science and technology, the
Autonomous Ocean Sampling Network (AOSN)
consisting of a network of fixed moorings and/
or autonomous underwater vehicles (AUV) linked
by acoustic communication. An example of
AOSN is the Generic Oceanographic Array

' Developed by Florida Atlantic University.
2 Laboratory of Robotics of the University of Montpellier

Figure 01-B.1 The Ocean Explorer (OEX)
vehicle developed by Florida Atlantic
University, deployed to map the Gulf of
Procchio with video camera and dual
frequency (100/390 kHz) side scan sonar .

Technology System (GOATS), which was
designed to study AUVs equipped
with inter-vehicle synchronization,
communication and navigation to achieve
large spatial sampling for acoustic and non
acoustic measurements. The GOATS
concept, well suited to rapid environmental
assessment in denied areas, was tested
during GOATS 2000 off the Island of Elba
in the autumn.

Following a proposal by the Office of Naval
Research, the scope of GOATS was
broadened to provide input data for
oceanographic modelling in support of the
Multi-Scale Environmental Assessment
Network Studies (MEANS). The REA component
of the experiment was in support of Project 01-
B, the MCM component was in support of Project
03-G. MEANS was performed in cooperation
with Project 01-A.

The Ocean Explorer (OEX)' equipped with a
colour video camera and the Edgetech dual
frequency DF-1000 side-scan sonar (Fig. 01-B.1)
and the TAIPAN (LIRMM)? equipped with the
Applied Microsystem CTD (Fig. 01-B.2), were
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Figure 01-B.2 The TAIPAN vehicle developed by LIRMM
measured salinity and temperature distribution in Biodola bay.

deployed from R/V Alliance, to transect the bays
to the east of Procchio, Island of Elba, to acquire
side-scan sonar data and to measure currents,
salinity (Fig. 01-B.3), density and temperature,
as input to the nested oceanographic models
studied by MEANS. The side scan sonar data
were used to generate geo-referenced acoustic
images for comparison with ground truth data
collected in the same area during previous
experiments. The environmental information was
fused in the SACLANTCEN GIS database. The
tiled side scan sonar images were processed
with unsupervised segmentation algorithms that
demonstrated the capability to distinguish
guantitatively between different types of seabeds
(Fig. 01-B.4), (i.e. sand, sand ripples and
Posidonia).

Estimating seabed geo-acoustic
properties with expendable/
deployable devices

Geo-acoustic inversion methods- “REA-
through-the-sensor”

Sound propagation variability in shallow water
can be attributed to a number of environmental
factors, including surface wave-height conditions,
water column sound speed properties, bathym-
etry and seabed type. To optimize sonar system
performance, sound propagation prediction tools
are used, which require as input the geo-acoustic
properties of the seabed. When existing archived
data are insufficient, techniques are needed to
rapidly and easily assess seabed properties.

Matched Field Processing (MFP) geo-acoustic
inversion infers seabed properties from acous-
tic measurements. Computer simulation is used
to model the down-range acoustic response to
different seabed types and search algorithms
are applied to identify the environment which
optimally correlates modeiled with measured
data. MFP inversion was used to predict sea-
bed properties during Advent99, a series of joint
SACLANTCEN, TNO-FEL experiments, which
provided the basic tools and understanding of
the limitations of MFP inversion, using a vertical
array and laid the foundation for the method to
be applied to measurements acquired with a
more easily deployed towed array.

R

Figure 01-B.3 The TAIPAN AUV equipped with
the Applied Microsystem CTD measured
temperature and salinity distribution in Biodola
bay. The figure shows the horizontal and vertical
tracks of one mission and the measured
temperature and salinity fields.
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Tracks of REA experiments

Tiled Side Scan Sonar Images

Unsupervised Segmentation Output

Figure 01-B.4 The Ocean Explorer AUV equipped with side scan sonar and video camera performed several REA experiments
in Biodola and Viticcio bays. The figure shows the tracks and one example of the tiling of side scan sonar images in Viticcio bay.
The output of the unsupervised segmentation algorithm for the same mission clearly identifies the boundaries of the Posidonia
field
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Figure 01-B.5 Wind analysis.
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Figure 01-B.6 Shipping distribution
from Radarsat and predicted
ambient noise directionality.

The concept of determining seabed properties
using Rapid Environmental Assessment-
through the sensor was tested during
MAPEX2000 which took place in March on the
Malta Plateau. The experimental site for one of
the acoustic tracks is shown in Fig. 01-B.5. The
acoustic data from a vertical array (near Site 1
in Fig. 01-B.5) was inverted for seabed proper-
ties to compare with the results from the towed
array.

Figure 01-B.6 shows the experimental configu-
ration. A one-second, linear, frequency modu-
lated sweep (200-800 Hz) was transmitted from
Alliance at Site 1 on March 7, 2000. The vertical
array was moored approximately 1 km from the
sound source; the towed array spanned ranges
of 300-554 m behind. The matched filtered ar-
rivals on the towed array are shown on the left

Measured pressure field
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of Fig. 01-B.7. The first two arrivals in Fig. 01-
B.7 due to the direct and surface bounces, con-
tribute no information about the seabed. Other
arrivals have interacted with the seabed and
therefore contribute information.

The complex-PROSIM propagation model and
a genetic algorithm were used to identify the
environment that produces a pressure field that
best correlates with the measurements. These
tools are now part of the SACLANTCEN inver-
sion package SAGA. The pressure field corre-
sponding to the best environment found in the
inversion is shown in the right panel of Fig. 01-
B.7. The environments giving the best fit to the
measured data are shown in Table 1 for the ver-
tical and towed arrays. For practical purposes,
inversion results using the vertical and towed
arrays are the same.

Modelled pressure field

Figure 01-B.7 Site of track 1-A from
the MAPEX2000 experiments on the
Malta Plateau. Site 1 and Site 2 are
locations of geo-acoustic inversion
and VLA gives the vertical array
location.
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Array type | C_, [ o p

(m/s) (m/s) (m) (dB/A) (g/cm®)
Towed 1560 1653 19 0.1 1.3
Vertical 1554 1643 19 0.1 1.9

Table 1 Seabed parameters using a verlical array and through-the-sensor (towed array). Values shown are sediment

compressional sound speed ¢, , sub-bottom compressional sound speed ¢,

density p.

MAPEX2000 results illustrated performance
advantages of the towed array system in addi-
tion to the operational advantages (compared
to a fixed system). The shallow water area on
the Malta Plateau has several seabed types
determined from data collected during
MAPEX2000 and other SACLANTCEN experi-
ments®. A fixed system requires either a spa-
tially homogeneous (in range) seabed or the
estimated properties will represent averaged
quantities over the acoustic track. When the
source was at Site 2 (Fig. 01-B.5), the seabed

— sediment thickness h, attenuation a« and

properties had changed significantly and the
water depth had decreased from 130 to 100 m.
In Table 2, the inversion results for the towed
array acoustic data at Site 2 are shown with the
seabed properties of Site 1. The seabed near
Site 2 has a softer sediment layer with sound
speed less than the water column. The seabed
type near Site 2 has no critical angle until the
sub-bottom is reached, approximately 9 m be-
low the water sediment interface, a feature which
strongly influences acoustic propagation char-
acteristics.

ey Csed Cbottom
(m/s) (m/s)

h a p
(m) (dB/A)

(g/cms)

Table 2 Seabed parameters at the two sites indicated in Fig. 01-B.5. These properties were estimated using through-the-

sensor (fowed array) technique.

In the examples shown, a priori knowledge of
the area was not assumed (the same procedure
was used for data collected at Site 1 and Site
2). By not requiring manual adjustments to
finding the seabed properties, the method is well
suited as a survey technique for large area
coverage. The good agreement between the
inversion results between the data collected on
the vertical and towed arrays is a valuable
“sanity-check” for the through-the-sensor
approach, illustrating the potential of the
technique.

