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ISACS is a 36-month project sponsored by the European Communiry under the MAST 3 program (Contract:
MAS3-CT95-0046). The objective of ISACS is to prove the feasibility oj the analysis and characterization oj
the seafloor by the exploitation and by a suitable integration oj data gathered from commercially available
sonar equipment. The project is divided into five different tasks with three objectives: gathering oj acoustic
data with multibeam echosounders, sidescan sonars and parametric sonar, development oj algorithms
suitable jor classification and characterization oj the seafloor and finally verification oj the algorithms
through use oj ground truth. and in-situ data. The project is now entering the final stage. This paper presents
the project and the developed products along with some preliminary results from the different sea trials.

1. Introduction

In several industrial and scientific applications, a
detailed knowledge of the seafloor upper strata
characteristics and properties is of paramount
importance, especially in shallow water inside the
continental shelf. However, a standard technology
for routinely surveying these properties and making
them accessible to the end-users has still to be
developed.

The main goal with ISACS is to investigate
methods and techniques for processing of acoustic
data gathered with existing sonar equipment and to
develop automatic methods for quantitative and
qualitative characterization of the upper seafloor.

ISACS was started in 1996 and has atotal budget
of 2 miIlions ECU, of which 1.4 miIlion are
founding frorn the European Union, MAST III
program. The project has eight partners from five
countries:

University of Genova, DIST, Genoa, Itaiy

� University of Algarve, UALG, Faro,
Portugal

� Royal Institute ofTechnology, KTH,
Stockholm, Sweden

� National Defense Research Establishment,
FOA. Stocholm, Sweden

SACLANT Undersea Research Centre,
SACLANTCEN, La Spezia, !taly

� Fugro Consultants International BV,
Leidschendam, The Netherlands

� Kongsberg Simrad AS, Horten, Norway

� Norwegian University of Science and
Technology, NTNU, Trondheim, Norway
(project co-ordinator)

ISACS is divided into five different tasks. The
relation between the different tasks and the involved
partners are shown in Fig. 1.

1 The authors are editors ofthe manuscript.We want to acknowledgeall the ISACSparticipantsfor their help,
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Fig. l. lllustration oj the relations between the
different tasks oj ISACS and the different partners.
First line in each "group" is the task name, second
line gives the responsible partner, and third line
indicates the involved partners.

2. Project Overview

The objective of ISACS is to prove the feasibility
of the analysis and characterization of the seafloor
by the exploitation and by a suitable integration of
data gathered from commercially available sonar
equipment.

The project treats backscattered acoustic data
acquired by multibeam echosounders, sidescan
sonars and bottom penetrating parametric sonars (a
special sonar generating low frequency sound waves
from two higher frequencies transmitted
simultaneously). The integration of such data
involves design and implementation of signal
processing tools and 3D image proces sing tools for
extraction of major features from the received
signals. The algorithms are used to estimate
geoacoustic properties useful for seafloor
characterization and classification. The estimated
geoacoustic properties will be compared with
geotechnical and in-situ measurements, in order to
verify the achieved results.

To understand the behaviour of different effects
related to the acoustic backscattering proces s a set of
numerical model s have been developed. These
models are used to describe responses from the
seafloor with and without man-made objects.
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The different resuIts from ISACS are intended to
benefit several categories of end-users. In particular
these results will be useful for:

• Geotechnical engineering
• Offshore industry
• Environmental research and monitoring
• Archeological research
• Identification of natural deposits

Even though the different end-users have
different needs, this is more a question of resolution
and penetration depth, while the algorithms and
processing techniques are the same.

ISACS has developed tools that can be used to
determine seatloor properties like:

• Bathymetry
• Acoustic Impedance
• Bottom surface roughness
• Sediment inhomogeneities
• Attenuation of compressional wave

Furthermore, ISACS has developed numerical
model s that enable us to determine time series
responses from:

• A seafloor with roughness and volume
inhomogeneities
Buried and semi-buried objects•

In addition the project includes studies on object
detection and 3D image processing.
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Fig. 2. Bathymetric map made with data from the
Sim rad EMJOOOmultibeam echosounder. The data
are acquired outside Stockholm (jrom the Baltic
survey).



Fig. 3. Vertical slice ofthe leftmost seamount in Fig.
2. The data are-acquired with the bottom penetrating
sonar Topas PS040. (from the Baltic survey).

3. Data Gathering

ISACS has acquired data at three different
regions of Europe; The Mediterranean, The Baltic
Sea and The North Sea. The data gathering has been
done in a two step process: First a set of preliminary
sea triaIs was conducted in the start of the project
and secondly a main sea trial was done in each of the
three regions.

