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Abstract

Maritime vessels are complex systems that generate and require the utilization of large amounts of data for maximum efficiency.
The successful utilization of sensors and IoT in the industry requires a forward-thinking approach to leverage the benefits of
Industry 4.0 in a more comprehensive manner. While processes and manufacturing processes can be improved and advanced
through such efforts, in order the industry to be able to benefit from data generation, integrated approaches are necessary. In order
to develop truly value-added vessels, we introduce a descriptive approach for understanding Maritime 4.0.
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1. Introduction
Digitalization and the dynamics of the maritime industry are
driving a need to rethink how connected systems and IoT can
be leveraged to create the next stage in vessel development.
The maritime industry is critical to social and economic
development, accounting for roughly 90% of the EU’s external
freight trade with more than 400 million passengers embarking
and disembarking in European ports each year [1]. Surrounded
by 136,000km of coastline Europe has been a world leader in
maritime activities for the past century.
In an effort to facilitate and increase the competitiveness of
the European maritime sector, lessons learned from the
manufacturing and vessel industry have served as a key
element in future development. This includes the incorporation
of new technologies, materials and optimization processes into
the engineering and design practices of the greater industry

[2,3]. Through the integration of reporting and real time
tracking technologies in vessels the amounts of data being
collected and generated over the past 5-years has grown
exponentially [4,5]. Despite a rise in the amount of data being
generated, a challenge remains in how to leverage it in the most
efficient manner to support the next phase of development.
Within the field a lack of clarity is evident from the
multiplicity of descriptions and terms used with respect
Industry 4.0 (I4.0) and even more complicated in the field of
maritime. Based on this, this paper consolidates principles that
reflect the objectives of Maritime 4.0 (M4.0). In an attempt to
address this, this paper incorporates industry technical
literature, published cases and common figurative usage to
present an initial basis that aims to support the formalization of
M4.0. Highlighting critical research areas and presenting
current research that has been performed to support the
digitalization in maritime development.
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1.1. RESEARCH APPROACH
As digitalization grows in importance as a consideration in
the design, production and operation of vessels there is a need
to have a well-defined basis for 4.0. To this point the
incorporation of digital technologies has been user driven,
however due to opportunities for improvement the producers
can now also leverage technology for their own means.
The characteristics and principles introduced in this paper
were developed out of a series of interviews performed with
industry experts, literature and industrial materials. In the first
instance, a series of interviews was conducted on “4.0” in the
maritime industry. It was found that there is a general lack of
consensus regarding what the term means and how it relates to
the industry. That raised the research question – ‘What is 4.0 in
relation to the maritime industry?’
Through a rigorous, empirically grounded, and contextually
relevant means the main contribution of this paper is the
provision of an organized set of characteristics related to 4.0
and introduce a practical definition.
2. OVERVIEW OF INDUSTRY 4.0
The technological basis for the I4.0is the Internet of Things
(IoT), first proposed in 1999 by the MIT [6]. Since its
inception, I4.0 has gained tremendous interest worldwide,
since its origin in 2011 by the German government to address
and bring forth advancements in data management, device
communication and digitalization. I4.0 refers to the fourth
industrial revolution, characterized by the incorporation of IoT
and IoS in the manufacturing industry. The industrial
transformation leverages Cyber-Physical Systems (CPS),
internet and future-oriented technologies and enhanced humanmachine interaction paradigms to deliver value added
processes [7–9]. I4.0 has been operationalized through
different national initiatives, some examples are “Industry 4.0”
in Germany, “Industry 2025” in Switzerland, “Smart
Manufacturing” in USA, “Industria 4.0” in Italy, “Norge 6.0”
in Norway, “Usine du Futur” in France and “High Value
Manufacturing” in UK. Illustrating that its name has not been
consolidated even at an International level.
Considering these efforts, many studies have been
undertaken to describe how syncretistic components function
and identify enabling technologies needed for successful I4.0
implementation. For this, it has been determined that it is
essential to understand the relationship between physical
objects used to control and improve the integration between the
physical and digital world [10]. This utilizes intelligent
manufacturing technologies to communicate and deliver large
amounts of data in to allow for better predictability and
optimization capabilities [11,12]. This in effect merges
historically separate worlds, creating a synergy between
operational technologies and information technologies.
Considering the numerous interpretations, I4.0 in this paper
is understood to be a collaborative digital end-to-end
integration process (socio-technical), operating through a
vertical and horizontal integrated production system. This shift
aims through the following enabling technologies to increase
the availability of data for decision making.
• Internet of Things (IoT) refers to a global dynamic
network, linking uniquely identified physical and virtual