# SACLANTCEN SR-311, SR-340.

Fusing satellite sensor data to
predict sea state shipping
densities and oceanographic
parameters

In order to test and validate inversion/detection
algorithms, critical to ambient noise modelling
and prediction, data from the Canadian
RADARSAT/SAR (swath width 50 to 500 km;
orbit frequency 1 to 4 days) and NASA’s
QuickSCAT Scatterometer (swath width 1600
km; orbit frequency 1 day) were used during two
separate experiments.

QuickSCAT provides measurements of the
surface wind vector over 25 x 25 km cells with
an accuracy of 2 m/s and 20°. Higher resolution
(1-3 km cells) wind vectors can be extracted from
RADARSAT when used as an imaging
scatterometer. For wind-retrieval, we utilize a
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COAMPS WINDS / FNMOC

QUICKSCAT WINDS EMBOSSED SAR IMAGE

SHOWING WIND STREAKS

Figure 01-B.8 The
configuration for the
MAPEX2000 experiments.
NRYV Alliance towed the
sound source and receiver
array; simultaneously the
vertical array received the |
transmissions and the data
was relayed back to
Alliance by radio telemetry.

RADARSAT iMAGE
OVERLAYED WITH
COAMPS, FFT, ALLIANCE
WINDS

SAR

modified scatterometer algorithm previously
tuned for C-band vertical polarization (VV) ERS/
SAR to account for the (HH) polarization
configuration of RADARSAT. The SAR-derived
wind fields are compared (Fig. 01-B.8) with in
situmeasurements acquired by the R/V Alliance,
model outputs from the Coupled Ocean
Atmosphere Prediction System (COAMPS) and
QuickSCAT scatterometer measurements. The
excellent agreement and consistency of the
SAR-derived results with other fields show the
potential of SAR for delivering high-resolution
operational wind fields in the coastal regions.
Work continues in optimizing the fusion of
ancillary information with SAR imagery for wind
direction extraction, when SAR imagery lacks
signatures of wind-induced phenomenon.

[

[T

WIND COMPARISONS
SOURCE WIND SPEED (M/S) WIND DIR
COAMPS

QUICKSCAT

20 FFT OF SAR IMAGE
PEAKS INDICATE SPACING AND
ORIENTATION OF WIND STREAKS
WIND DIRECTION IS PERPENDICULAR TO STREAKS

102 286
11.6 209
10.3 297
95 28

RADARSAT-SAR employs electronic beam
steering to image the surface using: Standard,
Wide, ScanSAR-narrow, ScanSAR-wide,
Extended-high, and Extended-low beam modes.
Each mode offers flexible choice of incidence
angles, spatial resolutions and swath width. We
assessed the ship detection capability of the
SCANSAR and STANDARD beam modes during
the MAPEX-2000 and BOUNDARY-2000 field
campaigns. We found that while ships could be
detected visually in SCANSAR imagery, in spite
of its extended swath width (300 km), it was not
the recommended mode for automatic ship
detection due to poor radiometric resolution,
signal saturation under high winds and distorted
statistics. The STANDARD beam S6 was found
to be the optimum imaging mode because of its

high spatial-radiometric

resolution and lower clutter

VE  BXE ME HXE  SE UWE € 1636

FIGURE 2B

Figure 01-B.9 The malched fillered pressure field received on the towed array is shown
in the left panel. The right panel shows the modelled, matched filter output for the
environment having the highest correlation with the measured data.
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~ levels at the higher
//— \\ incidence angles. Using
/ SN N\ wake orientation as a basis
f[ \ : \ for estimating ship heading,
o »  E SAR-derived headings

were nearly identical to in
situ measured headings. In
the absence of a visible
wake, it was possible to
assign a ship heading (with
180° ambiguity) based on
the orientation of the ships
largest dimension. This
method yielded headings
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that were within 5° of the in situ measured
headings. On the basis of hard target response
obtained from the R/V Alliance, the ship-size
tended to be overestimated by at least a factor

of 2 and 1.4 respectively, using SCANSAR and
STANDARD imagery. More observations are
needed, however, because of the sensitivity of ¢
this parameter to azimuth viewing angle.

Work continues in assimilation of satellite-
derived parameters (Fig. 01-B.9) into ambient
noise prediction models such as RANDI. During
both MAPEX-2000 and BOUNDARY-2000 field
campaigns, array of hydrophones were deployed
for measuring the horizontal and vertical
directionally of the ambient noise field. Future
plans call for the comparisons of the in situ
measurements of the directional ambient noise
field with RANDI model predictions.
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Figure 01-B.11 Maximum over time.
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Figure 01-B.13 Mean over time.
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Figure 01-B.10 Ships passing in the night.
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Predicting ASW and MCM
performance from propagation
ambient noise and reverberation

Ambient noise directionality
measurements and predictions

During February and March, a series of
experiments as part of MAPEX2000 was carried
out on the Malta Plateau between Sicily and
Malta. One of the objectives of these
experiments was to test the idea that satellite
SAR (synthetic aperture radar) images of
shipping and sea surface roughness could be
used to improve predictions of ambient noise.
Towed array measurements of directional
ambient noise were made over a period of
several hours on two occasions, coincident with
the twice daily RADARSAT orbit. Noise
measurements were collected with the 256
element towed HLA for 5 s every 5 min on the
calm sea day (and 10 s every 10 min on the
rough sea day). Using frequency domain
beamforming based on averaged cross-spectral-
density, the data were reduced to a function of
beam angle, frequency and time. From a
statistical study of the several-second-average
over hours (max, min, median, mode etc) it is
possible to separate the nearby individual ships
from the more slowly varying background. A
number of deductions about individual ships are
possible (spectra, absolute levels, aspect
dependence). The smooth background spectrum
versus angle can also be deduced. Surprisingly,
the minimum noise over the several hours, a
frequency and angle dependent background,
appears not to depend on weather conditions.
The self-noise of the Alliance in rough weather
is clearly visible.

Geoacoustic inversion of ambient
noise

In shallow water, the coherence and vertical
directionality of ambient noise depend on the
noise source distribution and environmental
parameters such as bathymetry, sound speed
profile and bottom reflection properties. In
general one would require a detailed model to
predict noise knowing the environment (including
wind and shipping). Nevertheless, in principle,

geoacoustic parameters can be inferred by
inversion of the measured noise directionality
or coherence. Earlier techniques require uniform
source distributions and absence of shipping.
Recent work at the Centre has concentrated on
a simple approach where the refiection loss is
found directly by comparing the upward with the
downward going noise as measured by a vertical
array. Modelling and parameter searching is
minimized, and the method does not require a
detailed knowledge of the noise source
distribution. This is particularly useful in the
Mediterranean where shipping densities are high
and the source distribution may change over a
period of hours.

Measurements were acquired during two cruises
at several sites with the 64-element VLA south
of Sicily and north and south of Elba (Advent99
and MAPEX2000bis). An example of the array
response versus beam angle and frequency is
shown in Fig. 01-B.14 and the corresponding
reflection loss versus angle and frequency in Fig.
01-B.15.

Ireanty HISTOGRAM Bearmn 28

Intensity (rewPa)

Figure 01-B.15 Histogram of time variation as a
function of frequency.
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Work is in progress on the most recently
acquired data (November 2000). The four sites
visited include mud, silt and rock bottoms in a
variety of weather conditions, including flat caim.

2000

Frequency (Hz)

|
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30 40 50
Bottom Angle (degrees)
Figure 01-B.17 Inferred reflection loss.
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Thrust 03 Mine Countermeasures (MCM)

Project 03-C: Mine-ship interaction

Operational relevance

During a short term operation, reduce the risk to a target transiting a minefield, containing

unknown mine mechanisms, to less than 5%.

