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Chapter 8

Conclusions

8.1 Introduction

Environmental information is regarded to be a key enabler for naval warfare. With
the shift of military operations towards coastal waters, a general need has emerged
for tools to characterize the sea bottom. To improve acoustic sensing capabilities
in shallow water, this thesis studies inverse methods to assess acoustic properties
of the seabed.

Environmental assessment with geoacoustic inversion typically involves a mea-
surement campaign at sea that is followed by an analysis phase of the data in a
lab. To enhance the rapid character of geoacoustic inverse techniques, this thesis
first studies alternative forms of data collection, and second, the performance of
metaheuristic optimization techniques.

8.2 Conclusions

To study fast geoacoustic inversion, four research questions have been formulated
that will be answered in the following subsections. Real acoustic data have been
gathered during two measurement campaigns at sea. These sea trials featured,
among others, hydrographic survey vessel HNLMS Snellius of the Netherlands
Hydrographic Service and a REMUS autonomous underwater vehicle from the
Very Shallow Water team. In order to study performance issues in the analysis
phase, a geoacoustic inversion toolbox has been developed at the Netherlands
Defence Academy. This Matlab package combines existing propagation models
with implementations of various modern metaheuristic optimization schemes.
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102 Chapter 8. Conclusions

8.2.1 Inversion with shipping sounds

The first research question is formulated as:

1. What alternatives are there for the use of sonar transmissions in geoacoustic
inversion, and more particularly, how can shipping sound be used as a sound
source of opportunity?

In this thesis geoacoustic inversion with shipping sounds has been studied as an
alternative to inversion with sonar transmissions and dense receiver arrays. Inver-
sions have been carried out with data from two sea trials.

In chapter four, acoustic recordings of HNLMS Snellius have been used to invert
geoacoustic properties of the sea bottom at the southern part of the Saba bank.
The uncontrolled sound source was recorded on a sparse vertical line array that was
deployed from a rubber boat together with other supporting hydrographic sensors.
The result of the geoacoustic inversion process is an uncertainty assessment of
various parameters that describe a range-independent environmental model of the
seabottom.

In chapter five, a REMUS autonomous underwater vehicle has been used to
characterize the sea bottom in the Mediterranean Sea, in an area south of Elba
Island. Next to sea floor imagery from its side scan sonar, acoustic properties
of a layer of silty clay were inverted using the vehicle’s self noise. The particular
inversion did not result in a full geoacoustic model due to low signal to noise ratios,
but nevertheless, the relevant acoustic parameters were found that are needed to
predict sonar performance or apply matched field localization.

Rapid Environmental Assessment with ship noise is a feasible alternative to
loud and low frequency sonar transmissions. From a military point of view, the
method enables discreet measurement campaigns, like the survey of a denied area
using a submarine. Where high-power sonar transmissions may further disturb or
endanger human divers and marine mammals, the concept with shipping sounds
is a safe and non-polluting method of seabottom assessment.

8.2.2 Reduction of data volume

The second research question is:

2. How can the large volume of acoustic data that are required for geoacoustic
inversion be controlled, and what are reasonable proportions for an opera-
tional system?

The inversion experiments documented in this thesis differ from conventional in-
version in two ways. Instead of well defined sonar transmissions, a moving ship or
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vehicle is an uncontrolled sound source. This limits the choice of correlators, and
here we used a normalized Bartlett processor.

The other difference is the use of a sparse receiver array as opposed to a dense
array. A typical measurement campaign comes with a massive volume (many
gigabytes) of recorded underwater sound. The benefit of using just four or five
hydrophones, and not 32 or more, is the major reduction of the data volume of
at least a factor six. Apart from time synchronization issues, the recordings need
to be radio transmitted for practical applications. The sparse array concept is
beneficial in a system concept with numerous drifters or acoustic-oceanographic
buoys, as four recordings can be multiplexed to be transmitted over just one radio
channel.

On the downside, the sparse approach results in a much smaller covariance
matrix for the Bartlett processor. Therefore less reduction of noise is achieved
than with a large covariance matrix that comes with a dense receiver array. As
a result the cost function describes a more noisy search space that encompasses
(many) more local optima. But this problem can be overcome with metaheuristic
optimization schemes that are capable of finding the global optimum amidst many
local optima.

The benefit of the reduced data volume was demonstrated during the Saba
bank trials. A modest measurement campaign and inversion process revealed local
seabed properties of the Saba bank using the self noise of HNLMS Snellius, all
within a time frame of 24 hours.

The experiments and methods described in this thesis are stepping stones to-
wards a higher level operational system for rapid environmental assessment. A
massive reduction in data volume can be achieved by using an autonomous under-
water vehicle as receiving platform, and by bringing the processing on the vehicle
itself. An AUV that is equipped with a receiver array can record both its self
noise, and that of other platforms. Such a vehicle can be programmed (or decide
on its own) to collect data only at selected locations, and with a limited amount of
recording time that is of relevance to the inverse process. The inversion techniques
that are described in chapter four and five lend themselves to be automated. With
automatic inversion, there is no longer need for storage and transmission of large
amounts of acoustic data. And as such, it is the obtained geoacoustic model that
can be stored or transferred to ship or shore. Spectacular time savings in the in-
version processes can be achieved with aid of parallel processing and by optimizing
with population based methods like those that are described in chapter seven. A
major advantage of these methods, is that for each iteration the workload of eval-
uating the individual candidate solutions can be distributed instantly over parallel
processors. All things considered, an AUV with automated geoacoustic inversion
capabilities can produce detailed information on the seabed within less than a
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minute, this leaves the AUV with more than enough time to transit towards a new
area that is waiting to be explored.