objects for the purpose of communication, configuration
and actuation [13–15]. This includes autonomy and privacy
for the management and collection of data.
• Intelligent Robots and Automation (IR) carry out and
perform planed and unplanned operations while interacting
with people or other systems [16–18].
• Cloud Computing (CC) is a computing technique or
service that allows for the storage and processing of data or
resources through computing units connected by IP
networks [19–21]. CC provides accessibility to
manufacturing data from outside of the facility.
• Additive Manufacturing (AM) is the process of joining
materials to make and produce objects from 3D model data,
as opposed to traditional subtractive manufacturing
approaches. Reducing transport distances and stock on hand
for the production of customized accurate and strengthened
intricate objects [22–25].
• Big Data Analytics (BDA) enables the collection and
evaluation of data from different sources to support realtime decision making, optimize production and improves
equipment service. BDA provides the ability for data to be
collected in real time to provide the right information for the
right purpose at the right time to the right person [18,19,26].
• Intelligent Simulation (IS) leverages real-time IoT data in
a virtual model, so that engineers, operators and managers
to test and optimize systems before implementing a physical
changeover. This reduces the down time of machines, the
setup time, while increasing production quality [27,28].
• Augmented Reality (AR) supports a variety of services that
support human workers respond to rapidly changing
production environments, such as selecting parts in a
warehouse and sending repair instructions through a
networked and connected system [27,29,30].
The goals of these technologies are to provide for the mass
customization of products; expand the use of automatic and
flexible systems and to facilitate the communication between
parts, systems, and humans. I4.0 enables the improvement of
products, the creation of new services and ability to refine
business models for better communication in the value chain.
3. DIGITALIZATION IN MARITIME
As the data and technologies continue being developed,
M4.0 has become increasingly important to the European
maritime. Given high dynamic pressures there is a need for
improved efficiency; in design, production, and operation.

