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Chandrasekar, Dr. Esko Juuso, Dr. Thomas Casey, Jenni Mansner, Teppo
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1. Introduction

From time to time we are surprised by the environment. We get caught in the
rain, slip and slide on icy roads when we did not change winter tyres in time,
we may be disappointed when going for a swim in an algae-choked lake, or
have difficulties to breath when jogging unaware of pollen or bad air quality in
the area. Not only citizens struggle with changing environmental conditions,
but companies and businesses are also affected by the dynamics of the envi-
ronment, and unpredictable events can cause harm and losses. On a larger
scale, societies are sometimes surprised by environmental hazards such as
storms, fires, landslides, earthquakes and tsunamis.

There are on-going activities that try to reduce the number of environmental
surprises. The availability and interoperability of environmental data are in-
creasing, as regional and global initiatives aim towards integration of envi-
ronmental systems and opening up various data reserves. For example, Open
Geospatial Consortium (OGC) aims at interoperable interfaces enabling shar-
ing of environmental data. OGC Sensor Web Enablement (SWE) in particular
concerns accessing and controlling various distributed sensors by standard
interfaces (Botts et al., 2008). Global Earth Observation System of Systems,
GEOSS,  is  a  world-wide  voluntary  effort  coordinated  by  the  Group  on  Earth
Observations (GEO) secretariat, aiming at global connectivity of already exist-
ing systems monitoring the environment and storing environmental data
(GEO secretariat, 2010). Copernicus (previously known as Global Monitoring
for Environment and Security, GMES) is the European Union contribution to
GEOSS, and aims at achieving an autonomous Earth observation system con-
sisting of remote (satellite) and in-situ sensors. The Data Observation Network
for Earth (DataONE) is developing a system to support data discovery and
access across diverse data centres distributed worldwide (Michener et al.
2012). Current trends are towards opening publicly produced data, including
environmental data. For example, in Europe the INSPIRE directive (Infra-
structure for Spatial Information in the European Community) obliges Euro-
pean public organizations to open up their environmental data sources for
applications (European Parliament, Council, 2007). As a result of INSPIRE, in
Finland, the Finnish Meteorological Institute (FMI) opened up an extensive
amount of meteorological data, and the Finnish Environment Institute (Syke)
followed with other environmental data such as hydrological data.

How is it possible that the environment still surprises us, even though we are
surrounded by sensors and huge amounts of environmental data, data sources
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are opening up and open standards have been developed for sharing data, and
we have mobile devices connected to the Internet in our pockets? The hypoth-
esis behind the thesis is that open data and open interface standards are nec-
essary elements, but they are not sufficient to take full advantage of environ-
mental data. The whole environmental information delivery chain from data
sources to end-user awareness should be considered and new system architec-
tural models and design principles developed and applied for delivering the
right  information to  the right  place  at  the  right  time in  the right  format.  The
thesis studied two application cases, ice navigation and water quality monitor-
ing. As a main contribution it was found that information delivery could be
improved by three system design principles: 1) organising the synergies in data
access and information processing as a component called Data operator, 2)
including automatic analyses of the situation to minimise the amount of data
delivered, to reduce the complexity of information presentation and to support
interpretation of the information, and 3) harnessing of end-users to collect
data from the local conditions in order to complement other data sources.

1.1 Research context, research questions and research objec-
tives

This thesis examines improvements in near real-time environmental infor-
mation delivery to support decision making of both professionals and laymen
in dynamic environments. We focus on two application cases: 1) ice naviga-
tion, in which end-users are professionals making navigational decisions on
board ships in ice-covered waters, and 2) water quality monitoring, in which
end-users are citizens making decisions about recreational activities and au-
thorities monitoring water quality. The thesis uses multidisciplinary approach
in solving the research questions. It connects to the field of environmental
monitoring (Artiola et al., 2004) and applies remote sensing and participatory
sensing (Conrad and Hilchey, 2011) to ice monitoring, ice navigation and water
quality monitoring (Karydis and Kitsiou 2013). The thesis focuses on near real-
time aspects of environmental monitoring, not on collecting, using or analys-
ing long-term time series. However, longer time series can be collected as a
side product when e.g. participatory sensing methods are applied. The thesis
does not contribute to environmental problem research, but aims at delivering
data about the surrounding environmental conditions to support decision
making related to users’ activities and possible problems while operating in the
environment. The thesis connects to the field of environmental informatics
(Frew and Dozier, 2012) by finding ways to improve current state of the art in
accessing the multitude of environmental data sources and delivering envi-
ronmental information to users. However, it does not improve environmental
data storage systems or access to long-term environmental time series, but
concentrates on existing near real-time data sources and the delivery of rele-
vant near real-time environmental information using modern methods of
computer science. The general research question of the thesis is:
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How could near real-time environmental information delivery be im-
proved to reduce the amount of surprise and better support decision mak-
ing of both professional and layman end-users operating in dynamic envi-
ronments?

While considering the general research question we came up with more specif-
ic research questions addressing different aspects of the general question. The
information delivery to end-users requires a multitude of processing tasks that
need to be orchestrated in order to address the challenges of near real-time
environmental information delivery. The first specific research question is:

Q1: How could the orchestration of information processing be implement-
ed to address the challenges of near real-time environmental information
delivery?

After the information processing, an important component of the information
delivery chain is the information presentation to the user. All the time-varying
observational and forecast information should be presented in an understand-
able and intuitive way to support the decision making. The second specific
research question is:

Q2: How could the information be presented to support situation aware-
ness and improve decision making?

End-users operating in the dynamic environment are the experts of the local
conditions. Experienced users operating in the area can interpret the local sit-
uation and its evolution better than a generic model on a computer server, and
even unexperienced users can collect relevant data to support the situational
picture. In addition, the devices and vehicles used in the field can contain in-
strumentation that could be utilised for monitoring the local environment. The
third specific research question is:

Q3: How could end-users be harnessed to collect additional data from the
local environment to complement other data sources in the information
processing?

The next task is to define research objectives that address the research ques-
tions. The research objectives are divided into a general research objective and
three specific research objectives that are logical parts of the general objective.
The general research objective addresses the general research question and it
is:

To develop and study near real-time environmental information delivery
architectures for the application cases of ice navigation considering pro-
fessional end-users and water quality monitoring considering both profes-
sional and layman end-users.
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The specific research objectives that address the specific research questions
are:

O1: To develop orchestration of the information processing to tackle the
challenges of near real-time information delivery.

O2: To develop the presentation of relevant information while minimising
the complexity of multidimensional information in order to support the in-
terpretation of the situation.

O3: To harness end-users and end-user devices as data collectors in order
to complement other data sources.

1.2 Outline of the thesis

The thesis consists of an overview and five publications. Section 2 defines a
reference architecture for near real-time environmental information delivery
and discusses the challenges of developing such a system, Section 3 summariz-
es the implementation of the specific research objectives, Section 4 discusses
the findings in relation to research questions and Section 5 presents the sum-
mary and conclusions. The details of the implementations are given in Publica-
tions I-V. Publication I implements the first specific research objective and
depicts the initial information delivery orchestration architecture with the ini-
tial concept of Facade. Publication II implements the second specific research
objective for the ice navigation application case and describes the data delivery
architecture as well as information presentation, Publication III contributes to
the second specific research objective and considers minimising the amount of
data used in the presentation by ice routing, i.e. route optimisation for ice nav-
igation. Publications IV and V implement the third specific research objective
by developing an opportunistic data collection method for ice navigation and a
participatory data collection approach for water quality monitoring. In addi-
tion to Publications I-V, the overview of the thesis presents the Data operator
model as a new result. Data operator extends the original concept of Facade
(Publication I) from a single application point of view towards multiple appli-
cations and takes into account data collection from users.
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2. Near real-time environmental infor-
mation delivery

In this section we define the concept of near real-time environmental infor-
mation delivery and present a reference architecture that defines key elements
and their relations in the domain at a high level of abstraction. We also discuss
the challenges of developing such systems and describe the contributions of
the thesis in relation to the reference architecture.

2.1 Conceptual view

The thesis connects mainly to the fields of environmental monitoring and en-
vironmental informatics. Environmental monitoring was defined by Artiola et
al. (2004) as follows: “Environmental monitoring is the observation and study
of the environment. In scientific terms, we wish to collect data from which we
can derive knowledge”. Environmental knowledge is needed by society in con-
junction with different processes and at multiple levels, when the activities are
dependent on the environmental conditions or are likely to affect the environ-
ment on a local or global scale. Environmental knowledge is relevant to many
businesses, such as energy production, production of goods and services, traf-
fic, logistics, navigation, disaster mitigation, forestry and mining of raw mate-
rials, and also to the daily activities of citizens.

Environmental monitoring is originating from the need to understand the
state and progress of the environment and the effect of human activities in the
environment. As environmental problems have become worse and sensor
technology has become more advanced and available, more and more envi-
ronmental data have been produced by environmental monitoring. The
amount of data has raised a need of collecting, storing, managing and analys-
ing the data, and the field of environmental informatics has emerged (Hilty
and Page, 1995). More recently, Frew and Dozier (2012) defined environmen-
tal informatics as “the application of data science to environmental problems.”
By data science they mean collection, management, exploitation, communica-
tion and preservation of environmental information about the state of Earth’s
biosphere (and associated spheres) consisting of large complex multidimen-
sional datasets.

Artiola  et  al.  (2004)  refer  to  “the  staircase  of  knowing”  by  Roots  (1997),
which includes steps of observation and measurement, data, information,
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knowledge, understanding and wisdom. Observation and measurement lead to
data through verification, data lead to information through selection and test-
ing, information leads to knowledge through organization and interpretation,
knowledge leads to understanding through comprehension and integration,
and understanding leads to wisdom through judgment. The contribution of the
thesis mainly concentrates on the first steps of the staircase of knowing, i.e.
observation and measurement, data and information. We harness end-users
and end-user devices as sensors to complement other existing data sources
and consider how data are processed into information. The thesis also contrib-
utes to the latter steps of knowledge and understanding, as we consider how
the information is presented to the user to increase the knowledge and under-
standing of the situation and improve decision making. There are many defini-
tions for data, information and knowledge (e.g. Zims, 2007). In this thesis, by
“data” we refer to data that have potential value to end-users but have not yet
been processed into a usable form, and by “information” we refer to data that
have been processed into a usable form and have value for decision making.

We concentrate on delivering near real-time information about the sur-
rounding environment for decision making in a dynamic environment. Deliv-
ery architectures integrate with existing near real-time environmental data
sources and process data into relevant information (Figure 1). The data
sources include for example measurement data collected by in-situ and remote
sensors, interpolations or forecasts calculated by computational models, anal-
yses compiled by human experts and data produced by citizen scientists. The
data sources can be built specifically for the application or they can be general
sources such as satellite systems and weather models providing data via open
interfaces for a multitude of applications. The information delivery chain re-
duces the amount of data and increases the amount of information, i.e. useful-
ness  or  value  of  the  data  from  the  end-user’s  point  of  view  (the  scales  and
forms of the graphs in Figure 1 concerning the data amount and data value are
only illustrative).

By the term near real-time we refer to systems that deliver data to end-users
in  seconds,  minutes  or  hours  after  the  actual  measurement  or  model  run  is
available from the data sources. In other words, we concentrate on time scales
which Artiola et al. (2004) defined as daily (>24 hours), hourly (>60 minutes)
and instantaneous (<1 second). This differs from environmental monitoring
applications that collect historical time series of some parameters for long-
term analysis, in which the latest measurements are not as important as the
earlier measurements of a long time series. These time scales were referred to
by Artiola et al. (2004) as seasonal (>4 months), annual (>1 year), generation-
lifetime (20-100 years) and geologic (> 10,000 years). In this thesis we are
discussing applications in which the value of the produced data for the user is
decreasing as a function of time in minutes or hours, as the environmental
conditions evolve.
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Figure 1. A conceptual view of near real-time environmental information delivery. Data coming from
sensors, models, human experts and citizen scientists are processed and personalized to end-users so
that the data volume is minimized and the data value, i.e. the amount of information, is maximized.