Different acquisition systems are used during the
surveys. In general data have been collected using:

� Multibeam echosounders
Side-scan sonar
Bottom penetrating sonar

Multibeam echosounders are high frequency
acquisition systems used for large scale topography
mapping and for collection of reflectivity data used
to characterize the seafloor surface. The bottom
penetrating sonar is a parametric sonar with a
narrow beam. The sonar can be operated in a mode
with broadband pulses in the range < 10 kHz. The
sonar is used to collect time series of acoustic
backscattering data for seafloor characterization and
3D volume image processing to produce a picture of
the sediment volume.

Examples of data taken at one of our surveys are
shown in Fig. 2 and Fig. 3. The data was collected at
a site outside Stockholm in the Baltic Sea. Fig. 2
shows a bathymetric map generated with data from
the Simrad multibeam echosounder EM 1000. EM
1000 operates on 95kHz and has a resolution of 15
cm on the seafloor in the acrosstrack direction. The
map is generated using the median depth in a
rectangular grid of 2.5 by 2.5 m. The picture shows
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Fig 4. A digital terrain model produced by Trismap
on data from Sestri Levante. Upper: 3D
visualization of the data. Middle:contour map of the
data. Lower: The nodes distribution of the DTM
(from the Mediterranean survey).

two smali seamounts on the seafloor. The size of the
area is approximately 500 x 500 m.

Fig. 3 shows data gathered with the bottom
penetrating sonar, Topas PS040. The vertical slice
is taken in the North-South direction along the
leftmost seamount in Fig. 2. The data are obtained
using aRieker pulse with center frequency of 5 kHz
and a bandwidth of 5 kHz. The ping repetition rate
was 400 ms and the survey speed was 5 knots. The
vertical axis is indicated by a line at each 10 ms
(two-way travel time).
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4. Results Obtained from the ISACS Project.

In the following section we will describe some of
the results obtained during the ISACS project. The
description is meant to give an overview of what has
been produced during the project and to show what
kind of results one can obtain by use of the different
algorithms and techniques developed within the
ISACS project.

4.1. Treatment of Bathymetry Data

The new generation of multibeam echosounders
produces huge amounts of data. To process the data,
a powerful tool is needed both for extraction of
importanl features and to provide a best possible
storagę of the dala. ISACS has developed Trismap, a
iool for manipularion of bathymetry data [G.
Canepa & O. Bergem, 1998).

Trismap produces a Oigital Terrain Model
(OTM) starting with bathymetry data from
multibeam echosounders. Trismap runs with
minimai operator intervention and deals
automatically with outliers and noise reduction. The
OTM is computed using triangulation and provide
therefore an optimal node distribution for
representation of the data. In addition to the OTM,
Trismap can be used to extract features from the
bathymetry:

Oepth
Local slope
Ray incidence point
Grazing angle

These features are useful for seafloor segmentation
and classification based on backscattering data from
multibeam echosounders. The local effects must be
taken into account for getting a best possible
treatrnent of the acoustic data and hence the best
possible segmentation and classification of the
seafloor.

Fig. 5. Left: Survey lin es from the sea trial
outside Horten. The thick line shows the area,
where the slices of raw data (right) are taken
(from the sea trial in the North Sea).
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An ex ample of a 3D representation of bottom map
frorn the Mediterranean is shown in Fig. 4 (upper),
with a contour map (middle) and the node
distribution (lower). Note that the nodes are located
closer in regions where the bathymetry changes and
vice versa. This is the advantage of using
triangulation instead of a rectangular grid.

4.2. 3D Volume Image Processing

One of the goal of ISACS is to integrate 20
surface data from bathymetry and 3D volume data
describing the seafloor sediments (data from bottom
penetrating sonars). The challenge in such
processing is to combine 3D interpolation and
segmentation techniques in an unsupervised manner.
Another challenge is to provide an integrated
visualization of the 20 surfaces data along with 3D
volume data.

The 3D processing starts with collected
parameteric sonar data (Topas data). The data are
first gi ven a rectangular grid. Then an orientation
adaptive 3D interpolation technique guided by
analysis of the gap size in a quadtree is applied to fili
in data where there are gaps in the grid. After the
interpolation has taken place a 3D segmentation is
used to detect homogenous regions in the volume.
The segmentation algorithm is unsupervised with a
hierarchical representation of the vol ume in an
octree. The 3D segmentation algorithm provides
boundary refinement and noise reduction in the
final image [R. E. Loke and H. de Buf, 1998].