Figure 1: Timeline of in maritime navigation technologies [31]
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The literature considered in this section is based upon the
findings of academic publications that were found to have
relevance to Shipbuilding 4.0, Shipping 4.0, Maritime 4.0, and
Shipyard 4.0. Due to a wide disparity of 4.0 in the industry
amongst academic publications, it was decided to include
business reports, technical publications and white papers.
3.1. System Design and Construction
The world is getting more connected and the needs of
customers are becoming more demanding and dynamic. From
design, shipbuilding, and maintenance, to the optimization of
cargo routes the maritime sector continues to evolve in
response to economic, political, demographic, and
technological trends. Accordingly the utilization of digital
technologies allows these trends to be met in a preemptive and
responsible manner.
Vessel design and construction continues to heavily rely on
the utilization of knowledge from past projects. Consequently,
the development and inclusion of digital technologies has been
limited, with adoption taking many years before the full
benefits of the technology can be realized. Recognizing this,
the table below briefly illustrates the levels of implementation
4.0 technology currently in the industry, regarding; Vessel
Design, and Vessel Construction.
3.1.1. Vessel Design
Vessels are complex systems that designed through an
iterative and multifaceted process, influenced by a number of
factors (both internal and external) [32]. Depending on the
requirements set forth by the customer, designers are required
to develop cost efficient vessels capable of performing specific
tasks, while maintaining strict adherence to both international
and national rules or regulations [33]. However, finding the
best balance within these restrictions is a challenge for the
designer/engineer, system integrator, and shipyard.
Determination of the basic design type is a critical factor
when determining the parameters and processes that will be
undertaken from conception to delivery. Historically, new
vessels are based on existing designs that integrate minor
breakthrough innovations, which dates back to when ship
design was often determined based on experience. This
prescriptive allows for quick and straight forward to
application. Managing the specific requirements, stakeholder
interests (builders, cargo owners, customers, ports operators,
classification societies, environmental matters, comfort of the
crew/passengers, etc.), optimization criteria and technical
feasibility. In addition when designing a “standard” vessel, this
conservative approach reduces the risk for failure and ease for
verifying compliance to national and international legal
regulations [34].
• IoT: Recognizing the traditional vessel design approach and
subsequent processes, the incorporation of data into the
design process from sensors and Personal User Information
(PUI) is limited [35,36]. While the utilization of such data is
to this point limited there are several examples of vessels
being produced that have utilized incremental improvement
for the improvement of fuel efficiency [36].
The prescriptive incorporation of PUI data could result in
the mitigation of subjective design decisions, and thereby
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allow for increased performance and value of the vessel for
prospective stakeholders. Despite the acknowledged
potential benefits of using PUI and sensor data in the design
process there are challenges that must be considered in
insure that relevant, accurate and reliable data is articulated
to those involved. Due to the relative newness of integrating
data streams into vessel design decision [37]. This can
facilitate the incorporation of data beyond 5rweather and
location information to be used in the generation of new
designs. Providing designers with not only PUI and
performance data but also structural and mechanical data.
• Intelligent Simulation: Regarding design, data integration
and machine learning coupled with CAD and CAE solutions
provide the ability to reduce cost and improve key areas
quality of vessels based on real data. According to several
authors in the field this data optimized simulation system
goes beyond the traditional virtual prototyping techniques
used in vessel design, allowing for existing designs to be
optimized according to operational and environmental
conditions [38–40]. In relation to design and vessel
development the ability for designers to be able to analyze
and reuse, in short and even in real time [41,42]. Through
increased data generation from vessel sensors and IoT
devices vessels could be allowed to test and optimize the
best design and significantly reduce the design time and user
dependencies that currently exist in vessel design [40].
3.1.2. Vessel Construction
Shipbuilding (construction) is most closely aligned to I4.0
with several shipyards creating plans for implementation,
including Navantia in Spain [43]. Globally the competitiveness
of the industry has made it vital for the adoption and
implementation of new technologies. The shift to adopt 4.0 is
expected to change the way that operators perform their daily
tasks and how materials are stored, processed and ordered. This
includes how shipyards handle the integration of machines into
the human environment and augmented reality.
• IoT and Intelligent Robots: Due to the nature of the maritime
vessel construction industry, it has become increasingly
important to reduce the time needed to build and develop
vessels while improving the safety conditions for workers.
IoT in relation to the shipbuilding process provides the
ability for shipyards to improve their production schedules
by improving the distribution of relevant data across its
supply chain. This will help to not only in the material side
of construction but also through the shipyards ability to
better collaborate with support personal and subcontractors.
Traditionally, shipbuilding has been closely related to the
processing and conversion of sheet metal into panels, and
hulls. Though with diminishing use of steel construction,
and the development of new materials many new
opportunities have emerged for improvement [40,42,44].
Robotics and automated production are promising areas,
offering to improve the quality and reliability of vessels.
• Additive Manufacturing: Vessel construction is an
expensive and extensive process, involving many
individuals, processes and materials. Research into the
viability of additive manufacturing for maritime has been
ongoing for over 25 years, and looks to be well suited to
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provide for large savings in ship-building and maintenance
[45–47]. Additive manufacturing has for the past 10 years
been described as a disruptive technology that promises to
have profound implications for the entire supply chain.
Fueled by the rapid development of new technologies, and
materials the costs for development continue to decrease.
Additive manufacturing looks set to not only replace several
traditional manufacturing technologies but also eliminate
not value-added stages of production (assembly) and
ultimately simplify production. This supports adoption,
competitiveness and facilitates the development of parts that
have intelligent properties, including integrated sensors.
• Intelligent Simulation and Augmented Reality: The role of
CAD/CAE has a long and established roll in vessel
development, enhancing the various phases of the design
process to assure shorter lead times. In today’s digitally
driven environment and the increasing complexity of system
integration, production and operation CAD/CAE tools and
AR are becoming more important than ever. As they can
support those involved in the construction process perform
tasks such as; assembly, context awareness, data
visualization and Human-Machine Interface integration.
This marks a decided shift in simulation development, from
analytical/optimization oriented models, to integrated
models that recurrently from other decision tools and
simulations [27].

ownership cost, increased safety and security, and reliability.
However to this point, there remains a lack of consolidated
principles and characteristics for M4.0. Based on a series of
interviews conducted with industry practitioners and
academics Maritime 4.0 refers to;

3.2. Operations and Shipping

4.1. Descriptive View of 4.0

The intelligent navigation of vessels has been greatly
improved through digitalization efforts that allow for the real
time tracking and positioning of vessels in transit. These
systems provide collision avoidance, information display,
monitor, alarms, satellite communication, and ship
management which are useful for the crew the port and other
stakeholders to operate and optimize the vessel.
Although the international shipping industry is responsible
for the carriage of around 90% of world trade[48], its approach
towards technology has been always followed very slowly
other industrial sectors. The compulsory Automatic
Identification System (AIS) used, as tracking system, on-board
of ships and by vessel traffic services (VTS), was adapted to
maritime use from aviation industry in the 1990s.
Today digitalization in shipping is mainly linked[49,50] to
cost and capacity optimization, operations and navigation
performance management, value beyond the vessel, such as
better engagement with customers and more informed decision
making, efficient use of transport infrastructure and new
operating models, with applications in the following areas
[4,51–53]: Innovative transport of goods, Remote operations,
real-time tracking, Warehouse optimization, Asset
maintenance, Route optimization, Collision avoidance, Asset
Tracking, Equipment monitoring, Hull Monitoring, Seafarer
training, and Market management.