Example applications conforming with the conceptual view presented in Fig-
ure 1 include a system for ice navigation support that delivers satellite data,
model data and in-situ observations to ice-going ships (Publications II, III,
IV); a participatory algae monitoring system that complements remote sens-
ing data and expert measurements with citizen observations (Publication V);
an air quality monitoring system that collects air quality measurements from
distributed sensor networks and generates visualizations as well as sends
alerts to citizens about the changing air quality (Lim et al., 2012); a tsunami
early warning system that collects seismic observations, buoy observations and
tide gauge observations about water level from various areas to produce cus-
tomized warning messages for delivery via different channels such as the web,
TV broadcasting, SMS and e-mail (Wächter et al., 2012); a system for tornado
monitoring and forecasting that collects weather radar and meteorological
observations, as well as weather forecasts, and produces near real-time visuali-
zations of the developing situation for weather services and emergency re-
sponse personnel (Plale et al., 2006); and a near real-time water quality man-
agement system that monitors flow and salinity of surface water deliveries and
seasonal wetland drainage and soil salinity in surface soils (Quinn et al., 2010).

2.2 Reference architecture

We present a reference architecture that defines the key elements of a near
real-time environmental delivery system and their relations at a high level of
abstraction. Different specific architectures for near real-time environmental
information processing and delivery have been presented before: Cao (2009)
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proposed use of the Enterprise Service Bus (ESB) architectural model to han-
dle the data collection from distributed sensors developed by a variety of man-
ufacturers relying on various standards; Motwani et al. (2010) discussed use of
the ESB architectural model and complex event processing (CEP), the so called
event-driven SOA, as a means of achieving extensibility and interoperability in
a heterogeneous environmental sensor network; Usländer et al. (2010) pro-
posed a service-oriented architecture called the Sensor Service Architecture
(SensorSA) based on OGC SWE and aiming at integration of various data
sources, whether in-situ, airborne or spaceborne sensors, or data storages; Lim
et al. (2012) proposed an architecture applying ESB and CEP to make an air
quality monitoring system more interoperable, scalable and stable; Lee et al.
(2010) discussed the use of cloud computing to deal with varying computing
resource needs due to changing environmental conditions; Suakanto et al.
(2012) proposed an architecture using cloud computing in sensor data pro-
cessing for disaster early warning; Li and Wu (2011) proposed a service-
oriented architecture for configuring data processing chains automatically in
cases in which the requested data do not yet exist. The data processing inte-
grates sensors, automatic processing and manual processing to fulfil the user’s
complex tasks in near real-time.

The ENVRI reference model environmental science research infrastructure
presented by Chen et al. (2013b) aims to model the "archetypical" environ-
mental research infrastructure. The model identifies five subsystems including
data acquisition that collects raw data from sensor arrays, various instru-
ments, or human observers, and brings the measurements (data streams) into
the system; data curation that facilitates quality control and preservation of
scientific data; data access that enables discovery and retrieval of data housed
in data resources managed by a data curation subsystem; data processing that
aggregates the data from various resources and provides computational capa-
bilities and capacities for conducting data analysis and scientific experiments;
and community support to manage, control and track user activities and help
users to conduct their roles in communities.

The ENVRI model defines relevant elements and terminology for modelling
environmental data systems. However, in this work it is important to empha-
size the near real-time aspect of the information delivery, the role of end-users
in producing additional data to complement other data sources, and the need
for orchestrating the data processing efficiently and robustly. Figure 2 pro-
vides a reference architecture at a high level of abstraction that zooms in to the
information delivery  arrow presented in  the conceptual  view of  Figure 1.  The
arrow is divided into two separate arrows pointing in opposite directions de-
scribing the direction of information and data flows from the end-user’s point
of view. One of the arrows describes the part of the system that delivers the
processed information to users, while the other describes the data collection
from users to complement other data sources in information processing. In the
information delivery chain the relevant data sources are interfaced and rele-
vant data are retrieved to be processed into relevant information from the end-
user’s point of view. Information processing may include many processing
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steps such as rectification and calibration (of satellite images), data quality
control, compression (lossless or lossy), filtering, data fusion, machine learn-
ing, pattern recognition, modelling and forecasting. Finally, the information is
delivered to end-users and presented in a useful way, for example graphically
or textually, to support decision making. The data interfacing may include or
precede a process of agreeing about interfaces, data formats, data prices and
the terms of data usage. In the data collection chain, end-users and end-user
devices are provided with interfaces to enable participatory and opportunistic
data collection, and the data are processed (for example data quality control,
filtering, compression) and published as a data source to the information de-
livery system or other systems that might be interested in the data. The whole
processing chain of delivering information and collecting data is controlled by
the orchestrator component that manages the workflow of processing and
communication between the processing components. The orchestrator can be
a  script  gluing  the  processing  components  together,  or  it  can  be  a  more  ad-
vanced software that controls the processing execution, handles the excep-
tions, warns of possible problems with the processing, communicates with
human operators and end-users about the status of processing and guarantees
as robust information delivery as possible. All processing components can be
distributed and they can contain manual tasks or be totally autonomous.

Figure 2. The reference architecture of near real-time environmental information delivery at a high level
of abstraction. The main components of the information delivery chain include a data interface for
accessing and retrieving data, information processing and information presentation. Data collection
from end-users includes an interface to collect data from end-users, data processing and publishing data
as a data source available to the same or possibly other information delivery systems. The orchestration
controls the processing and communication between the components of both information delivery and
data collection.

2.3 Challenges of near real-time environmental information deliv-
ery

In this section we analyse general challenges of near real-time environmental
information delivery that guide the design choices of the implementations.
These are based on requirements for distributed near real-time environmental
monitoring systems presented by Kotovirta et al. (2013), but they are repeated
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here for convenience and elaborated. Related work has been carried out by
Chen et al. (2013a), who analysed requirements for environmental science
research infrastructures.

We categorised the challenges by using four viewpoints that capture different
aspects of the whole system under consideration. The viewpoints are from the
Open Distributed Processing (ODP) framework, an international standard for
distributed system specification published by ISO/IEC (ISO/IEC 10746-1,
1998). The ODP framework uses five viewpoints to specify particular concerns
of the whole system: the Enterprise Viewpoint, which concerns the organisa-
tional situation in which business is to take place, the Information Viewpoint,
which concerns modelling of the shared information manipulated within the
system of interest, the Computational Viewpoint, which concerns the design of
the analytical, modelling and simulation processes and applications provided
by  the  system,  the  Engineering  Viewpoint,  which  tackles  the  problems  of  di-
versity in infrastructure provision, and the Technology Viewpoint, which con-
cerns real-world constraints applied to the existing computing platforms on
which the computational processes must be executed. We use the first four
viewpoints, and do not here consider the technological challenges which are
part of the implementation. Other viewpoints have also been suggested for
modelling environmental information systems. Rönkkö et al. (2013) presented
a method for classifying environmental monitoring systems and recognised
three relevant viewpoints: application domain, functionality and architecture.
Chen et al. (2013b) chose the science viewpoint, information viewpoint and
computational viewpoint for modelling environmental science research infra-
structures.

2.3.1 Challenges from the enterprise viewpoint

Integration of heterogeneous distributed systems. Environmental data are
produced by many sensors and sensor networks, including in-situ sensors
(fixed, ad hoc, wired, wireless), people using their mobile phones (i.e. citizen
science and community-based environmental monitoring, Conrad and
Hilchey, 2011), and remote-sensing sensors such as radars and satellites. In
addition, computer models produce forecasts based on the measurements, and
human experts and researchers provide analyses based on the numerical data
produced by sensors and numerical models. Before the information is present-
ed to end-users by the end-user applications, it is collected and processed by
various distributed processing components. All in all, an environmental moni-
toring system needs to handle the integration of distributed heterogeneous
systems managed by different organizations for retrieving the data and pro-
cessing and delivering the information.

Extensibility.  During the operation of  the  system,  new data  sources  or  pro-
cessing services may become available that provide additional relevant infor-
mation for the end-users. The monitored environment may behave unpredict-
ably, and data input and output as well as data processing needs may grow as a
result of a sudden event in the environment. The system should be extensible
so that new data and processing can be included. In addition, extensibility is
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required when new end-users and end-user applications are introduced to the
system.

Cost efficiency. In principle the value gained from a monitoring system de-
fines how much the system can cost. Some critical applications must be oper-
ating reliably with strict data security regardless of the costs, but in many cases
costs restrict the architectural choices of the system and thus define its overall
performance and usability. The system should be economically sustainable, so
that at least in the long run the benefits of the system are greater than the
costs. The use of cost-efficient solutions and re-usable components in the ar-
chitecture can decrease the overall costs, and still provide good enough per-
formance to meet the requirements set by the application domain. In addition
to the development costs, the running costs, such as data processing, data
transmission, data storage, and maintenance costs, are also relevant.

2.3.2 Challenges from the information viewpoint

Relevance of data delivery. The data delivered to the end-user should contain
only the relevant information, i.e. the data are personalized to the user needs,
and it should be presented in a way that supports adequate comprehension of
the situation. Any useless data will burden the data communication channel,
cause additional costs, require additional time from the user to check the data,
overload the user with too much information and impair user understanding
of the situation. This may imply a push type of service that monitors the envi-
ronment on behalf of the user and notifies the user of any relevant changes in
the environment. The system can even be proactive, delivering relevant infor-
mation that the user was even not aware of (Rönkkö et al., 2012). The amount
of data delivered may depend on the environmental situation. The data pro-
cessing chain might be operating fluently, but still the user does not receive
any data until something relevant occurs in the environment and data delivery
is initiated. In order to deliver relevant information, the system should know
the user needs, the user role, and the user context including e.g. the device and
software that the user is using, the location of the user, and the data transmis-
sion line bandwidth.

Data quality / reliability. Data quality is crucial, especially when important
decisions are made on the basis of the delivered information. The quality of the
information produced by the data processing chain is dependent on the data
quality not only of the raw data sources, but also of the computational compo-
nents of the processing chain. Williams et al. (2011) discussed the importance
of describing and exchanging uncertainty information when developing loosely
coupled, interoperable environmental monitoring systems. Quality control is
required to ensure that the input data for a processing component is of the
expected quality. Any critical deviations, for instance due to malfunctioning
measurement devices, statistical deviations due to noise, or computational
results exceeding the expected value ranges, are to be detected and reported.
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2.3.3 Challenges from the computational viewpoint

Timely data delivery. The system should deliver information in time, i.e. the
resources reserved for data processing, data storage and data transmission
should be adequate for the time requirements of the application area and the
end-users. In general, the value of the latest observations and forecasts in dy-
namic environmental conditions decrease as a function of time, although the
criticality of timely delivery varies between applications. For example, fore-
casted  dispersion  of  pollen  in  an  area  for  the  next  day  can  be  reported  with
some delay, but information about a toxic release related to a chemical acci-
dent in a nearby factory should be delivered as quickly as possible. In ice navi-
gation the situation may be static for days, or change in hours or even minutes
in harsh weather conditions. However, even if the situation is stable, infor-
mation about the observed and predicted stability should be delivered without
delay in order for operators to be able to make the right decisions in the field.