ISACS has been working with the challenge of
combining the processed 3D volume data with 20
bathyrnetric surface data. The final result is a picture
where the surface data are placed on top of the 3D
sediment image. This provides an integrated
representation of data from different sonars and can
further be extended to include description of objects
or other data describing the upper seabed.

Fig. 6. Left: The data from Fig. 5 after 3D
interpolation. Right: The same data after the 3D
segmentation technique has been applied.



Visualisation is done using the Virtual Reality
ModelIing Language (VRML). Images are presented
either as 3D volumes images or 2D slices of the
original 3D volume. VRML permits images and
movies and one can interactively walk trough the
scene. VRML is supported by www browsers. and
players lO run VRML on the browsers are available
on Internet.

Fig. 5 and Fig. 6 show results of applying the 3D
images techniques on data acquired outside Horten
(in the Oslofjord). Fig. 5 (left) shows the dense
survey lines acquired with the Topas system. The
thick line indicates where the vertical slice of data
(right) is taken. This is raw data prior to the image
processing. Fig. 6 (left) shows the data after the 3D
interpolarion algorithrn has been applied and Fig. 6
(right) shows the data after the 3D segementation is
applied.

4.3. Modeling of Responses from Rough Surfaces

One goal of ISACS is to develop schemes for
model bascd inversion. We early recognized that
model based inversion using angle dependent
acoustic backscattering strength frorn rnultibearn
cchosoundcrs, with thc cornposite roughness model
Dr similar models. was inappropriate. This is mainly
due to thc Iact thal rnultibcarn echosounders produce
a single value representation of the backscattered
signal and bccause the models produce ambiguities
in acoustic backscattering strength for the different
input pararnctcrs (roughness spectrum, density and
compressional velocity) [S. A. Frivik, 1998].

As opposed to the standard multibeam
cchosounders, which only give a single value
represcntation of the returncd seafloor echo. the
pararneuic sonar in particular provides the total
seattered tirne series. The parametric sonar used in
the project supports different pulse shapes (bursts
and Ricker chi rp) and has a narrow beam (5°). The
cornbination of a broadband pulse and a normai
incidence measurement of time series make this
configuration rnore suitable for extraction of
sedirnent pararneters than the multibeam
echosounders. ISACS has therefore concentrated the
effort on the development of a time series model for
acoustic backscattering data from rough surfaces and
volume inhomogeneities that supports the parametric
sonar as well as we have developed an inversion
scherne for this type of signals.

The numerical time-series model BORIS
(BOttom Responses from Inhomogeneitis and
Surfaces), determines the acoustic backscatter field
from seafloor surfaces and volume inhomogeneities.

Fig. 7. A schematic view oj the beam oj the
parameteric sonar hitting the seajloor.

Fig. 8. Illustration oj how the different contributions
to the backscattered field are added into atota!
acoustic backscattering response.

For a chosen geometrical setup. the acoustic
pressure is deterrnined at the receiver, Fig. 7
illustrates the normai incidence beam which
illuminates the seafloor.
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Fig. 9. Three different realizations oj a time serie
from a homogenous sandy seafloor. The diffence is
due to the statistical parameters desariebing the
seafloor

BORIS is based on the Kirchhoff approximation
for determination of the scattering from the seafloor
surface, while the smali perturbation theory is used
to determine the backscattering response form the
volume inhomogeneities. The volume
inhomogeneities are included in the model as
density contrasts, while the seafloor roughness is
descrihed as rms roughness heights and correlation
lengths. Due to the limitations of the Kirchhoff
approxirnation, BORIS is Iimited to near norma!
incidence computations [O. Bergem et al., 1997; E.
Pouliąuen et al., 1997].

Fig. 8 illustrates how the different parts of the
backscattered field is handled by BORIS. Fig. 9
shows three realizations of time serie s computed to
be response from a "homogenous" sandy seafloor.
The difference between the realizations are due to
the statistical properties of the "homogenous"
seafloor. BORIS is therefore an important too1 for
the understanding and studies of the scattering
mechanisms of a rough seafloor.

BORIS is now incorporated in the inversion
package sirOb. BORIS is also used for generation
of syntethic resposes from predefined seafloor
cIasses. Here, we have studied the behaviour of
different parameters to understand how different
estimation techniąues work on data, both for
seafloor cIassification and characterization [B.
Berntsen et al., 1999].