Mine Jamming’

It has been demonstrated that it is possible to
jam unknown threat mines. Specific mine algo-
rithm knowledge is not required. The unknown
mine logic was provided by one of the Joint
Research Project partners?.

It is important to establish that the mine pre-
sents a threat to the target in order to show that
the countermeasure has had an effect. Figure
03-C.1 illustrates the performance of one mine
against a frigate. The figure shows horizontal
distance from the mine on the x-axis and water
depth on the y-axis. The colours represent the
probability of actuation of more than 20,000
mine/target encounters.

Using the same algorithm and the same method
of presentation Figure 03C-2 demonstrates ei-
ther that a crude sweep signature is relatively
ineffective or that the mine's sweep rejection al-
gorithm works well against this type of sweep
signature.

! The original project plan, which provided for a joint trial in
Panama City in November 2001 has been revised to allow
the trial to coincide with the MCMFORNORTH deployment
scheduled for June 2002.

2 Denmark, Germany, Italy, the Netherlands, United Kingdom,
United States.

The results of using this same unsophisticated
sweep signature to protect a target are shown
in Fig. 03-C.3.

Total Mine Simulation System (TMSS) models
have been developed to evaluate organic MCM
techniques. Figure 03-C.4 shows a generic
model that will form the basis of organic jam-
ming simulation using a target’s degaussing
coils.

Target Sweeping Mode Planning

Traditionally, influence sweeping has exploited
weaknesses in a mine’s design and has as-
sumed a known mine threat. This is commonly
termed minesweeping mode (MSM).

NATO nations have developed an influence
minesweeping capability against an unknown
mine threat by configuring the sweeping equip-
ment to emulate the characteristics of a ship’s
influence signatures. This sweeping concept is
termed target sweeping (or simulation) mode
(TSM).

The objective of mine countermeasures (MCM)
operations planning is to minimize the risk to
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Figure 03-C.1 Modelled data
demonstrating the performance
against a target.

Figure 03-C.2 Modelled data
demonstrating that this mine is
particularly difficult to sweep.

Figure 03-C.3 Modelled data
demonstrating that this mine was
successfully jammed.
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subsequent target shipping
whilst also minimizing the

time taken and the risk to
the MCM forces. The cur-
rent NATO doctrine for the
planning and evaluation of
influence minesweeping
operations is based on a
prioriknowledge of the per-
formance, (in terms of
sweep width and actuation
probability), of the
minesweeping system
against the threat mine
type(s). As it is not possible
to quantify sweep perfor-
mance against an unknown
mine threat, this approach may no Ionger rep-
resent an optimum tactic for the employment of
a TSM minesweeping system.

The aim of this study is to investigate whether
the underlying assumptions of NATO algorithms
remain valid for TSM and to develop method-
ologies for the optimum employment of TSM
minesweeping systems and the evaluation of the
risk reduction to the target vessel.

During 1999, a technical solution was developed,
which is an extension of the NATO MCM plan-
ning and evaluation procedures implemented in
the MCM EXPERT tool. The planning algorithm
uses either exhaustive search or simulated an-
nealing to optimize the minesweeping effort. The
selection of technique depends on the number

Ploning s v

@ MCM Paameteis

#1 =
Scenano
Simulated Arn. Paameu

= [ TSMEvakiaion

Figure 03-C.4 Models have been developed to
demonstrate organic mine jamming.

of possible comblnatuons in the scenario and the
speed of the PC. The evaluation algorithm de-
termines the remaining risk as a function of the
aggregate actuation width of the mine against
the target vessel (Fig. 03-C.5).

The algorithms were originally implemented in
EXCEL 97 VBA for development and testing. A
PC-based stand-alone prototype TSM planning
and evaluation software tool written in Delphi
(Figure 03-C.6) is now fully developed and docu-
mented completing (in September) the Project
03-C TSM Planning Phase 3 activity of the
SPOW 2000. The help files are comprehensive
and contain full documentation of the algorithms
and software.

The software Planning and Evaluation for TSM -
(PET) has been delivered
to the nations participating
in the MCM EXPERT
User’'s Group.

Figure 03-C.5 TSM evaluation:
the risk to the target plotted
against the aggregate actuation
width of the mine against the
target.
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Figure 03-C.6 Example of prototype TSM planning and evaluation software user interface.

Glynn Field joined the Admirally Underwater Weapons Establishment, AUWE in
1971. During his early years he wrote finite element software to predict the dynarmic
behaviour of towed arrays. He later developed computer models to predict the
hydrodynamic properties of flexible sonar domes. In 1981, he joined the Mine Warfare
Department where he was responsible for research into Mine sensors. In 1985 he
became responsible for work on Mine Algorithms and Simulation. One of his many
responsibilities was the Total Mine Simulation System, TMSS. TMSS has become
the focus of international collaboration. Versions of TMSS are installed in Australia,
Canada, France, Germany, Netherlands, New Zealand, Norway, Sweden, US and
SACLANTCEN, where Glynn Field has been Project Leader of Mine/Ship Interaction
since 1994.
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Project 03-D: Environmental impact on MCM sonar design

and performance
(Manning days - 25)

= ————e—

Operational relevance

An increased understanding of high frequency acoustic interaction with the seabed in shal-
low water to support MCM modelling requirements.

In shallow water at high frequencies, the rapid spatial changes in water column and seabed
properties are of significance in the understanding and prediction of high-resolution sonar
response, particularly synthetic aperture sonar (SAS). Of particular concern are the levels
and spatial coherence of high frequency acoustic signals scattered from the seabed in high-
energy environments. Understanding of near critical angle penetration of the seabed and
scatter from buried targets is essential to optimal design of sonars for countering a buried
mine threat. The need to map seabed areas where mines are likely to become buried is
necessary for planning purposes and is being addressed through the inversion of acoustic

data particularly that from wide swath sonars.

A five-year effort to address the complexities of
the impact of the environment on the high fre-
quency acoustics employed in MCM sonars con-
cluded in 2000. The objectives were to deliver
models and advice to other projects within the
MCM Thrust of the Scientific Programme of
Work. Major outputs of the project are:

o the time domain model of the effect of the
seabed on a bottom interacting sonar
(BORIS)

e the methodology for inversion of multibeam
data for seabed segmentation

e models for high frequency scatter from the
seabed and lower frequency penetration into
the seabed.

Supporting studies:

¢ High Frequency Reverberation,

e Stereo Photogrammetry of the Microtopo-
graphy of the Seabed

have advanced fundamental understanding of
the importance of small scale topography and

the volume structure of the seabed on acoustic
scattering. A major experimental effort allowed
modelling of the impact of wave induced fluc-
tuations on the performance of synthetic aper-
ture sonar to be validated.

The Joint Research Project with DERA
Wideband acoustic interaction with the seabed
was concluded in April 2000. Three data acqui-
sition cruises with the Manning provided data
on acoustic backscatter from a variety of sea-
bed types in the frequency range 120-180kHz.
A major feature of these experiments was the
acquisition of high resolution environmental data
which has allowed the relationships between
acoustic backscatter, the microtopography of the
water/seabed interface and the structure of near
surface spatial volume fluctuations to be further
understood. Such work provides the necessary
basis for theoretical advances in this important
area of high frequency acoustic scatter. Future
exploitation of AUV technology will require a good
knowledge and understanding of bistatic scat-
ter coefficients and mechanisms. During March/
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April, the shortage of bistatic scatter coefficient
data was addressed through an experiment in
Biodola Bay, Elba during which bistatic scatter
coefficients from a well-characterized seabed
were measured.

