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ABSTRACT

In the framework of environmental monitoring, the remote
detection and monitoring of oil spills at sea is an important
ability due to the high demand of oil based products. This
situation causes, that shipping routes are very crowded and
the likelihood of oil slicks occurring is also increasing. In
this paper we propose a fully integrated and inter-operable in-
formation system which can act as a valuable monitoring tool.
Such a marine information system is able to monitor ship traf-
fic and marine operators by integrating heterogeneous signals
and data through sensing capabilities from a variety of elec-
tronic sensors, along with geo-positioning tools, and through
a communication infrastructure. This system is able to trans-
fer the integrated data, freely and seamlessly, between differ-
ent elements of the system itself (and their users). The sys-
tem also provides a set of decision support services capable
of performing functionalities which can act as a support for
decision makers.

Index Terms— Marine Information Systems, Environ-
mental monitoring, Proactive systems, Decision Support Sys-
tems, Signals integration

1. INTRODUCTION

The increasing importance of petroleum products and its prin-
cipal mean of transportation through the sea, raised the con-
cern on maritime safety and environment protection, leading
to a greater interest in frameworks for remotely detecting oil
spill at sea. The main approaches usually focus on large oil
spills while smaller ones as well as operational discharges in
regional areas, are more difficult to detect, despite their im-
portance, especially in protected areas of great environmental
value [1]. Nowadays, classical remote sensing frameworks
can be enriched by adding information collected in situ thanks
to various different sensors and exploiting innovative methods
for data integration and correlation [2]. This paper addresses
these issues by proposing an integrated and inter-operable in-
formation system based on acquired data from a variety of
electronic sensors. In particular, the proposed Marine Infor-
mation System (MIS) integrates classical SAR satellite pro-

cessed data [3], with multi-spectral aerial data, as well as en-
vironmental data from in situ monitoring stations (e.g. placed
on static and floating buoys) [4], and dynamic data acquired
from in situ mobile sources (e.g. Autonomous Underwater
Vehicles (AUVs) equipped with sensing modules). The de-
signed MIS provides a collection of environmental Decision
Support Services (EDSS), for i) automatically monitoring the
overall environmental situation, ii) quantitatively represent-
ing environmental risk factors and iii) proactively notifying
events that deserve the consideration of end users. A dy-
namic risk map is included, and its computational model is
presented.

The aggregated risk map is the most effective environ-
mental monitoring method, allowing to have an outlook of
the situation in the monitored area, while its automatic analy-
sis – performed by intelligent agents – allows the delivery of
proactive alerts to local authorities in charge of monitoring.
The presented system has been developed within the work of
FP7 Project Argomarine, and its efficiency demonstrated dur-
ing extensive tests held in Greece and Italy. In the following,
first the global architecture of the system is presented. Then
the dynamic risk map model is presented. Afterwards, the
provided proactive services for environmental monitoring are
presented. At the end the performed field tests are presented
and the model and its results discussed.

2. MIS ARCHITECTURE

The MIS has been designed able to gather data from a number
of monitoring devices deployed in the controlled sites, aiming
at detecting and managing marine pollution events. Thus, the
MIS exploits a set of adequate IT tools for integrating data,
information and knowledge from various sources pertained
to the marine areas of interest. More precisely, the MIS has
been conceived as a connected group of subsystems devoted
to store data, provide decision-support, data mining and anal-
ysis over data warehouses functionalities, as well as a web-
GIS portal for the access and usage of products and services
released to end-users. Products are herein considered as the
marine environmental data acquired by the system or result



of their processing; while the services are the processing fa-
cilities supplied by the system. The system has to deal with
all these kinds of knowledge in order to effectively operate in
the environmental management process [5], which typically
consists of four activities in the following order: hazard iden-
tification, risk assessment, risk evaluation and intervention.
The MIS aims at being very effective in managing and orga-
nizing quick solutions to severe and complex environmental
problems. In order to develop the MIS following INSPIRE
and GMES recommendations [6], the modalities to communi-
cate and interact among systems paying specific attention on
how information flows within the system: the efficient man-
agement of the information flow is a crucial point to guaran-
tee and the interoperability among the different components.
MIS architecture was designed as a set of independent and
re-configurable units. This aspect guarantees system modu-
larity, interoperability and portability: each single unit could
be re-designed, or its internal components could be modified
in order to fit to specific different domains of application (or
case study), without the need to re-design the whole architec-
ture [7]. Fig. 1 shows the MIS architectural design, where the
composing units and sub-components are represented, along
with the communication paths that exist and are needed for
the MIS to work.

Fig. 1. The detailed architectural design of the MIS for envi-
ronmental monitoring.

The Environmental Decision Support System compo-
nent (EDSS) enriches the MIS with intelligence capabilities.
EDSS analyzes and combines multi-source data (coming
from both sensors and processing subsystems) in order to
detect and monitor pollution accidents. In order to fulfill its
task, the EDSS requires the understanding of the environ-
mental problem domain and the identification of the domain
experts and authorities to cooperate with. According to the
specific problem to be addressed, the EDSS has been con-
ceived as a three levels structure; each level is a task which
EDSS has to fulfill.

