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Terrestrial and underwater pollution sources present a serious problem affecting human health,
biodiversity, tourism, fishery, and other environmental issues. There is often little consistent information of
wastes available particularly due to lack of efficient technical tools. The main objective of this paper is to
study the potential use of high-resolution electromagnetic (EM) sensors to detect waste that can pollute
the environment ashore and underwater. Since different environmental conditions demand different sensor
types, we propose a multisensory system composed of various non-destructive EM sensors at different
frequencies. Low frequency sensors in the kHz region are based on electromagnetic induction (EMI)
approach, whereas high frequency sensors in the MHz and GHz regions are based on ground penetrating
radar (GPR). We tested components of the designed multisensory system on remotely operated vehicle
and found that it has the capacity to discover, map and interpret waste from various materials in different
environmental conditions with the option of the objects’ size and shape reconstruction as well as waste
classification. The results of this study offer new possibilities to improve the understanding of the current
status of the terrestrial and underwater waste pollution problem.

1. Introduction

The important issue in environmental science is the detection and identification of terrestrial and
underwater pollution sources, and their correlation to various driving forces affecting human health,
biodiversity, tourism, fishery, and other environmental processes. There is little and often inconsistent
information of waste pollution available particularly due to lack of efficient technical tools. Over the past
decade, some advancement have been already proposed and implemented, mainly with sensor networks
(Corke et al., 2010) and robotic systems (Daejung et al., 2007). The need of remote sensors on robotic
platforms is most interesting to researchers and end-users, especially after serious natural disasters and
environmentally harmful accidents. The remote sensing of environmental changes in difficult accessible
areas is thus necessary.

There are several sensors available for monitoring physical, biological and chemical environmental
variables. The most relevant variables and frequently used technologies are summarized in more detail by
Dunbabin and Marques (2012). For terrestrial landfill characterization and illegal waste disposal sites
detection often a multidisciplinary approach is applied containing magnetic survey, electromagnetic (EM)
techniques, soil sampling, and conventional drilling with subsequent physical and chemical analysis of
material. Magnetic and EM surveys are usually employed for a fast and accurate localisation of buried
objects in landfills (Boudreault et al., 2010) as well as to detect hidden metallic containers with hazardous
content (Marchetti et al., 2002). Moreover, these techniques are ideally suited for non-invasive and non-
destructive measuring of environmental changes in terrestrial conditions.

Waste pollution in the ocean, rivers and lakes is a major problem affecting not only the underwater
environment but also the rest of the Earth. Among sewage disposal and oil spillages, there are some other
causes of water pollution, e.g. dumping litter into rivers, lakes, and oceans such as cardboard, foam,
plastic, aluminium, glass, iron, and more. Some of these pollutants are not easily disintegrated and can
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even cause serious threat to humans, plants and animals. However, underwater pollution-source
localization and mapping techniques are mainly based on visual and sonar sensors (Beaujean et al., 2011)
whereas for monitoring purposes robotic fish concepts (Daejung, 2007) and bio-sensors (Oyekan and Hu,
2010) are used.

In the last decade, there has been extensive research in the field of efficient sensor networks (Corke et al.,
2010) and robotics systems (Dunbabin and Marques, 2012) for environmental applications. Although some
progress have been done, most of these sensor networks only provide fixed monitoring points without the
means to adapt to changes in environment. Even though the robotic systems have increased the data
collection efficiency, particularly in hazardous and difficulty accessible environments, the major limitation
for the remote sensing technology and subsequent remediation still presents a small concentration of
contaminants like heavy metals (Montinaro et al., 2012) in natural environments.

The main aim of this work is to demonstrate the effectiveness of the EM sensors for the localization and
detection of buried waste in terrestrial and underwater environments. Since different environmental
conditions demand different sensor types, we propose a multisensory system composed of various non-
destructive EM sensors operating at different frequencies. Preliminary tests were carried out on selected
objects buried in sand and lying at the seabed or lake bottom. The final goal of the research was to
validate the reliability of the multisensory survey performed with the robotic platform both underwater and
ashore.

2. Methodology and experimental validation

2.1 Terrestrial and underwater site conditions

The terrestrial tests using ground penetrating radar (GPR) were performed in a laboratory on a small
cardboard box filled with sand in which the test objects were placed. The radar system antenna with the
central frequency of 5 GHz was used. The measurements were performed in a controlled environment.
The GPR antenna mounted on a robotic platform was moved over a sand box for five times, each time
through another scanline, which were equidistantly separated from each other. We selected two different
non-metallic test objects. The first object was a plastic cube which has a similar dielectric constant as
hazardous contents in disposed containers. The second object was a glass object. The scenario for
electromagnetic induction (EMI) measurements comprised the in-house developed EMI sensor composed
of four sensing probes mounted on a wooden pole to reduce destructive interferences from other objects.
For the investigation purposes, aluminium and ferrous samples with simple rectangular cross sections
were selected.