Scalability. When new data sources, processing and end-users are intro-
duced in the system more computing power, data storage and data transmis-
sion capacity is required. The system should therefore be scalable to handle
the increased amount of data and processing. The scalability goes both ways –
the resources should be scaled down if the amount of input data, processing or
the number of end-users is decreased.

2.3.4 Challenges from the engineering viewpoint

Configurability.  New uses of the system may be achieved, not by adding new
data sources or processing components to the system, but by re-configuring
the system’s existing components. Furthermore, the system’s performance
may be adjusted or  optimized through configuration – of  data  computing re-
sources, data storage capacity, end-user roles, or security policy, for example.

Operational reliability. The system should be successful in delivering the in-
formation in every case, as a failure to deliver critical information may be cost-
ly, even life-threatening. In addition, there should not be false alarms as these
will reduce user trust in the system. For example, ships navigating in ice are
dependent on updated information in order to choose safe and cost-efficient
routes. Allergic people must remain aware of surrounding air quality in order
to  take  their  medicine  in  time,  and  people  living  close  to  a  factory  where  a
chemical release has just taken place must be alerted about the accident and
advised to take cover.

Data security. The more valuable the information produced by the system is,
the more important is the data security of the data processing chain. The key
principles of data security must be included, i.e. confidentiality, integrity and
availability. Only authorized parties should be able to access the data and the
processing components; the data should be protected from any malicious party
trying to steal or alter them. When important decisions are made on the basis
of the data or computed events, users should be guaranteed that the data are
unchanged and that no system is pretending to be a reliable data source in
order to mislead the user or cause harm. As the data processing chain consists
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of loosely coupled processing components managed by different organizations,
service requests can come from cross security domains, and therefore the
propagation of identity across domains is important.

2.4 Contributions of the thesis in relation to the reference archi-
tecture

The thesis studied the specific research objectives focusing on two application
cases, 1) ice navigation, and 2) participatory water quality monitoring. Figure 3
maps the contributions of Publications I-V and the new results presented in
the thesis overview (O) to the reference architecture. Publication I concen-
trates on the preliminary ideas of solving the orchestration using Business
Processing Execution Language (BPEL) and introduces the concept of Facade
to coordinate synergies in the data processing. Publication II introduces the
ice navigation case and shows how the multitude of information sources is
presented to users at sea. Publication III considers minimising the amount of
data transferred and presented by applying route optimisation that integrates
ice model output with a ship transit model. Publication IV harnesses ships and
ship radars as an opportunistic data collection sensor network, while publica-
tion V harnesses citizens as participatory sensors of water quality. The thesis
overview (O) extends the orchestration towards the Enterprise Service Bus
(ESB) architectural model, and elaborates the Facade model towards the Data
operator model to serve multiple applications.

Figure 3. The research concentrated on improvements in the information delivery architectures of two
application cases, ice navigation and water quality monitoring. The main focus of contributions of each
Publication (I-V) and the new results presented in the thesis overview (O) are mapped to the reference
architecture.

2.4.1 Application cases

2.4.1.1 Ice navigation
Information about prevailing environmental conditions is essential for naviga-
tion in ice-covered sea areas. Information is needed for cost-efficient and safe
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route planning, to find the easiest routes, to avoid icebergs and other obstacles
and to reduce the probability of getting stuck or ending up in dangerous areas.
The  ice  field  can  be  static  or  move,  mainly  due  to  the  driving  forces  of  wind
and sea currents. When a wind stress field becomes convergent the weakest
part  of  the  ice  cover  can  be  crushed,  building  up  heaps  of  broken  ice  blocks
above and below the water line (Wadhams, 2002). Such a deformation feature
is called a pressure ridge and it can reach a thickness of tens of meters, being
thus impenetrable even for the strongest of icebreakers. In addition, the con-
vergent ice field causes compression in the ice that hampers ship transit. Ice
navigation knowhow is especially relevant in heavily trafficked sea areas where
ice plays a major role in winter time, such as the Gulf of St. Lawrence in Cana-
da and the Baltic Sea in Europe. Moreover, global climate change is opening
up new geographically shorter international shipping routes linking the Atlan-
tic and Pacific Oceans by the Northern Sea Route or the Northwest Passage
(Smith and Stephenson, 2013).

The data sources that support ice navigation are heterogeneous, including
satellite sensors (e.g. Pettersson et al., 2000; Pedersen and Saldo, 2005; Vain-
io et al., 2000), weather observations and forecast, ice charts (e.g. Karvonen et
al., 2003) and ice model data (e.g. Axell, 2005; Mårtensson, 2012). The ships
are moving out of reach of the main telecommunication networks and rely on
satellite communication links. Maritime VSAT (Very-Small-Aperture Termi-
nal) systems using geosynchronous satellites can reach a data range of up to 16
Mbit/s, but only the Iridium satellite system can reach polar regions with data
rates from 2.4 kbit/s to 128 kbit/s (depending on the solution and service lev-
el). Therefore, the information delivery architecture should adjust the amount
of transferred data to suit the communication capabilities. Thick client archi-
tectural models (i.e. client software providing rich functionality independent of
the central server) are relevant, as the communication link, whether satellite or
terrestrial, can be affected by breaks more often than fixed landline connec-
tions.

2.4.1.2 Water quality monitoring
Fresh water is essential for agriculture, industry and human existence, and
water quality is a function of land processes that generate pollution and thus is
an indicator of overall environmental health. The management of water re-
sources and controlling of societal processes need updated information about
water quality of seas, lakes and rivers, and has global application possibilities.
The data sources include satellite imagery (Palmer et al., 2015), automatic in-
situ measurements, human measurements and laboratory analysis of water
samples (Karydis and Kitsiou, 2013). Citizen science has also been recognised
as a promising way of collecting additional information (Pyhälahti et al., 2015;
Publication V).

In the participatory water quality monitoring case, the remote sensing data
and expert observations were complemented with water turbidity and algae
observations originating from citizens in Finland and in the Baltic Sea area.
Algal mass occurrences, in particular cyanobacterial surface blooms, are one of
the most distinguishing effects of eutrophication in lakes and the coastal wa-
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ters of the Baltic Sea (Solimini et al.,  2006). Therefore, the frequency and in-
tensity of cyanobacterial blooms are used to assess the ecological status of sur-
face water bodies in Europe under the European Water Framework Directive
(Carvalho et al., 2013). However, algal bloom occurrences in water bodies vary
greatly in terms of both space and time, which requires frequent monitoring of
the algae situation. Remote sensing by satellites can provide high temporal
and spatial resolution bloom information of sea areas (e.g. Reinart and Kutser,
2006). However, satellite methods using visual or near infrared channels re-
quire clear skies and therefore cannot be used every day, and continuous data
series cannot be made. In addition, monitoring of small water bodies requires
satellite images with a good spatial resolution (<30 m), and at present, such
images are not operationally available on a daily basis. Therefore, on-ground
visual observations by trained experts are an important method in algae moni-
toring, and e.g. in Finland the method has been used since 1998 (Rapala et al.
2012). However, there are insufficient resources to cover all lakes and times,
and thus not all bloom events can be detected. In this study we applied citizen
science to increase both temporal and spatial coverage of surface bloom visual
observations in lakes and coastal regions of the Baltic Sea.
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3. Implementing the research objectives

In this section a description is presented of how the specific research objec-
tives were approached. Two application cases, ice navigation and water quality
monitoring, were considered in the study. Ice navigation involves professional
users on board ships navigating in ice-covered areas, and water quality moni-
toring involves both professional users and laymen situated near water bodies.

3.1 O1: Orchestration of information processing and delivery

Implementation of the first specific research objective, O1: To develop orches-
tration of the information processing to tackle the challenges of near real-
time information delivery, is described here. First, we developed an orchestra-
tion architecture using the Service-Oriented Architecture (SOA) model and
Business Processing Execution Language (BPEL) and developed the Facade
component for implementing synergies in the processing tasks. Then we de-
veloped an architecture for event processing based on the Enterprise Service
Bus (ESB) model  and extended the Facade model  towards the Data  operator
model.

3.1.1 Orchestration with BPEL

Solving the challenge of integrating heterogeneous distributed systems sug-
gested the use of the SOA model, as this is ideal for integrating heterogeneous
systems (Erl, 2005). However, the basic SOA model does not provide the pro-
cessing chain orchestration as such, and the architecture applied BPEL for the
task. A BPEL script defines the execution workflow and a workflow engine
takes care of the execution. We developed an information processing and de-
livery architecture based on the Service-Oriented Architecture (SOA) model
and Business Process Execution Language (BPEL) (Publication I).  The  work
originated from the ice navigation case but was influenced by other applica-
tions in environmental monitoring applying remote sensing data in the do-
mains of disaster monitoring, forestry, forest fire monitoring, traffic monitor-
ing, disposal site monitoring, season monitoring for tourism, air quality moni-
toring and water quality monitoring.

To solve the challenges of extensibility and configurability we implemented
the data processing tasks as web services, described their interfaces using Web
Service Description Language (WSDL) and scripted the sequence of processing
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using BPEL. The architecture is presented in Figure 4, and it includes a mod-
ule library that contains all the necessary processing modules defined as proxy
web services and a workflow engine that executes workflow descriptions de-
fined with a workflow editor. Executable workflow descriptions are published
as web services and they can be accessed and initiated by other applications, or
they can be part of other workflow descriptions, thus allowing a hierarchical
composition of workflows. In the architecture, there are two example applica-
tions calling the workflow web services, an user interface (UI) that enables
manual initiation of workflow execution, and the Facade subsystem that oper-
ates according to end-user profiles that define what kind of data end-users
require. End-users define and store profiles using a dedicated profile UI. As
the workflow engine executes the workflow, different proxy web services can
run on the same or separate web server instances that can be deployed on the
same or separate machines, as illustrated in the bottom of Figure 4. In the il-
lustration, the example workflow contains calls to processing tasks and a data
storage service for storing and retrieving data.

Figure 4. BPEL orchestration architecture including the Facade component (from Publication I). Pro-
cessing tasks are implemented as web services that are orchestrated by the workflow descriptions de-
fined  with  a  workflow  editor  and  executed  by  a  workflow  engine.  Facade  initiates  needed  workflows
according to end-user profiles that define end-user data needs.

3.1.2 Facade component

In order to solve the challenges of timely data delivery and relevance of data
delivery, we needed to consider the synergies in the data processing tasks to
minimise the amount of processing and processing time, and to include end-
user specific needs in the data processing. When considering the whole pro-
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cessing chain from input to delivery it appears that instead of a single work-
flow there should be a multitude of workflow definitions for a single applica-
tion. One workflow would be quite complex if it should take care of all the pos-
sibilities for tailoring different products for different data users. For instance,
there could be a workflow process that takes care of bulk data production, and
another that tailors and filters bulk data files according to different user needs.
If there is more than one workflow definition taking care of all the processing
needed by a single application, a higher level of control is required. This new
level of control could in principal be implemented as a top-level workflow de-
scription that controls the other lower-level workflows, but depending on the
complexity of the control logic it could be programmed using other program-
ming languages than workflow languages, or at least additional control mod-
ules could be needed as part of the control workflow.

We implemented a top-level orchestrator component that we called Facade
(Kotovirta, 2003, Publication I, Publication II). Facade retrieves relevant data
products and processes and delivers relevant information to end-users based
on end-user profiles that define user-specific needs. Figure 4 shows the role of
Facade in the BPEL orchestration architecture. It acts as a top-level control for
a workflow engine and a multitude of workflows, and calls the workflows to do
the actual processing jobs defined by user profiles. Users manage their data
service  orders  using  a  profile  UI,  and  Facade  ensures  that  the  final  products
are delivered to them. Thus, Facade is an active component that takes respon-
sibility for the information delivery orchestration so that relevant files are
available according to the order without delays after the data become available
in the data sources. Facade is triggered by events generated by new available
data, e.g. when a satellite has flown over or a forecast model is run.