Bistatic scatter coefficient measurement requires
coverage of incident, scatter and azimuth angle.
Directive acoustic sources were pan and tilt
mounted on a tower and the scatter measured
using an omnidirectional hydrophone mounted
on a pole deployed from the Manning while un-
derway, to provide the requisite coverage of
angles. Continuous knowledge of the geometry
was obtained via triangulation using a ranging
pinger on the tower with real time kinematic
(RTK) GPS. Complementary measurements of
the angular dependence of backscatter were
obtained from the raw data facility of the EM3000
and the seabed finescale topography data from
stereo photography. The water depth was about
11 m and the source depth 3 m. A display on
the bridge was designed to provide guidance
on range and azimuth for valid data acquisition.

[

Figure 03-D.1 Segmentation
process step by step: A) an accurate
map of Biodola bay is obtained.
From this image itis possible to ses
the influence of Posidonia in the
boundary with sand (yellow square);
b) the corrected backscattering
intensity versus incident angle
information is calculated rout
uniform seafloor types are selected
using a GUI and finally, c) the
segmentation map of the site is
obtained.

A detailed survey using multibeam sonar at
300kHz was undertaken in support of this ex-
periment and of GOATS 2000. This provided a
good test of the seabed segmentation algorithms
based on calibrated angular dependence of
acoustic backscatter, with knowledge of local
incidence angles from concurrent bathymetry.
The segmentation algorithm is supervised and
divides the seafloor into uniform zones, which
can be classified according to ATP-24 definitions,
using sensor fusion or ground truth on a limited
number of spots. New generation bathymetric
sonar, readily adaptable to an AUV, was used
for the rapid acquisition of high resolution data,
including bathymetric and backscattering inten-

sity:

To produce an accurate and robust bathy-
metric map of the site (Fig. 03-D.1a).

To obtain backscattering versus incident
angle information for each data point (see
Fig. 03-D.1b).

o To select zones where the backscattering
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versus incident angle result is uniform and
calculate the Backscattering versus Incident
Angle (BIA) function that is characteristic of
each zone (Fig. 03-D.1b)

¢ To select a limited number of BIA to pro-
duce a filtered segmentation of the seafloor.
In Fig. 03-D.1c, yellow, dark green and light
green are known to be sandy, Posidonia and
sparse Posidonia zones respectively.

Progress has been made in quantifying the
effects of small scale seabed topography in
conjunction with millimetric scale spatial
fluctuations in seabed volume properties, on
acoustic scattering. The vertical velocity and

remotely assess one of the key input parameters
to MCM sonar performance prediction models.

Since the development of the XBP and stand-
alone High Frequency Reverberation (HFR) as
REA techniques in 1996, surveys involving these
instruments have been requested during various
Military Oceanography (MILOC) Rapid
Response Operations and Naval exercises
(Fig.03-D.2). These systems have proven to be
useful toois for acquiring information about
seafloor properties that are important for mine
burial modelling and mine hunting system
performance prediction. As part of the

Figure 03-D.2 the High Frequency Reverberation (HFR) measurement system, shown here mounted on a sled, consists
of simple and relatively small components that can be mounted on various platforms, including MILOC ships, Autonomous
Underwater Vehicles (AUV's) and expendable buoys. The system transmits and receives acoustic signals from a fully
calibrated high frequency transducer (80-110 kHz) and simultaneously measures its exact orientation with respect to
the seafloor using an echosounder and inclinometers. Also mounted on the sled shown here are the electronics package
and a small video camera. A prototype device and analysis algorithms have been developed and used as part of the

MILOC exercises Rapid Response '96, ‘97 and '98.

density gradients and their relative local
fluctuation are an important cause of scattering
in soft sediment at minehunting frequencies.
Interface roughness, which was believed to be
the dominant scattering mechanism in these
sediments has been shown to be often
dominated by volume scatter. The effect is,
perhaps surprisingly, greater in the softer
sediments in which mines tend to become
buried. Acoustic measurements were
supplemented with x-ray analyses of horizontal
and vertical seabed cores with the finescale
seabed topography being obtained from a
recently developed, fully automatic two-
dimensional stereo photogrammetry device. It
is possible to envisage this device on an AUV to

SACLANTCEN contribution to Linked Seas
2000, REA measurements were taken in the MW
area during the period of 10 - 20 April by a
SACLANTCEN scientific team, aboard HMS
Roebuck, with the assistance of her crew.
Results of the survey, using XBPs and the HFR
measurement system (100 kHz) were published
as a CD-ROM with high frequency side-scan
sonar images and a synthesis of the results of
the MW environmental parameter measurement
systems, in order to determine bottom type
classifications required for general operational
MCM applications. Figure 03-D.3 is a signal to
reverberation (SR) map for a modern mine that
the HFR system can provide rapidly prior to a
MCM operation.
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Figure 03-D.3 Signal to
reverberation for a
modern mine (left) and a
conventional mine (right).
Areas contoured with
positive values enable
{ incoherent detection.

Fig: 03-D-y: Signal to
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modern mine (left) and a
conventional mine (right).
Areas contoured with
positive values enable
incoherent detection
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Project 03-E: Modelling of MCM related propagation,
reverberation and target scattering (Manning days — 10)

Operational relevance

3-D structural acoustic scattering
models for seabed mines

The objective of the project is the development
of a 3-D, state-of-the-art, finite-element, struc-
tural acoustics code for modelling the scatter-
ing of acoustic waves from undersea structures.
The primary application will be for predicting the
scattering of sonar signals from mines in, on or
moored above the seabed (Fig. 03-E.1). Projects
in 2001 and beyond will extend the application
to scattering from submarines and torpedoes.

A structural acoustics code models wave propa-

Figure 03-E.1 Computer models will be used to
predict scattering of minehunting sonar beams from
many types of mines in or near the seabed.

Accurate computer models of scattering of sonar signals from seabed mines are essential
for significantly improving the effectiveness of acoustic minehunting operations. The mod-
els improve the predictive capabilities for detection and classification systems, thus provid-
ing an essential component of predictive sonar performance models for MCM. Computer
models also increase understanding of how various physical features in the mines and
* seabed affect the scattering of sonar signals, thereby enabling the design of acoustically
stealthy mines to counter an adversary's MCM.

gation in two types of media: solids and fluids.
Solids (structures) are modelled as elastic me-
dia, or viscoelastic when damping is present.
Fluids are modelled as acoustic media, or
viscoacoustic when damping is present.

The development of the structural portion of the
code which was completed in 2000 will consti-
tute the subject of most of this report. Work also
began on the acoustics portion; acoustic mod-
elling will be described briefly at the beginning

milestone



Finite elements model
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Figure 03-E.2 Approach used for modelling the large expanses of sea and seabed surrounding a mine:

a combination of finite and infinite elements.

and progress on acoustic code development at
the end.

Modelling methodology
Two types of technology are being employed.

e A patented' mathematical acoustics tech-
nique for modelling large expanses of sea
and seabed, using computationally efficient
“infinite elements”

The acoustic environment surrounding a mine
is the sea and seabed, both of which are ex-
tremely large spaces compared to the dimen-
sions of a mine — too large to be modelled by
conventional FE methods. Many mathematical
techniques for modelling such large spaces have
evolved, but, prior to the early ‘90s, none had
been numerically efficient. The patented “infinite
element’ technique is more than 400 times faster
than competitive techniques to achieve the same
solution, to the same degree of accuracy, in
benchmark tests.

Figure 03-E.2 shows how finite and infinite ele-
ments will be used to model the sea and sea-
bed, using a partially buried Manta mine for il-
lustration. Finite elements will model a small
volume of sea and seabed surrounding the mine,
out to an ellipsoidal surface that closely circum-
scribes the mine. The remaining space “out to
infinity” will be modelled by the infinite elements,
each one modelling a sector of the space be-
tween the ellipsoid and infinity.