4.4. Seafloor Classification and Characterizatión

sirOb (Seafloor Identification by Remote Sensing Of
the Bottom [A. Caiti and R ZoppoIi, 1998]) is a
software package for model based
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Fig. 10. Example of surface data estimated with
sirOb. The data is estimated from synthetic traces
computed by BOR/S. The actual value of acoustic
impedance is 2.8x/cYg/cm2s and roughness height
0.025 m.

inversion of parametric sonar data (time series) at
norma! incidence. sirOb has been developed with
BORIS as forward model but this is no Iimitation to
sirOb, in practice any other time series model can be
used as forward model. To compare the acquired and
computed time series, sirOb uses cost functions
derived from a wavelet processing, The Ricker
wavelet is used as mother wavelet, a wavelet that is
equal to the one used by the parametric source. The
cost functions are minimalized to obtain a best
possible estimate of the geoacoustic parameters [A.
Caiti et al., 1997].

The current version of sirOb provides estimates
of geoacoustic and morphological pararneters in the
upper stratum (first layer):

• Acoustic impedance
• Seafloorroughness
• P-wave attenuation
• Volume inhomogeneities

There is no problem involved in extending sirOb lo
incIude multiple layering. This can be done by
including a layer stripping technique. Sa far we have
tested sirOb on synthetic data (Fig. \O) and we have
obtained good agreement with the input data. sirOb
is now beeing used on data from the diffent sea triais
and also here we obtain good agreement with results
from core measurements.

In additon to the sirOb package, ISACS have
developed a statistical classification method based
on the Kirchhoff approximation with the assumption
of a Gaussiań roughness spectrum. The first order
moment of an ensarnble of traces gives a
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Fig. 11. RMS roughness height estimates from site
Golfo Stella (Mediterranean). The change in
roughness height at 600 s is related to a change in
seajloor veg etation. The estimate is obtained using
an assumption of a Gaussian distribution of the
surface roughness.

Rou9~ness, Ombrone, windOw, meon of 5

1~-----::=----~~~~~~~
200 400

Survey t"me [s)
600

Fig. /2. RMS roughness height estimates from site
Ombrone using the same technique as for the
estimate in Fig. 11.

representation of the coherent seattering. The
coherent scattering term can be divided into two
parts, one dependent on the surface roughness and
one dependent on the acoustic impedance. Good
results have been obtained on syntethic data The
work on field data is still in progress, but some
preliminary results are given with estimates of rms
roughness height. The estimates are shown in Fig.
I l and Fig. 12 and the first order moment are
computed from groups of five traces [B. Berntsen,
1999].

Fig. II shows rms roughness height at Golfo
Stella (Italy), there is a change in roughness height
at about 600 s of survey time. Before the change the
roughness is estimated to be within 1-2 cm. The area
has previously been classified as a sand and silty
area. The change in roughness height at 600 s is
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Fig. 13. Tank experiment. Upper: The experimental
setup used for both monostatic and bistatic
measurement. Middle: Angular response of a smooth
surface without target. Lower: Angular response
from a smooth surface with a sphere as targ et. Note
the differences as pointed out in text.

related to entering an area with Posedonia.
Posedonia is a seagrass often seen at the Coast of
Italy. In this area the Kirchhoff approximation is not
valid, but result are still of interest since the
technique discrirninates between the two regions.

Fig. 12 shows the result obtained from estimating
the rms roughness height at the site of Ombrone
(Italy). At Ombrone the seafloor is soft along the
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track up to 150 s, then there is a sandy region up to
about 400 s. After 400 s one has a sandy region
with elements of softer material in between.

ISACS is also working on a statistical approach
for segmentation of acoustic backscattering data
from multibeam echosounders. This technique is
developed to be applied to data where the whole
time serie s on the hydrophones are recorded and
stored. These data enables us to apply advanced
signal processing techniques and avoid the use of the
single value acoustic backscattering strength, as
discussed earlier.

4.5. Responses Frem Buried ObJects

An important issue in seafloor c1assification and
characterization is studies of responses from buried
or semi-buried objects. Such studies are also of great
importance in the development of remote sensing
techniques for detection of objects. ISACS has
developed two models that describe the scattered
fields from objects. In addition one has performed
scaled laboratory experiments and full-scale tests
using the bottom penetrating sonar Topas PS040.

An analytical model has been developed for
modeling of backscattered responses from a rigid
sphere, buried within the seafloor. The model
permits monostatic and bistatic configuration with
the seabed treated as a fluid haJf space. Modeling
results shows that both amplitude and angular
distribution of the seattered signal changed when the
sphere was exited by the inhomogeneous field given
by the sub-critical excitation. An important
observation from this study is relative high
seattering levels in the vertical direction [I. M.
Hovem, 1998].