Underwater measurements were performed at two sites. In order to obtain preliminary results, freshwater
experiments were performed at Podpec Lake. The measurements were carried out with a Ramac GPR
system from Mala Geoscience, Sweden, using 250 MHz shielded antenna. The antenna was placed in a
rubber dinghy on the water surface and the aluminium pipe was selected as a test object. The second site
was located at the coastal area of Adriatic Sea near the city of Portoroz. For seawater measurements we
used our own developed underwater remotely operated vehicle (ROV) equipped with GPR operating at a
frequency of 100 MHz and the EMI sensor consisting of a linear array of eight sensing probes. The current
versions of EMI sensor and GPR are capable to measure an object's EM induction and GPR responses at
a distance up to 50 cm and 30 cm from the object.

2.2 Geophysical exploration methods

2.2.1 Electromagnetic induction sensor

EMI sensor typically operates as an active sensor and is widely used to locate buried landmines (Ho et al.,
2004) by detecting the metal content in such objects. This sensor usually consists of a pair of concentric,
circular coils, one of which is used to transmit EM waveform. The EMI sensor is capable to detect lateral
and vertical variations of electrical conductivity. Thus, this method is useful for detection of buried metallic
waste particularly due to its electrical conductivity which is greater than that of the surrounding medium.
The transmitted field induces a secondary current in any buried or hidden conducting object. A receiving
coil senses the secondary field returned from the buried objects (Marchetti et al, 2002). In addition, eddy
currents also occur in metallic objects and have an important effect on the induction at the receiver coil.
These eddy currents are strongly expressed in case of conductor materials such as aluminium and not as
much in case of ferro-magnetic materials such as iron. Partly or wholly metal objects express a distinct
combination of electrical conductivity, magnetic permeability, and geometrical shape and size. Thus, this
method could be used to identify different metal objects considering the object’'s geometry and material
composition.
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2.2.2 Ground penetrating radar

The GPR sensor uses EM radiation to obtain information about the subsurface structures. Basically, this
method operates by transmitting a very short EM pulses into the soil medium using an antenna at selected
frequency. The propagation of the radar signals within the medium depends on the EM properties of the
material, mainly the dielectric permittivity and electrical conductivity (Gloaguen et al., 2001). If there is a
difference in the dielectric permittivity between the adjacent layers or objects in the medium the reflection
of incident EM radiation occurs. The travel time of the EM wave travelling from the transmitter to the object
in the medium and back to the receiver is known as two way travel time.

The EM propagation in water is rather different from the propagation through the air due to the high
permittivity and electrical conductivity of water. Another difference occurs due to the very large attenuation
loss of the propagation pulses in water. It depends on the selected frequency and the salinity of water (Al-
Shamma'a et al., 2004). However, there are many limiting factors which inhibit the use of the EM waves in
underwater environments and originate from the fact that the EM field propagates very differently in
freshwater and seawater. Freshwater is known as a low-loss medium whereas seawater is a high-loss
medium. The propagation speed ¢ and the absorption coefficient a in freshwater are therefore expressed
with equations (Lanbo et al., 2008) given in Table 1, where ¢ is the dielectric permittivity, u is the magnetic
permeability and o is the electric conductivity. Since the absorptive loss in freshwater is frequency
independent, the EM waves can easily propagate through the freshwater medium. In seawater, the
electrical properties significantly differ from those in freshwater. The major difference is related with the
electric conductivity, which is about two orders higher than that of freshwater in consequence of greater
salt concentration. In seawater, both the propagation speed and the absorptive loss of EM waves are
frequency dependent and expressed through equations (Lanbo et al., 2008) given in Table 1.