1. Data Gathering: EDSS has to take into account a
large variety of data. These data gathered, even in real-
time condition, from different sensors are: SAR and
hyperspectral images and interpretative reports, data
collected in-situ by buoys or underwater autonomous
vehicles (such as weather condition, wave and e-nose),
weather forecast data, simulation models, and maritime
traffic.

2. Diagnosis and/or Prediction: Risk analysis models
are applied for diagnosis and prediction. Gathered data
are fused and related together considering the site char-
acteristics aiming at detecting oil spill events and their
evolution.

3. Decision Support: Support to decision is supplied in
terms of an optimized plan of exploitation of the avail-
able resources to accurately confirm the event and issue
an alert. Further information about the oil spill are pre-
sented together in order to precisely address the event
and provide an useful aid for the choice of best inter-
vention policies to be adopted.

3. DYNAMIC RISK MAP MODEL

In this section the developed model for providing a near real-
time risk assessment through a map visualization will be de-
tailed.

A global risk estimation index is usually derived by multi-
plying the probability of occurrence of various adverse events
by a factor representing the negativity (e.g. environmental
damage) of each consequence. In our method we extend this
model by computing local risk estimates for each point in a
geographical region of interest [8]. The computed point-wise
estimates can then be gathered and represented in a thematic
map of risk for the region. Among the data integrated into
the MIS, a selection has been made to extract those parts of
information which might be relevant in risk analysis for the
control of oil spills and other pollution events. Those vari-
ables are presented in the following subsections.

3.1. Maritime traffic

Maritime traffic information derived either by real-time AIS
messages and by remote sensing images is considered [9].
Beside vessel position which is mandatory, the speed over
ground, the course and the typology (e.g. cargo, tanker, and
passenger ships) are also considered when available. Indeed,
a Kernel Density Estimation (KDE) approach has been fol-
lowed [10]. In this approach, each vessel v contributes to an
increase of traffic-related risk Rtr in a region around v whose
shape and modulation are determined by a kernel function K.
The traffic-related riskRtr in the point q at time t can be writ-
ten as:

Rtr(q, t) =
∑
v

wv ·K(pv, q) (1)



where the sum runs over all the vessels which reported their
position in the time window [t−τ, t] where τ is a configurable
parameter, and wv is a weight associated to v depending on
the vessel speed, course and typology. As for the kernel K, a
common option is to use a Gaussian kernel.

3.2. Oil spill reports

Our model assumes that each oil spill report s, obtained from
the image sensors analysis, provides a two-dimensional re-
gion Regs representing the area covered by the pollutant, a
degree of confidence ds, and a timestamp ts representing de-
tection time. Let χs be the characteristic function of the re-
gion Regs. We let the oil spill report-related risk Rsp:

Rsp(q, t) =
∑
s

ws · (Γ ∗ χs)(q) · exp(−λ|t− ts|) (2)

where the sum runs over all oil spill reports, ws is a weight
proportional to the confidence ds and Γ is a convolution ker-
nel. Notice that the convolution Γ ∗χs represents the original
regionRegs smeared by the convolution kernel. Kernel Γ can
be designed so as to optimally control the influence area of the
report. The last exponential in the equation above controls the
time validity of the report. The validity of the report is max-
imal for t = ts (i.e. when the report has just been issued),
while for t >> ts (i.e. when the report becomes obsolete) the
contribution becomes negligible and it is omitted in practice.

3.3. In situ observations

The various sensors (e.g. static and floating buoys, AUVs)
deployed in the region of interest, permit the collection of
observations that are another variable in the model for the risk
assessment [11]. Considering that equation (2) works also
when s is the characteristic function of a point, we may define
the in situ observation related risk as:

Rsitu(q, t) =
∑
s

ws · (Γ ∗ χs)(q) · exp(−λ|t− ts|) (3)

where the sum runs over all observations s, ws is the weight
of the observation and Γ is again a convolution kernel.

3.4. Local monitoring coverage

As the latter variable of the model we define the quality of
monitoring. In order to give an estimation to the quality of
monitoring coverage, we assume that each monitoring re-
source m available on the field in position pm has an effect in
the nearby area with a strength that diminishes with distance.
We define the quality of monitoring Qmon(q, t) at point q as:

Qmon(q, t) =
∑
m

wm ·K(pm, q) (4)

where the sum runs over all the monitoring resourcesmwhich
are operational in the time window [t − τ, t] where τ is a

configurable parameter and wm is a weight associated to m
depending on the characteristics of the monitoring resource
(autonomy, mitigation power,. . . ). K is a convolution kernel
such as a Gaussian kernel.