A scaled tank experiment was conducted at CNRS-
LMA laboratory in Marseilles (France). The
experiment was done to collect data in a controIlabie
environment and for experimental verification of the
different seattering models. Studies were done to
investigate the effects of surface roughness and
depths ofbury. The experiments were done with and
without targets present in the seabed. Fig. 13 shows
both the experimental setup as well as data acquired
with a smooth surface with and without target
present. The obtained results support the
observations obtained by using the anaJyticaJ model
as well as results obtained using the numerical
model XFEM_S.

XFEM_S is a numericaJ time series model,
developed within ISACS, to determine scattering
from buried objects. The model supports a
horizontally
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14. Upper: Geometry oj the model similar to the one
in Fig. 13. Lower: XFEM..s prediction oj {he
angular response and time using a 500 kHz Rieker
pulse and a incomming wave above critical. The
directt, bottom reflected, single. double and creeping
wave scattering contributions are visible. Solid cross
lines correspond 10 arrival times predicted by ray
theory.

stratified fluid-solid medium, where the object must
be placed inside the fluid layer. The object or body
may either be a rigid, viscous or penetrabIe elastic
shell with smooth boundary. From a mono-frequent
source the scattered field is obtained by solving the
Boundary IntegraJ Equation (BIE) with an accurate
numericaJ method using high-order B-spline basis
functions, point collocation and high-order
numericaJ quadrature. Scattering problems with
broadband pulses or transient pulses is handled by
Fourier synthesis. This makes it possible to handle
the Ricker pulse and hence simulate the Topas
system. The paraJlelisms of the computations have
made it possible to solve the problem on paraJlei
computers [I. KarasaJo and I.Mattsson, 1997].

Fig. 14 shows an example of using the XFEM_S
model to an experiment similar to the one in Fig. 13,
but with excitation above the critical angle. The
results of XFEM_S are verified by use of ray
tracing.
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Fig. 15. Survey scetch and time response of looking
al a water-filled sphere with. the Topas PS040
svstem (from the Ballic survey)
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Fig. 16. Measured response of a buried tyre using
the Topas PS040 system. The tyre was buried 40 cm
ima a sediment of mud and clay. The size of the tyre
is given in the figure (from the Baltic survey}.

The result gives a good visualization of the different
arrivals.

ISACS has also conducted work on the
development of remote sensing techniques for
detection of buried objects using the bottom
penetrating sonar (Topas). The narrow beam of the
Topas source gives a smali footprint on the seafloor.

The system is therefore well suited for detection and
separation of objects on and within the seafloor. Fig.
15 shows the response from a water-filled sphere
placed at the seafloor and illuminated by the bottom
penetrating sonar (Topas). Fig. 16 shows the
response of a buried wheel with the tyre filled with
concrete and steel. The data were captured during
our survey in the Baltic Sea [P. Moren and J. Pihl,
1998].

5. Verifications of results

ISACS has conducted geotechnical and
geophysical investigations along with in-situ testing
at the various sites where acoustic data have been
collected. These data have been used for verification
and testing of the developed algorithms and
techniques throughout the project. The data will
also be used in a number of case studies that is going
to be a part of the ISACS concept test.

The in-situ testing and ground truth data has bccn
collected using diffcrent methods and analyzcd with
different tcchniques:

� Gravity core
Box core

� Cone penetration testi ng
� Video inspection of sites
� Sound speed measurements on cores

Laboratory testing of the core sampies

The evaluation of the algorithms and the ISACS
concept test is still going on.

6. Conclusions

The ISACS project is al most completed with
achieved results as expected. Acoustic data has been
acquired from several sea triaIs and
geotechnical/geophysical ground truth data and in-
situ testing has been performed to collect data for
evaluation and verification.

ISACS has developed models for computation of
backscattering time series from rough surfaces and
volume inhomogeities. The model have been
combined with inversion techniques and statistical
techniques for estimates geoacoustic and
morphological parameters in the upper seafloor.
Seattering model s are developed for scattering from
buried objects. Both tank experiment and fuli scale
field tests are performed to verify the models. Image
processing techniques are developed for analyzes of
3D images as well as we are integrating 2D surface
data with 3D sediment volume images.
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Finally ISACS will be completed with a set of
case studies from the different test sites in the North
Sea, the Baltic Sea and the Mediterranean.
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