' US Patents 5604891, 5604893, 5963459

s A unique, commercial, state-of-the-art, FE
technology for structures and fluids

The Centre is combining in-house R&D with
three commercial FE software packages:
ProPHLEX, PHLEXsolid and HyperMesh.

ProPHLEX

Developed by the R&D Division of Altair Engi-
neering (formerly COMCO) in Austin, Texas, this
package is a suite of software development toots
for developing customized FE codes for any
physical system describable by a system of lin-
ear or nonlinear second order partial differential
equations. The numerous fields of application
include elasticity, acoustics, fluid mechanics,
heat conduction and quantum mechanics. The
core mathematical technologies have been
evolving from a close collaboration with the Texas
Institute for Computational and Applied Math-
ematics (TICAM) at the Univ. of Texas, Austin,
which for many years has been one of the fore-
most contributors to the foundations of FE tech-
nology.

A central feature of this software is “hp-
adaptivity”, which is a highly automated proce-
dure for achieving near-optimal FE meshes, with
consequent major reduction in use of computer
resources. An integral part of this capability is
automatic error estimation. Element-by-element
a posteriori error estimates provide a rigorous
mathematical basis for automatic adaptation of
the FE mesh until a user-defined error is

— 36—



Analyst generates initial mesh
& specifies desired error

[ ] = hp-adaptivity

Finite element
analysis

New mesh generated l

Element-by-element
error estimation

Figure 03-E.3 Control of error
using hp-adaptive FE technology.

Error is achieved
(analysis is complete)

achieved. The estimates also provide a quanti-
tative indication of the quality of the resulting
FE solution.

The hp-adaptive procedure is illustrated in Fig.
03-E.3. The analyst constructs a first mesh with
a few large elements — to define the geometry.
The software performs an anaiysis with this
mesh and then estimates the discretization er-
ror (the departure from the exact solution) in
every finite element in the model. This element-
by-element error estimate is then used to modify
the mesh, by (1) making selected elements
smaller or larger (so-called “h-refinement/
unrefinement”) and/or (2) increasing or decreas-
ing the degree of the approximation polynomi-
als within selected elements (so-called “p-en-
richment/unenrichment”). A new analysis is
performed using the new mesh. This cycle of
analysis/error-estimation/mesh-adaptation is
executed iteratively until an error is achieved that
is less than that requested by the analyst (e.g.,
+ 5% relative to the exact solution). The result is
a model with near-optimal computational effi-
ciency, i.e., one that achieves the user-speci-
fied error at the lowest possible cost in com-
puter resources. (This, in turn, permits model-
ling to higher frequencies, as computational
costs, by any method, increase exponentially
with frequency).
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PHLEXsolid

This package, which was created using the
ProPHLEX development environment, is an hp-
adaptive 3-D structural analysis code. Solution
types include static, transient (wave propaga-
tion) and eigen (resonant modes) analyses.
Capabilities include damping, anisotropic mate-
rials, thermal stresses and nonlinearities; the
latter includes large deformations, hyperelasticity
(e.g., rubber-like materials) and contacting sur-
faces.

The continuum mechanics in the code employs
fuil 3-D physics for all modelling, eschewing the
traditional 2-D and 1-D engineering approxima-
tions for, e.g., structural plates, shells and beams.
This approach is motivated by the need to model
accurately corners and material discontinuities
where the deformation field is singular and/or
strongly 3-D, especially the critical outer shell of
the structure, which “launches” the scattered
acoustic field. Thus, the code is capable of pro-
ducing high fidelity models, i.e., models with high
accuracy relative to the real world, even up to
very high frequencies, which is an important fea-
ture when validating the code against experi-
mental data measured at sea.

Most important, the Centre’s capability for mod-
elling transient wave propagation in damped
elastic structures is now complete and ready for

G
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application.HyperMesh

This is a general FE pre- and postprocessing
package developed by Altair, compatible with
many popular FE analysis codes. As a prepro-
cessor it generates the initial meshes and other
input data for models that will be analyzed with
the PHLEX codes. As a postprocessor it is cur-
rently being used to generate and display ani-
mated graphical plots of the transient solutions
produced by the PHLEX codes, e.g., propagat-
ing contours of stress or displacement fields as
well as the time-varying deformation (vibration)
of the structure.

Demonstration problem: scattering from
a Manta mine on the seabed

Figure 03-E.4 shows a mesh of a Manta mine
partially buried in the sea bed, surrounded by a
hemisphere of water above (shown translucent,
so mesh lines are not visible) and a hemisphere
of sediment below. The complete mesh of water
and sediment is a sphere, half of which is shown
to reveal mesh details on a vertical bisecting
plane. This mesh was prepared using the
HyperMesh package; the PHLEXsolid hp-adap-
tive algorithms automatically adapted the mesh
during the solution process.

Although PHLEXsolid is a structural code (elas-
tic media only), lacking acoustic finite and infi-

explosive

acoustic

' source
i
water

Figure 03-E.4 Mesh of Manta mine surrounded
by water and sediment.

priming device

booster fiberglass casing

nite elements, it is still possible to simulate
acoustic propagation by the following two expe-
dients (which are temporary only, until the acous-
tics portion of the code is developed):

e A fluid medium, e.g., water, can be mod-
elled as an elastic medium with a very low shear
modulus, i.e., a gelatinous material. In particu-
lar, the bulk modulus and the mass density, which
determine the speed of an acoustic (compres-
sional) wave, may be given the actual values for
sea water, which will therefore yield the correct
acoustic wave speed. The shear modulus may
be chosen low enough (ideally it would be zero)
to make the shear wave speed very small, typi-
cally only a few percent of the compressional
wave speed.

This approach can yield a realistic simulation,
but it is obviously computationally very inefficient,
as a scalar acoustic field is being modelled by a
vector elastic field. The inefficiency is partly off-
set by the optimization aspects of the hp-
adaptivity.

e The large water and sediment regions may
be modelled albeit computationally inefficiently,
with very large water and sediment meshes.
However, as transient analyses involve only lo-
cal disturbances, the wave may be allowed to
propagate across the water/sediment mesh and
the analysis terminated before the wave reflects
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from the opposite (artificial) boundary of that
mesh.

The mine was modelled using realistic material
properties for the fibreglass outer casing and
internal partitions, explosive, booster, priming
device and water. The sediment was modelled
as an unconsolidated medium with properties
similar to sand and gravel. An acoustic source
was approximated by a vibrating pressure ap-
plied to a small patch on the outer surface of
the water mesh. The pressure oscillated sinu-
soidally for one cycle at a frequency of 2000
Hz, then stopped and remained zero thereafter,
resulting in a pulse-like wave propagating toward
the mine.

-
(a)

(b)

Figure 03-E.5 Contours of magnitude of particle displacement at (a) before the

wave sltrikes the mine and (b) after striking the mine.

PHLEXsolid performed a transient analysis. The
complete time history can be displayed on a
computer monitor as a smooth animation of
propagating contours. A sequence of snapshots
taken from this animation is shown in Fig. 03-
E.5. Zooming in on the animation (not shown
here) reveals the vibration of
the mine as the wave passes
through it.

To illustrate the error estima-
tion capability in PHLEXsolid,
Fig. 03-E.6 shows the ele-
ment-by-element estimated
error in strain energy for the
solution in Fig. 03-E.5. In the
elements coloured green, for
example, the relative error,
i.e., the ratio of the strain en-
ergy of the error to the global
strain energy, is about 1% (the
square root of the ratio is
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shown as 0.10). The red elements have relative
errors of about 5%. These errors can be in-
creased or decreased using a variety of manual
and automatic controls in the software. Error
estimates such as these are important in pro-
viding confidence in the quality of the solution.