3.5. Risk assessment and multi-scale visualization

Finally the global model for the dynamic risk assessment can
be described by a composition of the various risk terms from
(1), (2), (3) and (4), namely we define the riskR(q, t) in point
q at time t as:

R(q, t) = αtrRtr(q, t) + αspRsp(q, t)+

αsituRsitu(q, t) + αmonQmon(q, t)
(5)

where α∗ are positive coefficients determined heuristically for
each of the variables. The function R(q, t) in (5) can be plot-
ted as a dynamic map of risk. Its definition allows the point
wise evaluation of the function R. However, the visualization
of the region of interest has been divided by means of grids
having different steps. In particular, we modeled a three lay-
ered grid; each square in the grid is represented by a single
value of risk. In this way, by visualizing the coarsest grid (i.e.
layer 1), it is possible to appreciate the areas that demands for
more attention since they are denoted by an incremented risk.
Then, it is possible to focus on such areas by visualizing the
grids at a finer scale (i.e. layer 3).

4. PROACTIVE SERVICES FOR ENVIRONMENTAL
MONITORING

With the aim of improving environmental monitoring, not just
a simple observation, a set of services has been designed and
implemented. These services provide a continuous monitor-
ing of the region of interest, but moreover, they supply tools
for the dynamic management of monitoring resources and on
the provision of proactive services for user notification. Every
designed service is implemented by an intelligent software
agent, which is autonomous and reconfigurable. Each service
has a number of probes for fetching data from the MIS and
a set of preconfigured actions. Its work-flow is based on a
logic that follows the condition-action rule. As examples, the
work-flow may be requesting the acquisition of further new
data, or performing other simulations.

A quite important example is given by the service ded-
icated to resource management, which is in charge of con-
trolling adaptively the sampling frequency of the in situ re-
sources. Considering that buoys and AUVs are battery pow-
ered, thus having strict energy constraints to be taken into
account, the sensor sampling rate and time periods for data
transfer via radio, can be pro-actively delegated to the ser-
vice, which checks the overall risk status around the resource
as given by the risk map and its trends as well as the status of
batteries and energy harvesting system; if the risk is low and
no increment in risk has been observed, sampling rate can be



reduced; similarly, rates can be increased in case of need, con-
sidering trade-offs with resource autonomy. The notification
services (see 1) are devoted to the current status analysis and
to the issue of alerts in case some anomalies are detected. In
particular, oil spill reports coming from image processing fa-
cilities and the computed risk map are monitored on 24 hours
basis by the services. In case the service receives a report
with a high confidence, it generates an alert. Moreover, the
proactive services consider both the absolute value of the risk
and its trend [7]. When issuing an alert, a service task is also
to contact the most suitable authority selected automatically
on the basis of proximity criterion, the contact occurs with all
relevant information regarding the event.

5. FIELD TESTS AND RESULTS

The described MIS has been extensively tested in different ar-
eas of interest, namely at Zakynthos island in Greece and Elba
Island in Tuscany, Italy. These field tests envisaged the ac-
quisition and processing of data coming from heterogeneous
resources as well as to the provision of decision support ser-
vices. In detail, data has been collected from i) AIS receivers,
ii) airborne and space-borne image sensors and their interpre-
tative reports regarding both oil spills and vessel detection, iii)
static ad drifting buoys, iv) eNose mounted on static buoys
and AUVs and v) hand-held spectroradiometer. One of the
goals has been to perform stress tests using dummy data, for
understanding the limits of the platform. The obtained results
have shown that such a system has proved to be adequate to
handle data for local regions. As long as the simulated packets
have been inputted into the MIS for artificially reproducing
the case in which the eNose perceives the presence of hydro-
carbons in the nearby area. As shown in Fig. 2, such an event
triggers a list of actions; in particular the risk map is updated
and the decision support services issue a notification to the
authorities competent for the area. The proactive services on
the basis of polled data and of the logic used by the services,
were able to suggest for resource management and to issue
alert notifications.

The above described methods for risk assessment have
been run automatically at regular time intervals to produce
risk maps. The maps were visualized by experienced users
(an example of the appearance of the map at the layer 1 scale
is given in Fig. 3) as well as stored into a database. The users
found the map to be very meaningful, to yield significant in-
formation and regarded it as a useful tool to better focus the
attention on local areas requiring a more accurate monitoring.

6. DISCUSSION AND CONCLUSION

In this paper we presented an integrated and inter-operable
Marine Information System based on data acquired from a
variety of electronic sensors along with geo-positioning tools,

Fig. 2. The interface during field tests showing an event from
an eNose sniffing: transmitted to the MIS, the DSS generates
a preliminary alert, and operators notified

Fig. 3. The web interface of the integrated MIS for environ-
mental monitoring.

suitable for local authorities and stakeholders in the environ-
mental monitoring and management of sea and coastal oil pol-
lutions. The implemented MIS is enhanced with various envi-
ronmental Decision Support Services, aiming at an automatic
screening of the real-time situation. The interface provides
a quantitative representation of the risk factors, and proac-
tive notification of events and suggestion for the support to
the intervention chain in the management of pollution situ-
ations. The architecture of the implemented MIS has been
presented, followed by specifications on the methods used for
real-time risk estimation and the services realized for envi-
ronmental monitoring. Finally demonstration of the proposed
system has been shown during extensive test exercises held in
Italy and Greece.
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