Facade implements the synergies in the processing tasks so that the amount
of processing and thus the processing time are minimised. Data retrieval and
other general processing tasks are performed first when new data are availa-
ble, then further processing generates more specific results according to end-
user needs (Figure 5). For example, users may be operating in different sea
areas and require different parts of the very same satellite data, or users may
be using different data communication channels with varying bandwidths and
require the same data in different resolutions. A large satellite image could be
retrieved, rectified and calibrated only once, but then cropped, filtered and
resampled many times according to user-specific needs. When a new user need
appears the system should first check what is already available and process
only the necessary steps.
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Figure 5. A schematic view of the role of Facade in the environmental information processing. Synergies
of processing and delivery to users with different specific needs are implemented only once in a compo-
nent  called  Facade.  For  example  in  the  case  of  ice  navigation,  a  radar  satellite  image  is  retrieved  and
pre-processed only once and then cropped and delivered according to different end-user needs.

3.1.3 Orchestration with ESB

Whereas BPEL orchestration provides a solution for processing intensive
tasks, we were also considering the processing of data flows in which a number
of events need to be processed efficiently. An event can be considered as a
measurement produced by a sensor, a forecasted value produced by a compu-
tational model, or a feature calculated from the data, e.g. a parameter exceed-
ing a threshold value, or a more complex phenomenon detected in the envi-
ronment. The challenge of delivering relevant information also suggests the
use of event processing. Instead of large regular data amounts the user could
be provided with short notifications about static conditions and with more
comprehensive data amounts when critical changes occur in the environment.
Event-based architecture can help in implementing a push type of service that
monitors  the  environment  on  behalf  of  the  user  and  notifies  the  user  of  any
relevant changes in the environment, or even a proactive system delivering
relevant information that the user was even not aware of (Rönkkö et al., 2012).

The need for event-based processing directed the research towards an envi-
ronmental information delivery architecture in which the orchestration is im-
plemented using the event-based SOA on Enterprise Service Bus (ESB) (Ko-
tovirta et al., 2013). The Enterprise Service Bus (ESB) is a component that me-
diates messages between various distributed systems by transforming and
routing the messages (Chappell, 2004). It extends the traditional client-server
model and promotes asynchronous message oriented design for communica-
tion between systems. We extended the architecture with a complex event pro-
cessing (CEP) component which can combine events from multiple sources
and infer patterns of more complex events. CEP consists of a real-time event
correlation mechanism controlled by rules encoded with an event pattern lan-
guage (Luckham, 2002).
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3.1.3.1 Prototype system for near real-time environmental information deliv-
ery
We implemented a prototype system based on the event-based SOA and ESB
architectural model for near real-time environmental information delivery for
serving multiple applications (Figure 6). The first version of the prototype was
described by Kotovirta et al. (2013), and here we describe the extended version
as a new contribution. Extensions include an additional cloud storage system,
a semantic database and a data catalogue service, but we describe also the
main parts of the prototype for convenience. Kotovirta led and participated in
the development of the architecture design as well as the prototype system
implementation, and participated in the development of selected parts of the
prototype.

The prototype implements proxy web services for accessing data sources and
processing components, and implements the process chain orchestration by
using the WSO2 Enterprise Service Bus open source implementation. The pro-
totype was installed on Linux nodes that run on the commercially available
Amazon Elastic Compute Cloud (Amazon EC2), and it used noSQL Microsoft
Azure  and  Amazon  S3  cloud  storages  for  sensor  data  storing,  PostGIS  SQL
database for geographical data storing, and Profium semantic storage for stor-
ing data  in  RDF format  (Resource Description Framework).  The open source
data portal software CKAN was used to implement a data catalogue for static
data sources and for near real-time data streams that the prototype processed.

The complex event processing was implemented using an open source event
stream processing and event correlation engine called Esper, developed by
EsperTech. Esper provides a specific language for expressing event conditions,
called Event Processing Language (EPL). The anomalies or events that the
users are interested in are transformed into EPL sentences and subscribed to
Esper. In the prototype, detected events about quality problems or interesting
anomalies can be delivered to end-users using a notification service that uses
e-mail, HTTP and SMS protocols for sending notification messages. Quality
control was implemented using a proprietary quality control software library
that includes rudimentary statistical tests and algorithms for data quality pur-
poses (e.g. average, standard deviation, minimum, maximum, histogram, line-
ar regression, fast Fourier transform). The scalability of computations was
improved by integrating the open source distributed real-time computation
system, called Storm, to distribute the computation of quality control, complex
event processing, and generic computation service.

The data processing chain’s data security is highly dependent on the level of
data security of separated services. However, as the Enterprise Service Bus
(ESB) acts as a central point of communication it can improve the overall data
security by controlling the traffic between the services. The data security ser-
vice component WSO2 Identity server was included in the prototype architec-
ture to take care of message confidentiality and integrity, identity and authen-
tication, authorization and privacy, access policies, and federation of identi-
ties.
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Figure 6. The environmental information delivery system prototype architecture based on Enterprise
Service Bus (ESB) architectural model, Esper Complex Event Processing (CEP), distributed computing
platform Storm, Amazon EC2 cloud computing platform and Amazon and Windows Azure cloud storag-
es.

3.1.4 Data operator

In this section we present the concept of Data operator that extends the Facade
model towards multiple applications. The discussion and definition of Data
Operator is a new contribution in the thesis overview. The data delivery archi-
tecture prototype by Kotovirta et al. (2013) can be considered as a Data Opera-
tor prototype, as it was designed to serve multiple environmental monitoring
applications accessing similar data sources and requiring similar processing.
Various data sources were connected, including a weather station provided by
Vaisala Ltd., different sensor networks measuring indoor air quality, tempera-
ture and building energy consumption, a pollen forecast model provided by the
Finnish Meteorological Institute (FMI), a weather forecast model provided by
FMI, the water level forecast model provided by the Finnish Environment In-
stitute (SYKE), and participatory sensing observations provided by VTT Tech-
nical Research Centre of Finland’s EnviObserver platform (Kotovirta et al.
2012). The data, processed information and notifications were delivered to
various applications, including an application assisting power network man-
agement in fault detection, an application delivering environmental data to
citizens, an agricultural application helping farmers in decision making, e.g.
related to pesticide spraying, a facility management system presenting indoor
comfort indices to facility managers and a storm path prediction application
alerting citizens about being in the path of a storm system (Stocker et al.,
2015).

While serving a multitude of applications, we realised that similar processing
tasks were needed repeatedly in the information processing. The applications
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needed to access the same data sources, control the quality of those data, store
historical data for later use, and generate notifications based on the same data
but with differing notification rules. As in the case of Facade there was a need
to implement synergies in the data processing only once (the challenge of cost-
efficiency) and to actively process general data on behalf of end-user applica-
tions based on specific end-user needs and deliver the information to end-
users in good time (thus meeting the challenges of timely delivery and rele-
vance of data delivery). However, in contrast to the case of Facade, this time
the system was serving a multitude of applications instead of multiple end-
users of a single application. The whole prototype system was taking the role of
Facade for multiple applications, and it was named Data operator. Kotovirta
composed the first ideas of Data operator and led the discussions for defining
the role of Data operator in environmental monitoring in the Measurement,
Monitoring and Environmental Efficiency Assessment (MMEA) research pro-
gram. In this thesis the term Data operator model is used to describe the de-
sign principle of implementing the synergies of data processing as a compo-
nent called Data operator. The prototype implementation by Kotovirta et al.
(2013) is referred to as the Data operator prototype. Figure 7 illustrates the
role of Data operator in the information delivery architecture serving multiple
applications.

Figure 7. A  schematic  view  of  the  role  of  Data  operator  in  environmental  information  processing  and
delivery. Synergies in information delivery and data collection between multiple applications are imple-
mented  as  a  separate  component  called  Data  operator.  For  example,  access  to  weather  data  sources
could be implemented only once, instead of each application (ice navigation, algae monitoring, air quali-
ty monitoring) doing that separately. In addition, user observations about weather conditions from each
application could be available to all applications via Data operator. The role of Facade in serving a single
application is also depicted in the figure to help compare the roles of Facade and Data operator.
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3.2 O2: Information presentation

One important component of the information delivery chain is the information
presentation to the user. All the time-varying observational and forecast in-
formation should be presented in an understandable and intuitive way to sup-
port the decision making. In this section we use the ice navigation case as an
example, and describe the accomplishment of the second specific research
objective, O2: To develop the presentation of relevant information while min-
imising the complexity of multidimensional information in order to support
the interpretation of the situation.

The ice navigation case needs advanced solutions for information presenta-
tion, as a multitude of data sources are available for seafarers in ice-covered
waters. For example, near real-time delivery of both optical and radar satellite
images  to  ice-going  ships  has  been  made  for  several  years  in  different  ice-
covered sea areas such as the Arctic (Pettersson et al., 2000), the Antarctic
(Danduran et al., 1997; Pedersen and Saldo, 2005) and the Baltic Sea (Vainio
et al., 2000). In addition to satellite images, other data such as weather obser-
vations and forecasts, water level observations and forecasts, ice forecasts in-
cluding level ice thickness and ice drift produced by computational models, ice
thickness charts produced by automatic algorithms using radar satellite imag-
es (Karvonen et al., 2003) and ice charts made by human experts are also de-
livered to users on board (Publication II).

We developed an end-user application called Icebreaker Plotter (IBPlott)
that presents ice navigation-related information to the end-user, as well as the
traffic information coming from the Icebreaker Network system (IBNet) used
to coordinate and communicate the daily assistance activities of Finnish, Swe-
dish and Estonian icebreakers. IBPlott allows the user to choose which data
layers are visible on the screen and enables panning and zooming as well as
setting the time of the view (Figure 8). The symbols representing environmen-
tal data, such as meteorological, oceanographic and ice parameters, are filtered
according  to  zoom  level  in  order  to  avoid  too  many  symbols  on  the  screen,
which might be confusing to the user. IBPlott presents the latest optical and
radar satellite images that show observation of the ice field from a larger area.
A method was developed to compare satellite images from different times or
different instruments. One satellite image can be drawn only in small window
at  the mouse location,  and when the mouse is  moved,  the  user  experiences  a
feeling of seeing through the topmost image, and can compare features in both
images.
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Figure 8. Example visualisation of ice information in the end-user application IBPlott. In the image, ice
drift and compression forecasts calculated by an ice model are presented on top of a Radarsat image.
The red colour indicates that ice is accumulating in the northern parts of the Bay of Bothnia (approx.
65N 23E) and causing compression in the area. Green colour indicates divergence of the ice field near
the coast of  Sweden. The user can view the situation at different times using the time browser tool  in
the lower right corner. The overview map in the upper right corner indicates the geographic location.
(From Publication II)

3.2.1 Route optimisation for reducing complexity

We studied how the complexity of the presentation of multidimensional in-
formation could be reduced by an automatic analysis of the situation. If an
algorithm could calculate the most relevant features in the environment that
affect the decision making it would be sufficient to present only these features
to  the  user.  In  the  case  of  ice  navigation,  the  information  is  mainly  used  for
planning optimal routes through the ice field, and thus we aimed at calculating
the best route choices automatically in order to minimise the amount of data
presented and maximise the amount of information to support rapid compre-
hension of the situation. By minimising the data presented we can also mini-
mise the data delivered over a low-bandwidth data communication channel to
the ships, if the analysis is done on the server side ashore and not on the client
side on board.