Progress towards an acoustic propaga-
tion code

Work began on the development of an hp-adap-

tive acoustic propagation code, using the

ProPHLEX development environment. An initial

version, which incorporates hp-adaptive acous-

tic elements, has been successfully tested with
a simple transient propagation
problem.

Current infinite element technot-
ogy is for modelling a single
fluid. As the mine hunting prob-
lem involves water and sedi-
ment (the latter often modelled
as a heavy, viscous fluid), re-
search has begun on develop-
ing a new type of acoustic infi-
nite element for use when there
are two infinite fluid regions in
the model. Significant progress
towards this goal was made
during 2000.

Figure 03-E.6 Element-by-
element error estimates for
solution shown in Fig. 03-E.5(b).
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During 2001, work will continue with ProPHLEX
to create an hp-adaptive acoustic propagation
code, with a graphical user’s interface (GUI) and
pre- and postprocessing capabilities similar to
the current structural code. ProPHLEX will sub-
sequently be used to combine the structural and
acoustic technologies into a coupled structural
acoustics code.

Acoustic infinite elements will be added to the
code, which will obviate the use of large spheres
of water and sediment, as in the above model.
Only a small layer of acoustic elements sur-
rounding the structure will be necessary as the
infinite elements will model the water and sedi-
ment “to infinity” (Fig. 03-E.2). Acoustic sources
will then be able to be located anywhere and
the scattered wave will be able to propagate in-
definitely outward.

Another important capability to be added will be
steady-state (i.e., c.w. or frequency domain)
analyses. As the core computational approach
will be transient analyses for all modelling (for
fundamental mathematical reasons), a shell will
be built around the code that will synthesize a
transient acoustic signal with the desired fre-
quencies. At the end of the transient analysis
the sheli will analyze the separate frequencies
in the scattered wave, computing, e.g., target
strength at each frequency.

Low-frequency acoustic model for
mine sweeping predictions

One of the important signals used by mines to
assess the presence of a ship is a low-frequency

(2-100 Hz) acoustic tone. The design of the fow-
frequency acoustic part of the sweeping sys-
tem is crucial. However, difficulties have been
experienced when exciting low-frequency acous-
tic signals (low source level), especially in shal-
low-water regions and during the construction
of the ideal acoustic waveforms to be transmit-
ted by the mine sweeping system. Numerical
sound propagation models play a major role in
assessing mine sweeping performance by pre-
dicting pressure levels radiated from a sound
source (ship) to different receiver locations
{(mines). However, special properties are re-
quired in order to predict the sound levels accu-
rately at low frequencies (2-100 Hz) and at short
ranges from the acoustic source (<100 m).

A numerical study was carried out to select a
model that provides accurate predictions of
sound propagation within 100 m of the source
and for frequencies as low as 2 Hz. Standard
acoustic models available at SACLANTCEN
were benchmarked on suitable test problems
before selecting the SAFARI/OASES model as
the most accurate and computationally efficient
for solving “nearfield” acoustic problems. A para-
metric study determined the important environ-
mental parameters affecting sound propagation
close to the source. It was found that the effect
of a changing sound-speed profile in the water
and any realistic range dependence was negli-
gible. Important parameters relate to the bot-
tom type (Fig. 03-E.7, left panel) and the water
depth (Fig. 03-E.7, right panel), and, of course,
transmission losses are strongly frequency de-
pendent. These simulation results were used in
designing the experimental phase of this study.
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Figure 03-E.7 OASES modelling results for the SWEEP-2K experiment. Transmission loss varies up to 20 dB dependent on
the bottom reflectivity (left panel). Simple halfspace bottoms with increasing sound speed C2 from mud (1500 rvs) to rock
(5250 m/s) were considered. The right panel shows that also the water depth WD is an important parameter for a mine on the
bottom. All results shown here are for a frequency of 20 Hz and a source depth of 5 m.
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During the SWEEP-2K experiment in Septem-
ber/October, environmental and acoustic data
were acquired for model validation purposes.
Three shallow-water experimental sites (Fig. 03-
E.8) were defined with water depths ranging from
15 to 100 m. The seabed characteristics vary
from clay to gas-filled sands. Seismic profiling
along pre-defined acoustic tracks was used to
identify the deeper layering of the bottom. Acous-

tic tones at frequencies of 6, 10, 20 and 100 Hz
were transmitted by a towed source at depths
of 5 and 10 m to a maximum propagation range
of 500 m. The transmitted signals were received
on geo-phones located on the seabed and hy-
drophones in the water column at different
depths. The data analysis and model-data com-
parison is in progress and results will be avail-
able by summer 2001.
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Figure 03-E.8 Sites for the SWEEP-2K experiment. The water depth ranges from 15 to 100 m, and the
bottomn varies from clay (SITE 1) to gas-filled sand (SITE 3).
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Project 03-F: Minehunting sonar performance model

Operational relevance

To provide NATO with an improved performance prediction tool for minehunting, particularly
in shallow water and to provide the sonar performance parameters required as inputs by 1
the NATO MCM planning and evaluation tool MCM EXPERT.

The aim of Project 03-F is to provide a tool that
can be used by naval operators to provide the
sonar performance parameters needed by MCM
planning and evaluation tools - such as the
standard NATO tool MCM EXPERT - and by
scientists and engineers who need to predict the
performance of minehunting sonars.

MCM planning

The tool will be able to provide the parameter
p(y) (cumulative probability of detection as a
function of across track distance) or the values
A (characteristic detection width) and B,
{characteristic probability of detection) which are
required by planning tools such as MCM
EXPERT. The tool will also be able to provide an
estimate of mine case burial depth and the
performance of minehunting sonars against
buried mines.

The parameters p(y) or A and B, are derived
from single ping probabilities of detection and
these, in turn, are derived from signal excess.
An algorithm has been developed to calculate
the single ping probability of detection from the
signal excess which has the potential to take

into account reverberation statistics (if these are
known). Algorithms for calculating the cumulative
probability of detection from single ping
probabilities have been evaluated. One of these
algorithms, which takes into account some
dependency between successive pings, is giving
promising results. Another factor that needs to
be included is the efficiency of the sonar operator
(or computer aided detection algorithm) and this
will require further investigation.

The input parameters required by the model
include sonar, target and environmental
parameters. In operational use, the tool would
be configured for a particular sonar type. In this
case, the user would only be presented with the
sonar settings that can be changed by the sonar
operator (another use of the tool could be to
optimize these settings). Generally, target
parameters would be pre-set for a number of
different mine types. Environment parameters
could be customized to correspond to the data
normally available, whether from a minewarfare
pilot, charts, an environmental database, or the
results of a rapid environmental assessment
(REA). Figure 03-F.1 illustrates how the tool
would be used for MCM planning.
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Sonar Performance Model

Software architecture

An important aim of this project is to create a
modular “plug-and-play” architecture and a
significant amount of effort has gone towards
achieving this goal. This architecture allows sub-
models to be added relatively easily and allows
customization of the user interface. The benefits
of this approach include:

e being able to update or replace sub-models
when improved sub-models become
available

e new functionality can be added relatively
easily

¢ nations can replace sub-models with their
own, if they wish

e the user interface can be customized for
different types of user.

Software prototyping has been used to develop
this architecture. The language chosen for the
prototyping and the final tool is Java. The
advantages of using Java include platform
independence and the “introspection
mechanism”, which allows the software to
determine the parameters required by each sub-
model. The prototype software demonstrates the
capability of being able to add new sub-models
without having to change or re-compile any
existing code and of providing different views of
the environmental, sonar and target parameters.
Where the parameters shown in a view of, say,

E the environment do not match the parameters
1 required by a sub-model, “adapters” are used to
g_provide a mapping between the two. Figure 03-

F.2 shows a typical display available in the
prototyping software (in this case, the display
shows propagation loss calculated using
Belihop).