Table 1: EM propagation properties through freshwater and seawater

Freshwater Seawater
conductivity 0.1-10 mS/m 4 S/m
attenuation loss at 100 MHz 0.1 dBm’’ 100 dBm””
attenuation loss at 1 GHz 1dBm"™ 1,000 dBm”
dielectric constant, - 81 81
propagation speed, ¢ ~ 1 Anf

cx— ~ |2
Jau Vo

absorption coefficient, a o= % }ﬁ o =\ fuo
&

2.2.3 Remotely operated multisensory system

Environmental EU regulations and international initiatives emphasize that the environmental data should
be collected, analyzed and managed in a large quantity. For this reason different databases and data
managing techniques (Antoljak and Caronna, 2012) have been proposed to overcome the current situation
which suffers from the low integrity, uncommon standardisation and insufficient public availability of data.
Traditionally, environmental data are obtained manually which is spatially and temporally limited
procedure. Marine, terrestrial, and airborne robotic systems are increasingly applied as fundamental data-
gathering tools, allowing new approaches and a better understanding of the environmental processes.
Although some remote sensors used for detection of waste in environment already exist, there is almost
non multisensory system which offers all-in-one solution. Therefore, we integrated the developed EM
sensors into an ROV which was equipped with a supplementary optical imaging and navigation system.
Commercially available underwater ROVs did not meet the requirements for EM sensors operation due to
their high sensitivity to metallic parts. To satisfy these demands, we constructed a compact ROV with low
metal content as shown in Figure 1. The ROV and EM sensors mounted on the hull of the vehicle are
controlled via a tethered laptop from the surface. For easily operating of ROV, the streaming video is
provided by two small cameras. Current version of ROV is capable to submerse to the maximum depth of
100 m.
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Figure 1: Underwater remotely operated multisensory system design

3. Results and discussion

Different objects underwater and ashore were measured with GPR and EMI sensors. The GPR system for
terrestrial purposes was equipped with 5 GHz antenna whereas for salt water inspection we developed a
special antenna at the frequency of 100 MHz. Dedicated software was prepared to acquire and process
GPR and EMI signals. The raw GPR and EMI signals were recorded in a matrix form. In order to obtain a
more realistic rectangular cross section of the detected objects the two-dimensional (2D) interpolation
between the EMI matrix elements was applied. Furthermore, the obtained EMI plots were smoothed using
cubic interpolation function. Some basic signal processing steps were applied to improve the GPR data
such as background removal, static correction and gain function. The final GPR and EMI results were
visualized as an intensity plot.

The EMI method is used to characterize whether the material is metallic or not. Apart from this, we also
found that different metallic objects give various EMI responses. From results in Table 2 one can notice
that the shape, orientation and size of the object could be detected. We placed aluminium objects of
different sizes on the seabed and iron objects of the same dimensions on the wooden plate in laboratory.
With the imaging method we obtained 2D EMI images which prove that EMI sensor is capable to detect
and map an individual object as well as a group of objects with size even below 10 cm in water and
terrestrial environment. We selected aluminium and ferrous squares since we wanted to show that EMI
sensor can map not only magnetic objects such as iron but also nhonmagnetic objects such as aluminium.
There is a difference in EMI responses between aluminium and iron objects due to the eddy currents,
which are particularly expressed in case of conductor materials such as aluminium and not as much in
case of ferromagnetic materials such as iron. This difference can be made more visible with an appropriate
visualization function by using various colours for indicating different signal intensities, lower (brighter) in
case of iron and higher (darker) in case of aluminium (Figures in Table 2).

EMI sensor allows quick detection of buried metallic waste whereas non-metallic objects (plastic, glass)
are completely transparent to detection by EMI. Thus GPR technique is used, which is capable to detect
metallic and non-metallic objects. The processed GPR responses from different objects in Table 3
demonstrate that GPR is capable to detect waste of various materials (glass, plastic, metal) buried within
sand or lying at the seabed. The greatest distance at which we still recognized the object’s response from
the GPR signal underwater was at a distance of 30 cm from the square aluminium object.

The proposed electromagnetic methods are thus able to perform mapping of underwater or subsurface
waste objects that can pollute surrounding environment. The implementation of these sensing tools
mounted on robotic platforms assures the collection of the large quantity of data which can be included in
existing public available databases to support the cooperation between the key stakeholders of various
sectors.
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Table 2: 2D EMI images for objects of rectangular shape and different material composition

Environment Material Submerged object 2D EMI image

Seawater Aluminium

Air Iron

Table 3: GPR images and signal for three objects composed of various materials

Material Test object 2D GPR profiles/GPR signal
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4. Conclusion

We demonstrated the effectiveness of the multisensory robotic system which can contribute significantly to
improved environmental data collection and public decision-making. We tested components of the
designed multisensory system and found that it has the capacity to discover, map and interpret waste from
various materials in both terrestrial and underwater environmental conditions. It allows the reconstruction
of the objects’ size and shape in addition to waste material classification. We showed that the used EMI
sensor is able to distinguish between different types of metallic materials in underwater environment.
Furthermore, the GPR sensor is capable to distinguish even between hidden plastic objects and the
surrounding natural environment. The results of this study offer new possibilities to improve the
understanding of the current status of the terrestrial and underwater waste pollution problem.
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