We developed a  route  optimization method for  ships  navigating in  ice  cov-
ered areas that combines ice modelling, ship transit modelling and optimiza-
tion methods and aims at an efficient implementation for rapid results in an
operative environment (Publication III). A computational ice model (Wil-
helmsson, 2002; Axell, 2005) estimates the ice field properties, such as
equivalent ridged ice thickness, level ice thickness and ice concentration
(Figure 9). The equivalent ridged ice thickness means the average thickness of
ice that is equivalent to the effect of the density and size distribution of ice
ridges (heaps of ice blocks) on the ship performance. Level ice thickness means
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the thickness of the undeformed ice and it can reach 0.6-0.8 m during normal
winters in the Baltic Sea, where multiyear ice does not form, and up to 3 m in
the polar regions where multiyear ice exists (Wadhams, 2002). Ice concentra-
tion describes the area of the water surface covered by ice as a percentage of
the whole area of interest. We assume that at <70% ice concentration a ship
can avoid all ice and achieve its open water speed, at >95% ice concentration
the ice field is solid and a ship reaches its ice speed (i.e. the maximum speed it
can reach due to ice), and between 70% and 95% ice concentration the ship
speed is a linear combination of the open water speed and the ice speed.

Figure 9. Illustration of the ice field properties used in the route optimisation. Level ice thickness is the
thickness of unbroken solid ice, equivalent ridged ice thickness estimates the effect of ice ridges of
various sizes in the ice field, and ice concentration gives the proportion of ice in relation to open water.
(Illustration from Publication III)

The ship transit model estimates the ship speed in given ice conditions. We
calculated the ice resistance caused by level ice and ridged ice separately using
formulae given by Riska et al. (1997) and the effect of ice concentration using
formulae given in Publication III. The net thrust produced by the propellers of
a vessel were calculated using formulae by Kämäräinen (1986). The ship speed
in ice is determined by the speed that makes ice resistance and net thrust
equal. The ship speed is used in the cost function to calculate the travel time of
a given route, and the optimisation process alters an initial route guess to find
alternatives with lower cost, i.e. shorter travel time. Three optimization meth-
ods were tested: 1) Powell's method, which is a standard method in non-
derivative optimization (Powell, 1964), 2) the simplex method (also known as
the Polytope algorithm) by Nelder and Mead (1965), which is a reliable and
simple optimization method, and 3) simulated annealing (Kirkpatrick et al.,
1983), which is suitable for difficult optimization problems. Although simulat-
ed annealing is more capable of finding its way out of local minima, Powell's
method provided good enough results faster and was therefore selected to be
used in the prototype implementation.
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One purpose of applying ship route optimization was to present multidimen-
sional data to end-users in an easily understandable way. The optimization is
started by giving an initial guess and as the optimization continues an anima-
tion about the progress is presented. The optimization ends as the ending cri-
teria are reached or the user stops the optimization. The user can stop the pro-
cess at any time, and the best result so far is presented. It is also possible to
give  more  than  just  one  initial  guess  and  all  the  optimized  result  routes  are
drawn on the screen. This enables easier comparison of different initial route
alternatives and their optimized results. We developed a simple method to
study the variability of the optimal route. The method takes random samples
of the routes that are within prescribed bounds of the optimum, and draws
these routes together with the optimum (Figure 10). Without any further anal-
ysis this presentation gives visual information about the sensitivity of the op-
timal route. If all the result routes close to the optimum go close to some point,
there is a narrow corridor presented in the visual presentation. This suggests
that one should not divert too much from the route near that point. On the
other hand, if there are route segments going relatively far from the optimum
route, there is probably a wider corridor where the user can more freely choose
his route according to other preferences.

Figure 10. Example presentation of the optimized route through the ice field (from Publication III). One
model parameter, the level ice thickness, is visualised on the map with colours indicating the ice thick-
ness (blue indicates open water, yellowish colours ice and reddish colours thicker ice. A random sample
of routes within bounds of 5% longer transit times are drawn together with the optimal route, which
provides visual information about the sensitivity of the optimum.
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3.3 O3: Harnessing end-users for data collection

In this section we describe the accomplishment of the third specific research
objective, O3: To harness end-users and end-user devices as data collectors in
order to complement other data sources. First, we take a look at citizen sci-
ence and participatory sensing, and then discuss the contributions of oppor-
tunistic and participatory approaches.

3.3.1 Citizen science and participatory sensing

Citizen science and participatory sensing provide an emerging data source for
environmental monitoring and also support near real-time applications. Citi-
zen science involves citizens in producing scientifically meaningful observa-
tions or analyses (Haklay, 2012). Citizen science has been pioneered by the
SETI@Home initiative (the Search for Extraterrestrial Intelligence), which
utilized the idle time of millions of participants’ computers in analysing distant
radio signals in the search for extra-terrestrial life. Later Rosetta@home har-
nessed citizen computers to determine the 3-dimensional shapes of proteins in
the search for cures for some major human diseases. Rosetta@home realised
that  people  could  also  provide  brain  power  for  the  project  instead  of  just
providing their computers, and developed a computer game FoldIt that puts
players  to  compete  in  protein  folding,  with  good  results  (e.g.  Eiben  et  al.,
2012). In other examples citizens have been harnessed to classify galaxies from
deep space images (GalaxyZoo project), assign land classes using remote sens-
ing images (Fritz et al., 2012; Hu and Wu, 2012), detect tumour cells in patho-
logical breast cancer images (Candido dos Reis et al., 2015), and analyse re-
mote sensing imagery to provide assessments of damage caused by earth-
quakes and other disasters (Barrington et al., 2011).

As a sub-field of citizen science, citizens have been harnessed for collecting
information about the environment. Citizens have been involved in environ-
mental monitoring, to some extent, for over a hundred years - for example the
Christmas Bird Watch, started by ornithologists of North America, has been
ongoing since 1900 (Haklay, 2012). Recent advances in information and com-
munication technology (ICT) and increased awareness of the status of the en-
vironment, in particular global climate change, have activated people even
more to participate in environmental monitoring and enabled efficient ways to
collect, store and share the data (Burke et al., 2006; Conrad and Hilchey,
2011).

There are many terms that describe citizen contribution to environmental
monitoring and each term has its own subtle nuance and viewpoint. For ex-
ample, Volunteered Geographic Information (VGI) means that individuals
using GPS devices collect geographic information for mapping the environ-
ment (Goodchild, 2007) and OpenStreetMap is a successful example of a large
scale VGI activity. However, two main paradigms can be detected for citizen
contributions. Users can provide observations actively themselves, which is
called participatory sensing, or enable their mobile devices to collect data au-
tomatically, which is called opportunistic sensing (Lane et al., 2008).
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Methods for opportunistic and participatory citizen sensing have been pre-
sented for various applications and in various forms. Eiman (2010) presented
a method for mapping noise levels in a city area using mobile phones; Mednis
et al. (2011) developed a system for road irregularity detection using data from
accelerometers of mobile phones; Ginsberg et al. (2009) studied how search
engine query data could be used in the recognition of influenza epidemics;
Wang et al. (2013) studied how images produced by people using social media
tools can be used to observe the state of natural world; Olmanson et al. (2008)
used citizen Secchi depth measurements as an in-situ data source for satellite
image calibration; Sunyoung et al. (2011) developed a mobile application
(Creek Watch) for citizens to monitor waterways (amount of water, rate of flow
and amount of litter); Lowry and Fienen (2013) presented a method for stream
stage monitoring in which citizen passers-by make observations using fixed
measuring devices; Toivanen et al. (2013) presented a method for observing
Secchi depth and turbidity using an inexpensive measurement device and a
mobile phone camera; Leeuw and Boss (2014) developed the HydroColor mo-
bile application which estimates the concentration of total suspended matter
and the backscattering coefficient from water reflectance measured by a mo-
bile phone camera; Cao and Thompson (2014) used smartphones as sun pho-
tometers for the remote sensing of atmospheric optical depth; Molinier et al.
(2014) presented a method for observation of tree parameters using a mobile
phone and remote sensing data.

Architectures and platforms for more generic participatory sensing have
been suggested, for example A Scalable Architecture for Global Sensing and
Monitoring  G-Sense  (Perez  et  al.,  2010),  Platform  for  Remote  Sensing  using
Smartphones (Das et al., 2010), the personal environmental impact report
(Mun et al., 2009) and the EnviObserver participatory sensing system (Ko-
tovirta et al., 2012).

3.3.2 Opportunistic data collection: ships as ice sensors

For the ice navigation case we developed a method to harness the ship radars
and ships themselves as a sensor network to collect data from the field that
could help other users moving in or approaching the area (Publication IV).
The system collects marine radar images and ship performance observations,
forms mosaics of images coming from multiple radars, calculates ice drift from
successive radar images, analyses trafficability in different sea areas, and de-
livers processed images and ice drift information to end-users (Figure 11).
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Figure 11. The conceptual architecture of ships as a sensor network system. Image mosaics are formed
from radar images collected from coastal and on-board radars, ice drift is analysed from successive
radar images, and trafficability of the ice field is estimated on the basis of ship speed and ship specifica-
tion data coming from the AIS (Automatic Identification System) and IBNet (Icebreaker network) sys-
tems.

Trafficability estimation using ships as sensors is based on the finding that
theoretical speeds of different types of commercial ships correlate as a func-
tion of the level ice thickness (Riska et al., 1997). We assume that the maxi-
mum  speed  a  ship  can  achieve  in  the  ice  can  be  used  to  derive  a  one-
dimensional indicator of the ice field properties that we call the ice conditions
equivalent value (ICE). All the phenomena such as level ice, ridges and ice
compression are taken into account as thicker ice. The ICE value calculated by
one ship can be used to determine the speed of another ship in the same area.
This can be done if we have the ICE-v curves of both ships, i.e. functions that
determine the relationships of ship speeds (v) and the ICE value. ICE-v curves
can be determined by ship transit modelling or by statistical methods. We de-
termined ICE–v curves statistically using the AIS (Automatic Identification
System) data, IBNet (Icebreaker Network) system data and ice chart data. A
dataset was collected that includes the ship speed, time, location from the AIS
system, level ice thickness and ice concentration (in the ship's location in space
and time) from ice charts, and information about the closest port and ice-
breaker activities from the IBNet system. Locations in which the ships would
probably  not  use  full  engine  power  were  removed  by  selecting  only  the  data
points in which the ships were not assisted by an icebreaker and were not close
to any port. The statistical analysis is presented in Publication IV.

Satellite radar images cover large areas and are useful in navigation. Howev-
er, when the ice field is moving it would be useful to get an updated view of the
situation. Ships carry radars that are used in tactical navigation to observe the
ice conditions near the ships. Coastal and ship-borne radar images can be used
to complement satellite images in limited areas, and image mosaics formed
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from shipborne radar images from many ships can cover a larger area. We pro-
totyped a system that collects radar images from ships, forms image mosaics of
single images from different locations and delivers mosaics to users. In the
prototype we had only one image capture device available, but demonstrated
the image data collection, image mosaicing and data delivery architecture.
Figure  12  presents  an  example  image  mosaic  formed  from  images  taken  on
board the icebreaker Otso in the Gulf of Bothnia. Multiple radar images with
specific time intervals are combined in the same image from two parallel
tracks as Otso first moved south and later travelled north again. Thus, the im-
age mosaic shows a larger area than a single radar image would. Different
shades of grey illustrate the strength of the backscattered radar signal and re-
veal features in ice.