Figure 03-F.1 Interfaces between the minehunting
sonar performance tool and MCM EXPERT.

Reverberation modelling

Where suitable sub-models exist that can be
distributed within NATO (for example those in
the APL-UW High-Frequency Ocean
Environmental Acoustic Models Handbook), the
project will use these. Initially, it was intended to
use an existing national reverberation model, but
it was subsequently ascertained that it was not
possible to distribute this model freely to all NATO
nations. Consequently, it became necessary for
the project to develop its own high frequency
reverberation model.

An existing public domain propagation model,
called Bellhop, was used as the starting point
for the reverberation model. Bellhop is a robust
and efficient ray-based model which uses a
variant of Gaussian beam tracing called
geometric beam tracing to calculate eigenrays.
The structure of the code has been changed
substantially to allow reverberation to be
calculated, but the technique for calculating
propagation loss remains the same. A slight
variation of the geometric beam tracing
technique has been used to calculate other ray
parameters needed to calculate reverberation,
such as grazing angle and travel time. Aithough
additional work is needed to validate the
reverberation model, tests done so far have
yielded good results.

Links to other SACLANTCEN
projects

This project aims to make use of work being
carried out under other projects at the Centre.
Of particular relevance is the work being done
on target modelling (Project 03-E) and seabed
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Figure 03-F.2 Prototype software example showing propagation loss.

scattering (Project 03-D). An accurate model of
the scattering from proud and buried mines is
important for sonar performance predictions and
it is anticipated that the results obtained under
Project 03-E will provide a robust target strength
model. It is also anticipated that Project 03-D
(Project 03-H from January 2001) will be abie to
provide information on the statistics of bottom
reverberation as well as mean scattering
strength. This information can be used to
calcuiate detection probability more accurately.

The synergy resulting from the incorporation of
sub-models developed within other projects into
the performance tool enhances the value of
several facets of the Scientific Programme of
Work, to the benefit of all NATO nations.

Progress

The project plan has been updated since the
SPOW 2000 was produced. Most of the tasks
given in the SPOW for 2000 have been
completed, but owing to the need to produce a
reverberation model, the report for the first phase
of the project has been moved into 2001. Under
the current project plan, the beta test version of
the minehunting sonar performance tool is
scheduled for mid-2002, with the project then
entering a final validation phase with completion
by the end of 2003.

— 45 —



Intentionally blank page

e A



Project 03-G: Advanced minehunting sonar concepts for
UUVs (Alliance days — 14, Manning days - 22)

Operational relevance

The countering of buried mines is a recognized capability shortfall, highlighted by the NATO
study MO 2015, to which this project has actively contributed. Mine sweeping is the only
existing active countermeasure against all types of buried mines. However, arming delays,
ship counts and pressure sensors can reduce its effectiveness, Conventional minehunting
sonars are ineffective against mines which are fully buried in sediment, where sound absorp-
tion is high compared to that in water. The Centre is studying specific, bottom penetrating
sonars, which will, in the long term, be integrated with an Autonomous Underwater Vehicle
(AUV). Due to critical angle effects, the range of such sonars is limited, especially in shallow
and very shallow water, which makes the use of manned surface ships undesirable.

Figure 03-G.1 TOPAS parametric transmitter (orange) and
16-element vertical array (white) mounted on the chariot of
the Lanvéoc rail facility of GESMA, France. Also visible is the
frame and motor allowing the sonar tilt to be varied.

The main effort in 2000 was the processing of
data from a joint experiment with GESMA
designated “Buried Mine Classification”, in
Lanvéoc, Brest, at the GESMA rail facility, a 12
m underwater rail which can be positioned at
seven different heights above the seafloor. The
SACLANTCEN 6-11 kHz TOPAS parametric
source and a vertical line array (16 elements
spaced at A/2 at 8 kHz) were mounted on the
chariot (Fig. 03-G.1), which was displaced along
the rail to form a synthetic aperture sonar (SAS).
In addition, GESMA mounted a linear 14-20 kHz
transmitter and a multi-element horizontal
receive array on the chariot.

The narrow beamwidth of the parametric source
in the horizontal plane (5°) reduces the
ensonification time, hence the resolution gain
of SAS processing. To remove this limitation, the
transmission beam was electronically scanned
along-track, during displacement along the rail.
An effective sector of 30°, centred at broadside,
was achieved in steps of 2°. The directivity of
the transmitter was used to reject the SAS
azimuth grating lobes.
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Figure 03-G.2 Sidescan sonar image made with a single
hydrophone. The direct echo of the buried cylinder is clearly
visible at 4 m along-track, as well as the surface-bounced echo.

The field of buried targets consisted of a 2 m
concrete-filled cylinder, a buried sphere, a
Rockan mine and a rock. The gain of the scanned
parametric SAS processing over the
conventional parametric sidescan is seen in Fig.
03-G.2. The classification of the other three
targets is clearly more challenging, as there are
other contacts in this somewhat cluttered area
(Fig. 03-G.3). Classification techniques based
on the echo structure, including structural
acoustics, are being investigated to reduce the

elastic waves, which are known to characterize
the response of the free-field target. The same
families of waves are clearly identified
notwithstanding the presence of the sand-water
interface (Fig 03-G.5). Further, their energy,
although attenuated by transmission through
sediment, still allows the detection and
identification of a number of modes.

Work on buried mine classification will continue,
using the data from GOATS’98 and the Buried
Mine Classification Joint Research Project. In
addition, a new 8-16 kHz 2D sonar array (4x16
receive elements) procured from Florida Atlantic
University (FAU), will be integrated in 2001 on
the Ocean Explorer AUV for trials in 2002.

100 kHz multi-aspect synthetic
aperture sonar

SAS is a key technology to enhance the area
coverage of future minehunting operations. Its
implementation on an Autonomous Underwater
Vehicle, for large area, covert reconnaissance,
is one of the recommendations of the MO 2015
study, which is being actively addressed by the
Centre.

To assess the feasibility of SAS on an ocean-
going platform (as opposed to more constrained
experiments on an underwater rail), the

milestone

false alarm rate.
PROUD SPHERE & TRUNCATED CONE

Echo analysis of buried objects,
based on structural acoustics was
demonstrated in previous work on a
flush-buried sphere by using a free-
field scattering model. The analysis
has now been applied to data from
half-buried and deeply buried
spheres, acquired during the
GOATS’98 experiment. Model-data
comparison is shown in the 1-15 kHz
bandwidth (Fig. 03-G.4), where the
model, provided by the U.S. Coastal
Systems Station based on the T-
matrix solution, takes into account
the water-sand interface and
sediment transmission loss. Elastic
scattering analysis, allows the study
of the effects of burial, on the
generation and dynamics of the
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Figure 03-G.3 Scanned parametric SAS image of the target field. The
echoes forming the front and back faces of the cylinder are clearly visible
as well as extended echoes. The proud sphere and truncated cone at 47
m across-track are the same as those imaged in Fig 9.
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Figure 03-G.4 GOATS38
data-model comparison of a
half-buried air-filled steel
sphere (a) and of an identical
sphere buried 30cm-deep in
the sandy bottom (b). The
values of sand sound speed
selected for the two cases
should indicate the similar
properties of sand as the
burial depth varies. Main
results of echo analysis are
shown.
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Figure 03-G.5 Scheme of the travel paths of the two identified families of elastic waves revolving around
the sphere in the shell (A) and in the outer media (B). The half-buried case is shown as an example.
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Figure 03-G.6 MASA/ towbody
deployed from R/V Alliance off Punta
Monasteroli. The sonar is the black
beam below the towbody. It operates
at 100 kHz with 256 transducers
spaced at 7.5 mm, for a total length
of 1.92 cm. In the narrowband mode
(95-105 kHz) mode, the full aperture
is used, whereas in the wideband
mode (90-110 kHz) only the 128
central elements are used.