8.2.3 Uncertainty assessment

The third research question is:

3. How can the accuracy of inverted models of the sea bottom be assessed?

Like other inverse problems, geoacoustic inversion can be formulated as an opti-
mization problem: estimate the missing parameters of an environmental model
that best explain some physical observations. Metaheuristic optimization schemes
are capable of finding solutions of above-average quality at a reasonable compu-
tational cost. However, these methods are usually not able to specify how close
to optimality a particular solution is. If known, a common way to describe these
uncertainties is by using probability distributions. In geoacoustic inversion codes
that use genetic algorithms, it has become common use to base posterior proba-
bility density on the average of several parallel inversions. In chapter four, such
probability densities were plotted as function of one geoacoustic parameter only.
When parameters are correlated (like sediment density and sound speed), the cor-
relation can be visualized by plotting the density as function of two geoacoustic
parameters.

Chapter six introduced the use of Ant Colony Optimization for geoacoustic
inverse problems. The method is also shown to be beneficial when used in a
multistart approach to provide uncertainty analysis by combination of final results
of parallel runs into probability distributions.

8.2.4 Performance of metaheuristic optimizers

The fourth research question is:

4. When an inverse problem is given, how does one select and configure a meta-
heuristic optimizer for the best performance of the inverse process?

Swift solving of geoacoustic inverse problems strongly depends on the application
of a global optimization scheme. An experimental comparison was made of four
metaheuristic optimizers, being Simulated Annealing, Genetic Algorithms, Ant
Colony Optimization and Differential Evolution. For optimal performance these
metaheuristics need to be configured and tuned before being put into action. For
a real and computational demanding inverse problem, it is demonstrated how a
metaheuristic can be tuned with a fast and representative test function.

After careful tuning, it has been observed in chapter seven for two real-world
geoacoustic inverse problems that the population based metaheuristics have a very
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similar efficiency. When some time is invested in tuning of a metaheuristic, major
time savings can be achieved during the inversion and uncertainty analysis. It is
concluded for these methods that the tuning is just as important as the selection
of the most suitable metaheuristic.

The measured efficiency of a metaheuristic is further shown to depend on the
required accuracy of the solution. In case of less strict demands on the accuracy,
Differential Evolution is found to be much more efficient than the other methods.
This feature can be used in the construction of hybrid optimization methods.

The time that is needed to implement and configure trajectory methods like
Simulated Annealing is far less than for the considered population based methods.
But in run time the population based methods outperform trajectory methods,
and also benefit the most from parallel processing techniques.

8.3 Applications and future research

Naval oceanography is a regarded to be a key factor in underwater warfare. Various
mission types have their own operational need for environmental information. The
proposed use of ships and underwater vehicles as sound sources of opportunity, and
inversion with well configured metaheuristic optimization techniques, provide the
navy with the capability of discreet rapid environmental assessment of remote and
denied areas.

With the described inverse techniques significant advances in acoustic sensing
are possible:

• Reliable sonar coverage can be predicted for shallow water. The benefit of
inverted sea bottom properties over the use of low resolution databases is a
major increase in reliability of predicted detection ranges and probabilities of
detection and counter detection. Such performance modeling improves the
determination of optimal acoustic frequency and sensor depth, which can
create an advantage in detection range or identify an area of safe passage.

• Ensemble predictions can be used to specify the uncertainty in sonar cov-
erage. In this manner environmental parameters are randomly selected in
accordance with the obtained probability density distributions and mutual
correlations.

• Now that relevant geoacoustic properties can rapidly be inverted, tools can
be developed for (near) real time matched field source localization. For sub-
mariners, the compilation of the operational picture with sonar is currently
a time consuming effort that is usually based on bearing-only trackers. The
inverse localization that was shown in the second chapter, means a major
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improvement in terms of required data (a few seconds), and being able to pin
point contacts that appear to be stationary, such as a bottomed submarine
or long range contacts. For accurate and relevant solutions, it is advisable
to equip naval platforms with sensors that (also) provide vertical aperture.

• Source position and environmental parameters can be inverted together. This
technique is not real time, but is highly beneficial in post mission analysis
when source position and environmental conditions are (partly) unknown.

This thesis is based on authentic metaheuristic methods and data from scientific
sea trials. Future research could go beyond these constraints and focus on op-
erational applications. When environmental information is used to assess sonar
performance, it makes sense to make dual use of acoustic sensors that are already
fitted on navy ships and submarines. Apart from intelligence, surveillance and
reconnaissance, passive sonar can be used for environmental assessment. Opti-
mization of inverse problems can be accelerated further by construction of hybrid
metaheuristics and exploitation of prior knowledge about the search space.