In  addition  to  forming  image  mosaics,  we  also  considered  determining  ice
drift from sequential images. Ice compression caused by a moving ice field is a
major factor in estimating the trafficability. Different methods have been used
to observe ice drift, such as buoys (Heil et al., 2000, Inoue et al., 2009, Ram-
pal et al., 2008), marine coastal radars (Sun et al., 2004, Mahoney et al.,
2007), camera images (Leisti et al., 2009), and successive satellite images
(Karvonen et al., 2007, Gutierrez and Long, 2003). We used radar images col-
lected from ships and coastal radars and applied two approaches: visual esti-
mation and numerical computation. To estimate the ice drift visually, the user
can view an animation of successive radar images from a stationary ship or
coastal radar, or compare marine radar image mosaics with each other and
with satellite radar images. We developed an experimental colour-coded image
mosaic by rendering different individual radar images from different times to
different RGB (Red, Green, Blue) channels. As a result, static parts in the im-
age are rendered in black and white, whereas moving parts appear in colours.
As the time difference between the images and the projection of the image are
known, ice drift can be estimated by calculating the distance between red,
green and blue versions of an ice feature in the same image. We also calculated
the ice drift numerically from sequential radar images by using the method
developed for satellite radar images (Karvonen et al., 2007). The details of the
numerical method are given in Publication IV.
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Figure 12. An example image mosaic formed from radar images captured on board the icebreaker Otso
in the Gulf of Bothnia. Two tracks are merged in the image as Otso first moved south and later travelled
north again using an almost parallel route. The bright spot in the lower right-hand corner is an (overex-
posed)  artefact  created  by  the  mosaicing  algorithm  when  Otso  was  stationary  for  some  hours.  (From
Publication IV)

3.3.3 Participatory data collection: citizens as water quality sensors

To study the use of citizen end-users as participatory data collectors we devel-
oped a participatory sensing platform called EnviObserver (Kotovirta et al.,
2012), and applied the platform to air quality monitoring, plant disease moni-
toring, storm monitoring and also to water transparency, water turbidity (Toi-
vanen et al., 2013) and algae monitoring (Publication V). The water turbidity
monitoring utilised a simple measurement device which consists of a container
and two measurement tags at different depths inside the container. The con-
tainer is filled with water and the user takes a picture looking inside the con-
tainer through a hole in the lid. The water transparency and water turbidity
can be determined by a two-phase algorithm that first searches for the meas-
urement tags in the image, and then determines water quality values based on
RGB values of the tag pixels. The test users were recruited by the Finnish Envi-
ronment Institute and included people who collect water quality samples pro-
fessionally, people from water monitoring companies and water protection
associations, as well as private citizens.

The algae monitoring was based on visual estimation of the amount of algae
in the water – the very same method that is used by the trained expert observ-
ers making national algae observations in Finland. Two applications were de-
veloped for receiving both mobile observations from ad-hoc locations and ob-
servations from stationary observation sites defined by citizens: the mobile
phone application Levävahti (Algae Watch) and the web-based lake infor-
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mation system Järviwiki (Lake wiki, Rapala et al., 2012). Ordinary citizen ob-
servers were recruited by publishing invitations in local and national news
services and water-related events and exhibitions at the beginning of the
summer season in Finland. The architecture of the data collection system is
depicted in Figure 13.

Figure 13. Overall architecture of the participatory algae monitoring system. Two participatory sensing
systems were used to collect citizen algae observations: the mobile phone application Levävahti (Algae
Watch) and the collaborative web service Järviwiki (Lake wiki). The LeväVahti observations are stored in
the EnviObserver server, Lake wiki observations are stored in the Lake wiki system, and all observations
are visualised in a web presentation in real-time. The observations are used together with expert obser-
vations and satellite-based algae products to estimate the overall algae situation. (From Publication V)

Concerning algae observations, a total of 4572 trained expert observations
and 872 citizen observations, of which 269 were made using the mobile phone
application,  were  received  in  the  summer  of  2011.  In  the  summer  of  2012,
4427 expert observations and 319 citizen observations (156 mobiles) were re-
ceived, and in the summer of 2013, 4150 expert observations and 465 citizen
observations (134 mobiles) were performed. We compared the citizen observa-
tions with the expert observations in order to determine the reliability of the
citizen observations. We couldn’t directly compare the citizen and expert ob-
servations, because they were not made in the same location or at the same
time. The mobile phone citizen observations were made wherever citizens
were moving and whenever they had time and will to make observations,
whereas expert observations were done regularly in pre-determined locations.
We calculated weekly averages of both citizen and expert observations and
calculated the correlations between the averages. In order to estimate the ac-
curacy of the correlations we used the bootstrapping method, in which the
observed data are used as an approximating distribution of the real distribu-
tion. We resampled random samples from each week’s dataset and constructed
a sampled observation dataset for each week that was equal in size to the orig-
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inal dataset. We then calculated new sampled averages for each week, and
used them in calculating the correlations between citizen and expert observa-
tions. As a result, we obtained distributions for weekly averages and also for
the correlations of the weekly averages, and from the distributions we calculat-
ed the confidence intervals both for the weekly averages and the correlations of
averages. The correlations between the weekly averages of citizen and expert
observations were: 0.72, 95% confidence interval (CI) [0.53 0.86]; 0.65, 95%
CI  [0.35 0.86]; and 0.56, 95% CI  [0.29 0.76]  for  the  years  2011,  2012  and
2013.  Figure  14  shows  example  results  from  the  year  2011,  other  results  are
given in Publication V.

Figure 14. Weekly bloom intensity averages of citizen and expert observations and 95% confidence
intervals in the summer of 2011 (on the left), and the histogram of the correlations of the expert and
citizen observations produced using the bootstrapping method (on the right).
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4. Discussion

In this section we discuss the contribution of the thesis in relation to the re-
search questions. We organise the discussion around the specific research
questions, namely Q1: How could the orchestration of information processing
be implemented to address the challenges of near real-time environmental
information delivery?, Q2: How could the information be presented to sup-
port situation awareness and improve decision making?, and Q3: How could
end-users be harnessed to collect additional data from the local environment
to complement other data sources in the information processing?

4.1 Q1: Orchestration

4.1.1 Addressing the challenges

The challenges of near real-time environmental information delivery guided
our work of implementing the orchestration of information processing, deliv-
ery and data collection from end-users. The challenge of integrating heteroge-
neous distributed systems suggested the use of the Service-Oriented Architec-
ture (SOA) paradigm, in which the data sources and processing components
are loosely coupled and access each other via well-defined interfaces. Work-
flow control is required to orchestrate the information processing, and for this
purpose we developed architectures based on Business Process Execution
Language (BPEL) and Enterprise Service Bus (ESB) technologies.

Loose coupling helps in solving the challenge of extensibility and configura-
bility, as new sources or processing units can be added when requirements are
extended. It can also improve operational reliability, as components can be
substituted with other components providing similar functionality. For exam-
ple, if some input data source fails to deliver data, the source could be substi-
tuted with another source providing similar data. On the other hand, if a pro-
cessing module ceases to function, the system could use an alternative module
to finalize the calculations in time. The central workflow system controls and
tracks the message delivery between the services and can detect anomalies in
the processing and react accordingly. For example, if some processing compo-
nent fails to complete its task in time, the central control can trigger other ser-
vice calls that try to solve the problem, use substitutes, alert human operators
and notify data end-users about delays or quality problems. However, loose
coupling requires well-defined interfaces of the service components and prop-
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er testing so that components behave according to the specification, work as a
part of a workflow and can be substituted with components providing similar
functions.

The challenges of operational reliability and scalability suggested the use of
cloud services for computing and data storage. Cloud computing is foreseen to
provide the 5th utility, after water, electricity, gas and telephony, for meeting
the everyday needs of  the  general  community  (Buyya et  al.,  2009).  Lee et  al.
(2010) demonstrated that cloud computing resources are sufficiently elastic to
deal with the unpredictable loads of real-world sensing applications. Cloud
services also help in tackling the challenge of cost-efficiency. The required data
processing, data storage, networking and uptime availability can be gained
without the need to invest in and maintain the computing hardware and re-
quired expertise. Resources can be adjusted to meet the changing needs for
data input, storage and processing, and thus keep the costs at an optimal level.
The data can be automatically replicated to different server farms in different
geographical locations, depending on the cloud service provider, which im-
proves the reliability of data storing.

The challenge of relevance of data delivery guided us towards event-based
architecture, anomaly detection and delivering data only when relevant chang-
es are detected. The Data operator prototype aims at observing the environ-
ment and data sources on behalf of the end-user applications and notifying
relevant changes in the data or in the environment. In a static situation it
might be that no data are delivered at all, but the data flows are triggered when
relevant phenomena are detected. For example, a decline in the forecasted
water  quality,  or  high  winds  caused  by  an  approaching  storm  centre,  are  ex-
amples of triggering events. A failure in a data source or missing data values in
a data stream are examples of quality anomalies that the user or system opera-
tor might be interested in. In the prototype we used only simple algorithms for
anomaly and quality problem detection, such as detecting threshold values of
parameters, but in future work more advanced algorithms might be used. For
example, algorithms for near real-time anomaly detection of sensor stream
data have been developed by Yao et al. (2010) and by Hill and Minsker (2010).
However, there are limits to what an algorithm can detect and in many cases
only human users can interpret the situation. There is also a question of re-
sponsibilities when decisions are made. Was a bad decision due to data quality
problems, information delivery problems, a programming error in the algo-
rithm interpreting the situation, a logical error in the algorithm, or human
error in interpreting the situation?

4.1.2 Data operator

The challenges of cost-efficiency and timely delivery led the development to-
wards a Facade component that firstly wraps the synergies in the data pro-
cessing tasks serving multiple end-user needs, and secondly is an active top
level orchestrator that fulfils end-user information needs in a suitable time
frame. Data operator was defined as an extension of Facade towards serving
multiple applications in wrapping synergies in processing. When a single ap-



Discussion

47

plication is built by a sole developer (or cooperating developers), it is possible
to design the architecture so that the processing is performed efficiently, min-
imising redundant tasks. However, when multiple applications are developed
by multiple developers the coordination is more challenging and even though
all developers would benefit from a common implementation it would be more
difficult to achieve. We succeeded in developing a Data operator prototype as
we were involved in a larger research program that developed multiple appli-
cations (Measurement, Monitoring and Environmental Efficiency Assessment,
MMEA), and a common solution was possible because application developers
were communicating about mutual problems.

4.1.2.1 Fragmentation problem
The Data operator model is relevant when applications are using the frag-
mented environmental data sources. Instead of implementing the data access
many times by different applications, the applications should coordinate their
efforts and implement the access only once. Despite open standards and open
data trends, fragmentation of data sources is the reality which applications
face. This has been noticed by many authors. For example, Goward (2007)
wrote: “With all this wealth of land observations it is increasingly difficult to
understand why these remotely sensed data are not a more pervasive element
of data systems that help inform human societies about the state and dynamics
of our home planet.” After nearly ten years the situation has improved, but still
interoperability of environmental data is a big issue. Giuliani et al. (2011) stat-
ed that although administrations and governments are recognizing that geo-
spatial data are an important component of an information infrastructure
(such as e-government), a huge amount of geospatial data is stored in different
places by different organizations, and the vast majority of these data are not
being used as effectively as they should be. Ceccato et al. (2014) wrote that
many barriers remain in terms of data, services, practice and policy that need
to be overcome if climate and environmental information are going to play a
significant part in reducing climate-related risks. They listed barriers including
lack of access to relevant local and globally accessible data and lack of policies
for data sharing as well as technological constraints to knowledge and data
sharing. Yue et al. (2015) stated that with countless different sensors generat-
ing heterogeneous data varying in quality, precision, type, format, scale,
granularity, structure and semantics, data integration, sharing, reuse, and pro-
ject collaboration across disciplines have become a major bottleneck limiting
the use of the data.