SACLANTCEN 100 kHz sonar was
installed on a passive towbody (Fig. 03-
(G.6) deployed from R/V Alliance (in
June 1999 and June 2000), off Punta
Monesteroli (near La Spezia). Data
from this series of experiments
(MASAI'00) were used to produce SAS =
images, demonstrating the possibility o - = e . - e
of obtaining gains in cross-range 1

resolution of a factor Q>10 (Fig. 03-
G.7), a major milestone in the 2000
SPOW.

Physicaj image

o P SAS image

The quality of the SAS image ' - v
demonstrates that a robust solution to - y
the micronavigation problem, i.e. that _
of estimating the platform motion during 2 93 0
the SAS integration time, with the - e S— .
required subwavelength precision, has Figure 03-G.7 Physical and SAS images of minefield on 50 m track. The
been found. The micronavi gation is SAS image is made in the wideband mode, by coherently summing the

’ : ’ returns from 60 pings, whereas the physical image is that a single ping. The
perfofmed using a dat?'dr'ven resolution achieved by the SAS is that of an equivalent physical array of
technique known as the Displaced length 10.57 m(Q=11).

Phase Centre Antenna (DPCA), which

correlates the seafloor backscatter at successive

pings to estimate the sonar displacement. The

theoretical study of DPCA micronavigation [nterferometric synthetic aperture
accuracy, initiated in 1998, has been improved sonar

and extended to study the influence of phase
calibration errors of the physical array on DPCA  High resolution, co-registered bathymetry and
accuracy. imaging is important for many survey
applications, including future AUV-based
MCM operations. A new approach to
depth finding using interferometric sonar,
based on direct time delay estimation,
was proposed in 2000 and validated
experimentally. The approach is
particularly well suited to wideband
signals and long interferometric
baselines compared to the acoustic
wavelength. The use of a long baseline
increases the accuracy of the depth
finding but exacerbates the ambiguity
problem inherent with conventional
interferometric processing. The data
used was from a joint experiment
between GESMA, France and DERA,
x(m UK carried out at the Lanvéoc rail facility.

Figure 03-G.8 Results of 120-180 kHz interferometric SAS with a The Sona.r.()perates aanSTEE] ek
baseline of 21.7 ?. For every column of the SAS image and forevery 50  tWO receiving arrays (qugth 26.7 cm) of
cmrange window, the top and bottom SAS images are correlated. The 32 elements and an interferometric
correlation peak and lag gives the coherence map (top) and the delay  baseline of 21 cm, an order of magnitude
gives directly the depth map (bottom), without the ambiguities inherent ot

to the more conventional narrowband (phase-only) processing. larger than existing systems. It was
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established that the combination of
interferometry with SAS (known as InSAS)
considerably improved the resolution and

(a8)
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Figure 03-G.9 SAS image (resolutionin x: 10cm, inr: 1.25
cm) for top array corresponding to Fig. 9 and integrated line-
of-sight sways for top (red) and bottomn (blue) arrays.

accuracy of the bathymetry (Figs.03-G.8 and 03-
G.9).

An experiment was performed in November
2000, jointly with DERA, UK and FFI, Norway
) with the objective of furthering the understanding
8 of InSAS, another major milestone of the 2000
3 SPOW. In this experiment, DERA provided a 24
‘E m underwater rail, a dynamic system allowing
controlled sway, yaw and roll to be generated
and a wideband interferometric sonar (Figs 03-
G.10and 03-G.11).The receive array was similar
to the one described above, although the
transmitter design was new. Three equidistant
transmitters were used in order to investigate
advanced SAS modes to increase the coverage
rate. In addition to expertise in ocean engineering
and logistic support for the trial, SACLANTCEN
provided a strapdown inertial navigation system
(INS), which is of the 0.1 n.mi/br class (Fig. 03-
G.12).

Aided inertial navigation

A significant gain in navigational accuracy will
result from the combination, in an optimal
Kalman filter, of a high grade INS and of DPCA
micronavigation. This is being studied using the
aided inertial navigation software, provided by
FFI, called NavLab. The benefit of this gain for
SAS is increased resolution at longer ranges.

The benefit for an AUV equipped with SAS
(alternatively a specifically designed navigation
sonar optimized for DPCA micronavigation) will
be increased range of autonomous navigation,
between position updates (e.g. GPS fixes). The
gain in performance over more conventional
navigational aids, using a Doppler Velocity Log,
will be evaluated in 2001.

A major item of the 2000 SPOW was the issue
of the specifications and international
competitive bid, for a wideband high frequency
transmitting and receiving sonar system to be
integrated into the AUVs being procured from
Fiorida Atlantic University. This work could not
be undertaken due to the delay in the
submission of the Capability Package.

Generic Oceanographic Array
Technology Systems (GOATS)

The aim of the GOATS 2000 experiment was to
assess the capability to detect, classify and
identify modern mines in 9 m water depth by
means of the Ocean Explorer AUV equipped with
a commercially available side scan sonar
(Edgetech DF-1000 dual frequency 100/ 390
kHz) and colour video camera. The AUV
consistently detected all mines at ranges up to
about 40 m and acquired side scan sonar images

=

Figure 03-G.10 Mobile rail for InSAS'00 trial (DERA, U.K.).
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of all targets at a variety of aspect angles (Fig.
03-G.13). In order to classify the targets, the
images were processed off line with algorithms
developed in a former SACLANTCEN project.
The AUV performed a 3 track pattern to acquire
aspects at 45° intervals. On each track, the
analysis of local statistics allowed the rapid
extraction of potential targets. The rectangular

Figure 03-G.11 Multi-axis motion system and 120-
180 kHz interferometric sonar (DERA, U.K.)

areas containing the potential target were
automatically segmented into regions of three
different types: shadow, echo and background.
Spatial filtering was applied to remove artifacts
in the shadow region. The shadow information
was sent to a classifier trained on simulated
target response. The classifier outputs for the
three views were fused into a single result which
infers the probability of the artifact being a
particular target type (Fig. 03-G.14).

In a successive mission, the AUV executed a
closely spaced search pattern centred on the
geographical coordinates of objects classified
as mine like for identification with the video cam-
era (Fig. 03-G.15).

Figure 03-G.12 High grade Inertial Navigation System
procured by SACLANTCEN.

Gyrometers (Honeywell GG1320)

Range +500 deg/s
Resolution 1.13 arcsec
Nonlinearity 10 ppm

Scale factor error 10 ppm

Random walk 0.003 deg/sqrt(hr)
Bias repeatability 0.003 deg/hr

Accelerometers (Honeywell QA3000)

Range +2g (high precision mode)
Resolution 0.2 ug

Nonlinearity 15 ug/g’

Scale factor error 70 ppm

Random walk 8u1g /sqrt(Hz)

Bias repeatability 30 ug

INS

Size < 260x370x200 mm
Latency < 2ms

Sampling rate Upto 1 kHz
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Figure 03-G.13 Flowchart of the Navlab software (FFI, Norway) for

the study of Aided Inertial Navigation.
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Figure 03-G.14 Output of the muitiple aspect
classifier for the MP80 exercise mine.
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Figure 03-G.15 Target field detected by the 390 kHz DF-1000 Side Scan Sonar mounted on the

Ocean Explorer AUV,
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Figure 03-G.16 MP80, Manta and Rockan mines identified by means of AUV video. The AUV coordinates are displayed on the
upper left corner, the AUV depth and altitude on the upper right, mission time on the lower left, heading on the lower right.
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