There are more and more environmental data available produced by various
in-situ sensors, remote sensors, computational models making predictions,
human specialists, and citizens using their mobile devices. The data are pro-
duced by private and public stakeholders globally. We can estimate that the
amount of environmental data is growing at the same exponential rate as the
amount of data overall. However, at the same time there is a growing amount
of data that are not used to their full potential. The problem is that the data are
distributed throughout various systems in various organisations in various
countries. Instead of being interoperable the data are fragmented inside these
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various systems and cultures, and cannot be used seamlessly in applications.
We can distinguish between different types of fragmentation:

· Fragmentation in space and time. Different sensors and models have
different spatial and temporal resolutions, and the data cannot be
combined without data synchronization, such as interpolation, ex-
trapolation and advanced data fusion algorithms.

· Fragmentation in technology. Different sensor systems and computa-
tional models are based on different technologies and on different
principles, and are using different data models and formats to store
and exchange the data.

· Fragmentation in semantics. Different organisations, different coun-
tries, and different disciplines have different traditions and legacies
and therefore different semantics to describe the very same data pa-
rameters and measurements.

· Fragmentation in data quality. Some systems consider data quality
more seriously than others. For example, official weather observations
might be carefully calibrated and the measurement methods and loca-
tions are carefully designed, whereas a participatory weather sensing
system might use layman observers and a variety of devices with vary-
ing data quality and without any guarantees of calibration.

· Fragmentation in data politics. Different organisations have differing
views on how the data should be shared, or should it be shared at all.
For example, companies may keep the data only for their own purposes
and business reasons.

4.1.2.2 Data operator to mitigate fragmentation
As described in the introduction, there are ongoing activities promoting devel-
opment of standards for sharing data (e.g. OGC) and opening at least publicly
produced environmental data (e.g. INSPIRE). There are also efforts to develop
new technologies for increasing the interoperability of systems producing en-
vironmental data. Bröring et al. (2011) considered the integration of various
sensor systems on-the-fly with minimal human intervention. Nativi et al.
(2013b) presented the GEO model initiative, which is a generic concept for
increasing access to environmental models and their outputs and to facilitate
greater interaction between models, resulting in webs of interacting models.
Nativi  et  al.  (2013a)  discussed  a  brokering  approach  for  promoting  multi-
disciplinary interoperability, i.e. interoperability among diverse disciplinary
and domain systems such as those of meteorology, biodiversity, climate, seis-
mology, etc. Yue et al. (2015) envisioned the emergence of intelligent
GIServices that facilitate information discovery and integration over the net-
work and automate the assembly of  GIServices  to  provide value-added prod-
ucts helping users to perceive environmental surroundings.

Although these efforts provide architectures, technology and standards for
interoperability, they do not discuss how systems are encouraged to adopt
these technologies and standards. In many cases the need for interoperability
is not taken into account when systems are designed and built, because there is
no need for  interoperability  at  the  time.  If  a  system is  designed to  serve pur-
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poses  of  one  company  only  there  is  no  need  to  design  it  to  be  interoperable,
even though the data would be valuable to other systems and applications lat-
er. Therefore, standards for interoperability, open data trend and goodwill are
not sufficient to solve the fragmentation problem and get environmental data
into use.

The Data operator model was developed because the fragmentation problem
exists – we wanted to solve the access to fragmented data sources only once for
all the applications. One interesting question for future research is to find out
how Data operator helps mitigate the fragmentation problem. Fragmentation
increases the costs of accessing data originating from various sources. As Data
operator considers the synergies in data and processing needs of various appli-
cations, it thus reduces the costs of implementing and running the applica-
tions. This benefits the applications that can as a result use more data, which
again benefits data providers who can sell more data to applications. Data op-
erators can be considered as two-sided platforms which benefit both data pro-
viders and data users. Two-sided platforms provide infrastructure and rules
that facilitate the two groups’ transactions (Eisenmann et al., 2006). The two
groups are attracted to each other by a phenomenon that economists call the
network effect. This opens up a business potential for companies implement-
ing the Data operator model.

In  the  future,  there  could  be  Data  operator  companies  that  make  profit  by
mediating data processing between data providers and data users. They will
serve applications with environmental information and provide data owners
with a channel to sell their data to new applications, and thus they create a
motivation to get the data into use from fragmented systems. However, at the
initial phase of developing a two-sided platform a common problem called the
‘chicken-and-egg’ situation may prevent the platform from emerging. In a
chicken-and-egg situation there are too few participants on each side of the
platform, which inhibits the positive feedback of the network effects. The in-
ter-dependence of demand on both sides requires a decision on which side to
develop first (Evans and Schmalensee, 2010). Future research is needed to
solve the ‘chicken-and-egg’ problem of Data operator companies.

4.2 Q2: Information presentation

Information presentation is an important part of an information delivery ar-
chitecture and the challenge of delivering relevant data. The whole architec-
ture processes relevant information from the end-user point of view, but the
presentation ensures that the information is delivered, understood and applied
in the decision making. Visualisation is an efficient way to present the multi-
tude of data, as humans are good at visual perception, image analysis and rec-
ognising patterns, colour, movement and shape. However, without careful de-
sign the human visual system is easily overloaded and the information is not
delivered. Visualisation of environmental data has been studied earlier. For
example, Rink et al. (2014) developed methods to visualise environmental data
that are used as an input to environmental models in order to find inconsist-
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encies and artefacts in the data before model runs, Lundblad et al. (2011) con-
sidered how visualisation of weather data can help in verifying weather fore-
casts and analysing the situation, Nelson et al. (2011) developed methods to
visualise time-dependent multidimensional water quality data, and Multimäki
et al. (2015) studied the visualisation of rain, humidity and pollen concentra-
tions on the same map presentation.

We  applied  a  method  used  widely  in  the  field  of  GIS  (Geographic  Infor-
mation System) and visualised different information sources as layers on a
map that the user can switch on and off, thus choosing the data sources he
wants to focus on. However, as our users are operating in a dynamic environ-
ment the time dimension of the data becomes an important factor. All the data
objects have geographical coordinates and time coordinates, and as the user
browses in time and space those objects whose coordinates match the view
settings are drawn. When the user browses forward or backward in time an
animation can be shown on the screen. However, one challenge is to cope with
the different time resolutions of different data sources. For example, satellite
images can be taken on consecutive days, while an ice model forecast uses
three-hour time steps. The user must have experience and understand the time
differences in the presentation in order to interpret the situation correctly.

We wanted to go further than just to visualise various information sources in
different layers. We considered the use of automatic analysis to interpret the
situation on behalf of the user, and instead of presenting multidimensional
information to reduce the complexity and give optimal route choices to sup-
port the route planning. This could be considered as an ultimate data com-
pression, as instead of all data only route points are delivered, presented and
used in the decision making. The ship route optimization through the ice field
is a difficult problem, as ice field modelling and ship transit modelling are both
difficult tasks by themselves. Previous studies have considered mainly ship
route optimisation in open waters (e.g. Benjamin et al.,  2006, Witt and Dun-
babin, 2008, Kosmas and Vlachos, 2012), but work has also been done on ship
route  optimisation in  ice-covered waters.  Nam et  al.  (2013)  developed an ice
navigation method for the Arctic areas using Dijkstra’s algorithm, Choi et al.
(2013) developed a method based on the genetic algorithm and tested it on a
static ice model output in the Arctic region, and Guinness et al. (2014) applied
A* algorithm to route optimisation taking into account ice conditions and
available icebreaker assistance.

One key question concerning application of automatic analysis of the situa-
tion is whether the end-users are willing to trust the results calculated by the
system. Because of the uncertainties in ice modelling and ship transit model-
ling there are many uncertainties in the optimisation results, and more experi-
enced captains probably want to plan routes by themselves using the latest
satellite data, weather forecasts and ice model outputs. However, finding an
optimal route using multidimensional data is not an easy task for humans,
although suitable for computers. Therefore, automatic analyses could give ad-
ditional value for decision making. For example, in cases when the ice model
has predicted the development of the ice field correctly, even an experienced
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user could trust the routes calculated by the computer and take them into ac-
count in route planning. The usability of the optimised routes also depends on
the situation that the user faces. When ships are moving in areas where the
route choices are limited or they need to follow strict orders by icebreakers,
independent navigation is not possible. On the other hand, route optimization
might  be  useful  in  areas  where  there  are  many  route  alternatives  or  no  ice-
breaking assistance is available. In addition, the route optimization could be
used by icebreakers to estimate safe routes for ships they are assisting.

Improvements in the current implementation should be considered to im-
prove the usability. We used a visual presentation of the variability of the op-
timum, but in the future a numerical calculation of the uncertainties could be
presented. The three parameters that were used to describe the ice field, name-
ly the level ice thickness, the ridged ice thickness and the ice concentration,
describe the mean effect of the varying ice thickness to the ship’s transit. In the
future,  we could consider  using more detailed description of  the  ice  field,  for
instance a probability density function (pdf) of the ice thickness and calculate
pdf’s of ship speeds and transit times instead of plain mean values. For in-
stance, the probability of getting stuck could be a relevant variable in compar-
ing route alternatives. However, presenting pdf’s to end-users increases again
the complexity of the presentation and requires that the users are familiar with
the concept of probability.

Ice thickness is not the only factor affecting the ship speed. The movement of
the  ice  field,  i.e.  ice  drift,  should  also  be  included  in  the  optimization,  as  it
might cause compression in ice which makes the ice field more difficult to
penetrate, or decompression that might open up new leads (widened cracks in
the  ice  caused  by  divergence  in  the  ice  field,  Wadhams,  2002).  Ships  try  to
follow leads and also tracks made by other vessels, but modelling these accu-
rately is a challenge for ice models. However, observational data could be used
to update ice model outputs concerning leads and tracks. In addition to satel-
lite data, one source of information would be other vessels moving in the area,
their tracks and performance in the ice, images captured by ship radars and
observations made by humans on board. This leads us in the next section to
discuss harnessing end-users as data collectors.

4.3 Q3: Harnessing end-users

We demonstrated two different approaches for harnessing end-users for col-
lecting information from the local conditions, an opportunistic approach using
ships and ship radars as sensors and a participatory approach enabling citizen
end-users to make observations actively. In the opportunistic approach, the
ships operate normally in the ice and the observations are collected as a side
product without affecting the actual operations. In the participatory approach,
citizens are required to actively observe water quality and deliver their obser-
vations with a mobile phone or a web application.
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4.3.1 Ships as sensors

The demonstration showed how ships could be used as sensors of the traffica-
bility of the ice field, and ship radar images can be used as an additional source
of information about the local conditions. The use of vehicles and vehicle in-
strumentation as opportunistic sensors has been suggested previously. Marine
observations from ships have a long tradition, but lately technology has ena-
bled more efficient measurement by taking advantage of ships as mobile plat-
forms for automatic water quality and meteorological data collection (Pe-
tersen, 2014). In addition to marine observation, vehicles have been used as
sensor platforms on land. Haberlandt and Sester (2010) suggested and ex-
plored theoretically a method for using car windscreen wipers as rain detec-
tors, and Perttunen et al. (2011) presented a method to determine road surface
conditions by using accelerometer and GPS readings from a mobile phone at-
tached to a rack in the windshield. Varanka et al. (2008) presented a method
to determine road slipperiness based on information of heavy vehicle front and
driven axle speeds, engine speed and torque, and Tergujeff et al. (2014) ap-
plied the method for a fleet of heavy vehicles to determine road slipperiness in
a wider geographical area. Bröring et al. (2015) presented the enviroCar plat-
form  for  collecting  automobile  data  for  traffic  monitoring.  Guo  et  al.  (2016)
presented a method to use standard cars equipped with conventional low-cost
sensors as data collectors to support more accurate lane mapping for naviga-
tion purposes, e.g. for enhancing autonomous driving.

In the demonstration of ships as sensors we had only one image capture de-
vice  on  board  a  single  ship,  and  thus  we  could  not  test  mosaicing  of  images
coming from multiple ships at the same time. However, we formed mosaics
using images captured from multiple tracks of a single ship, which demon-
strates the idea of using images from multiple ships. Despite the promising
results we have not yet applied the method to a fleet of ships (e.g. icebreakers).
Image mosaics combining images from many ships would cover a larger area
and update the information in the satellite images. They would consist of im-
ages from the same time but different spatial locations, and ice drift calcula-
tion could be performed by comparing radar images taken from different ships
operating in the same area, with each other and with satellite images. In addi-
tion, radar images taken from different locations, but looking at the same fea-
ture in the ice field, could reveal additional information that facilitates the in-
terpretation of the ice field. Radar images are not an alternative to satellite
images but they can be utilized in data fusion with these. The Sentinel-I mis-
sion of the European Space Agency (ESA) consists of two satellites and im-
proves the imaging frequency compared to previous single radar satellite sys-
tems. However, when the ice field is moving and the situation changes rapidly,
additional image data from local conditions could be useful. Even a single im-
age capture device installed in a carefully selected radar location could give
relevant information about the movements of the ice field to estimate ice com-
pression (converging ice) in the area.

Using ships as sensors of the trafficability has been used by icebreakers op-
erating in the Baltic Sea. Ship captains have already earlier used the speed of a
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certain ship as an indicator of the ice conditions in that area. They estimate the
ice thickness based on their know-how about the performance of various ships
in ice. Using the AIS (Automatic Identification System), the speeds of all ships
can be accessed, which improves the feasibility of the method. We used a sim-
ple algorithm to determine ICE-v curves that can be used to estimate the speed
for a ship given the ice conditions equivalent (ICE), or the ice conditions
equivalent given the ship speed. However, the determination of ICE-v curves
using the data available contains major sources of uncertainties. Since the AIS
does not include engine parameters we have to assume that the ships are using
full (or nearly full) thrust when moving in ice. In reality, they do not necessari-
ly  use  full  thrust  all  the  time  or  they  can  be  slowing  down  for  other  reasons
than thicker ice. In the future, there should be access to non-static propulsion
system parameters in order to determine the thrust delivered by the propel-
lers. This would enable more accurate estimations of the resistance caused by
the ice field and improve the statistical determination of ICE–v curves. Anoth-
er source of error is the information about the prevailing ice conditions. Ice
charts and ice models are the best view to the situation in any given point, but
they contain spatial and temporal uncertainties. In addition, they do not in-
clude  tracks  made  by  other  vessels  or  leads  that  the  ships  may  follow  and
achieve higher speeds than one would expect from the ice thickness given by
an ice chart.

4.3.2 Citizens as sensors

We demonstrated the use of citizens as observers of the algae situation. Based
on our analysis, the systematic positive correlations between the expert and
citizen algae observations in successive years suggest that citizen observers can
extend the current observation network spatially and temporally and provide
additional information that supports the algae monitoring. The usefulness of
citizen observations was recognised earlier by e.g. Delaney et al. (2008), who
concluded that with proper training, citizens can provide reliable aid in collect-
ing knowledge about both native and invasive crabs. A study by Gallo and
Waitt (2011) concluded that citizen scientists are able to detect and report in-
vasive plants in their local areas, and that the data can be used by professional
scientists. D’Hondt et al. (2012) created noise maps based on citizen observa-
tions, and concluded that they are comparable to official simulation-based
noise maps.

We wanted to validate the method in realistic conditions, i.e. to collect ob-
servations from volunteers who were moving close to waters and wanted to
report algae observations. The differences in location and timing of expert and
citizen observations did not enable direct comparisons and caused uncertain-
ties in the results, as we used averaging of both space and time. When looking
at the graph in Figure 14 we notice that the citizen observations are biased to-
wards higher bloom intensity values than the expert observations. It appeared
that citizens made fewer ‘no algae detected’ observations than the experts. Ex-
perts were instructed to observe being there are algae or not, but citizens ob-
served whenever they found it useful. Citizens tend to make observations more
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often when algae are visible and omit ‘no algae’ reports. In the future, to study
the quality of citizen observations in comparison to expert observations in
more detail, a special campaign should be organised to ensure that citizens
and experts observe the same algae situation in the same region at the same
time.

There are still open issues related to participatory sensing, such as how to
motivate the citizens to participate and continue making observations, how to
ensure the quality of the data produced, how to preserve the data privacy and
enable trust between observers and the system, and how to enable continuous
activities instead of project-based campaigns. Different frameworks have been
suggested to motivate citizen observers. Reddy et al. (2010a) presented a re-
cruitment framework for identifying potential participants for data collections,
and Juong-Sik and Hoh (2010) discussed an incentive mechanism for stimu-
lating participatory sensing applications. Micro-payments as an incentive
mechanism were explored by Reddy et al. (2010b). Gamification has been
studied as a method for motivation for example by Han et al. (2011) and Bow-
ser et al. (2014).

Haklay  et  al.  (2010)  and  Comber  et  al.  (2013)  discussed  the  importance  of
data quality when using VGI (Volunteered Geographic Information). In many
cases, the quality of data varies, it is not documented, it fails to follow scientific
principles of sampling design, and its coverage is incomplete (Goodchild and
Li, 2012). Kalantari et al. (2014) discussed the common lack of metadata asso-
ciated with data, and suggested that creation of metadata can provide better
understanding and appreciation of data quality. See et al. (2013) compared the
quality of remote sensing image analysis performed by experts and non-
experts, and discussed the relevance of training material in cases where non-
experts had difficulties.

In citizen science systems there is a risk of faulty input due to human errors
or even service misuse. The risk for misuse is higher when no registration to
the service is required. We did not require any registration for the mobile part
of the system, which makes adoption of the system easier, but, at the same
time, makes misuse of the system more likely and hampers the analysis of user
activity, motivation and data quality. In addition, when the observations are
based on human senses the measurements are not of uniform quality, but vary
according to individual skill, sensitivity and mood. Tasks should be designed
to cope with these kinds of error sources. Alabri et al. (2010) described a
framework combining the data quality control and trust metrics to enhance
the reliability of citizen science data. Kuan et al. (2010) and Yang et al. (2011)
proposed reputation management systems to evaluate the trustworthiness of
gathered data. Sunyoung et al. (2011) suggested that creating a successful citi-
zen sensing application requires designing the application together with vari-
ous stakeholders and ensuring that the gathered data can be put to use.

One relevant issue about harnessing citizens as data collectors is the continu-
ity of the activities. There are examples of successful projects in which citizens
have  provided  additional  value,  but  the  activity  has  ceased  when  the  project
has ended. In the future, new mechanisms, standards and cooperation be-
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tween public and private stakeholders are needed to enable new markets for
citizen contributions. Commercial interests for companies to develop citizen
science systems and use citizen data in their business would enable sustainable
activities and make citizens a continuous data source to complement other
sources. In the future, Data operator companies could implement the syner-
gies in citizen data collection and data exchange between systems, find new
value for citizen data and promote the emergence of new participatory sensing
markets.
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5. Summary and conclusions

Timely delivery of relevant environmental information is crucial for decision
making in dynamic environments. This thesis developed improvements in de-
livering near real-time information about the surrounding environment to
support decision making in dynamic environmental conditions. We focused on
two application cases, ice navigation and water quality monitoring, and
formed three specific research objectives to find answers to three specific re-
search questions. We wanted to improve the orchestration of the information
processing in order to tackle the challenges of near real-time environmental
information delivery, to improve the information presentation to end-users,
and to harness end-users as collectors of additional data about the local condi-
tions to support other information sources.

To study the research questions we developed information processing and
delivery orchestration architectures using the Service-Oriented Architecture
(SOA) model, Business Process Execution Language (BPEL) and Enterprise
Service Bus (ESB) model. We developed an orchestrator component called
Facade to manage the synergies in the data processing from the point of view
of one application serving a multitude of end-users with different needs, and
extended the Facade model towards the Data operator model that implements
the synergies of data processing of a multitude of applications. We considered
how the information presentation could be improved by using automatic anal-
yses to reduce the complexity of multidimensional data and applied route op-
timisation to the ice navigation case. Finally, we applied opportunistic meth-
ods for harnessing ships and ship radars to collect additional data to support
ice navigation, and participatory methods to harness citizens to make observa-
tions about water quality to complement expert observations and satellite da-
ta.

As a conclusion, we answer the main research question: How could near re-
al-time environmental information delivery be improved to reduce the
amount of surprise and better support decision making of both professional
and layman end-users operating in dynamic environments? We  found  that
three system design principles can be used. By organising the synergies in the
data processing according to the Data operator model, applications can access
the fragmented data sources more efficiently, save costs in the implementation
and  running  of  the  system,  and  improve  the  robustness  of  the  information
delivery. Information presentation is a relevant part of the information deliv-
ery chain and by using a computer to analyse the situation on behalf of the
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user  we  can  reduce  the  amount  of  data  delivered,  reduce  the  complexity  of
information presentation and support users in decision making. Harnessing
end-users as data collectors can provide additional information that comple-
ments other data sources and supports the situational picture. Figure 15 pre-
sents an updated version of Figure 1 in which we have added the three system
design principles to the conceptual view: Data operator to implement the syn-
ergies in accessing and processing data, automatic analyses to reduce the
amount of data delivered and support the information interpretation by reduc-
ing the complexity of information presentation, and data collection from end-
users to complement other data sources.

Figure 15. Answering the main research question. Near real-time environmental information delivery
can be improved by 1) Data operator to implement the synergies in the data processing and data access,
2) automatic analyses to reduce the amount of data delivered and to support the information interpre-
tation, and 3) harnessing end-users as collectors of data about local conditions.

We focused on two application cases and are limited to those in our studies.
However, as a final conclusion we suggest that the design principles could be
applied to other applications coping with near real-time environmental data
such as road traffic, weather, air quality, disaster and built environment moni-
toring. In addition, the methods could be extended to environmental monitor-
ing and environmental informatics applications that consider historical time
series, long-term analysis and longer time scales (seasonal, annual, etc.), for
example to tackle air pollution, deforestation and climate change.

Open data and open interfaces are important elements for accessing data
sources,  but  they  are  not  adequate  to  guarantee  the  optimal  use  of  ever-
increasing amounts of environmental data. The whole processing chain from
data sources to end-user awareness should be considered in order to take full
advantage of the data. The amount of data is increasing due to technological
advances and the global interest in environmental issues. Humanity is produc-
ing more and more data about the environment, either by intentional envi-
ronmental monitoring or unintentionally by various activities and processes in
society. In addition to traditional environmental monitoring, environmental
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data are produced by people moving in the environment using mobile devices
equipped with sensors, by people using social media tools to take pictures and
videos, make sound recordings and write texts about environmental issues,
and by human-driven and autonomous vehicles that measure the environmen-
tal conditions for navigational purposes. New methods are needed to improve
the use of these data in decision making in society.
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