Clearly, there are similarities between I4.0 and M4.0,
particularly in regard to technologies. However the difference
resides in how each of the technologies interacts and intersect
with one another across multiple areas of the maritime sector.
M4.0 can be defined as the integrated implementation of
digital processes and technologies in the design, development,
construction, operation and service of vessels.

4. Defining Maritime 4.0
The maritime industry is in the process of developing
collaborative platforms to improve the lifecycle of vessels that
can leverage the connected capabilities of digital systems.
Facilitating the delivery of greater performance, lower

•
•
•
•
•

The automated integration of real data into decision
making;
The adoption and implementation of connected
technologies for design, production, and operation;
Reduction of vessel environmental impact, related to
production, operation, disposal (including emissions,
underwater noise, and material utilization);
Affordable and sustainable operation; and
Reduction of risk, increasing safety and security.

These principles reflect the output of both interviews and
literature. Where it was confirmed that there is not a
comprehensive understanding for what intelligent vessels or
4.0 entails in respect to the maritime industry. One problem
identified was that given the large variation in understanding
the scope of 4.0 it was difficult to frame and propose solutions
according to new customer needs. The desire for “M4.0” stems
from the fact that we are embarking on the next phase of
digitalization in the industry, both in reality and perception.
This section draws from established principles, to merge I4.0
with maritime to create a descriptive explanation of M4.0.

Figure 2: Descriptive Representation of M4.0

This descriptive representation of M4.0 (systems of
systems) considers forces and outcomes for achieving
digitalization by integrating technology into the entire system
of systems. This is due to the position of this paper being that
independent connected systems fail to provide for
comprehensive and integrated improvements for the industry.
4.1.1. Drivers for M4.0
Since I4.0 emerged there are several drivers that have
affected the growth and interest of the concept. Drivers for
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M4.0 represent external socio variables that influences the
development of the concept of 4.0 in different disciplines.
Based on a review of the literature and white papers related to
I4.0 the four major drivers of are:
• Dynamic Policy: represents regulations mandating some
aspect of the system (initiative established by
Governments). Effected by the market though customer
needs, this includes national initiatives such as those being
pursued though I4.0 in Section 3.
• Dynamic Marketplace: market pressures require the
development of vessels able to deliver value while
maintaining a high level of responsiveness. Businesses must
stay ahead of competition during design, construction,
operation, while being maintained to satisfy market and
customer needs.
• Technological Evolution: the ability to meet specific
market and customers’ needs requires the ability to
efficiently change the vessel to accommodate new, novel
technologies. Technology influences all aspects of the
system and is an enabler for new and advanced systems.
• Variety of Environment: Indicates the number of
embedded systems, integration of diverse technologies, or
number of operational contexts. Interrelated elements and
embedded systems.
4.1.2. Elements of M4.0
In this context, M4.0 elements represent industry aspects
(sectors) that operate together to address and respond to the
primary drivers. M4.0 is built around four elements that
respond and intersect to create a comprehensive system: (1)
design, (2) construction, (3) operation, and (4) service.
• Vessel Design: Reflects the incorporation of data from
existing and previous vessels for improvement and
optimization of the vessel.
• Vessel Construction: The process of construction
describes production process used to deliver the vessel to
the customer, including consideration of the supply chain,
manufacturing technologies, representing both time and
money, incurred from design to delivery.
• Operation: Marine transportation systems, diving
operations, ports, dredging and waste disposal. The
operation and usage is the actual conditions and behaviors
of the vessel, generating and producing vital data used for
decision making regarding navigation, fuel consumption,
and operating environment.
• Service: Manufacturers, engineering consultant firms in
marine electronics and instrumentation, machinery,
telecommunications, navigation systems, special-purpose
software and decision support tools, ocean research and
exploration, and environmental monitoring.
The objective of M4.0 is for the delivery of a high quality,
optimized, and reliable vessel that leverages the latest
technologies for the maximization of customer value.
4.1.3. Principles Guiding M4.0
In considering the close link to I4.0 the basic principles
discussed in the literature considering; interoperability,
virtualization, decentralization, real-time capabilities, service
orientation, and modularity can be extended. Recognizing the
elements and drivers of M4.0 shown in Figure 2 it is possible
to understand how each intersect and behave towards one
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another. The four principles of M4.0 to be discussed are: (1)
innovation, (2) sustainability, (3) safety and security, and (4)
connected and automated operations.
Innovation: the integration, adoption and inclusion of
technology, that allows for and supports syncritic data.
Through consideration of the innovative data solutions,
information relating to the vessel can be used to evaluate
varying options and iterations for decision-making activities.
When considering the necessary processes for data to be
integrated from vessels across different elements of M4.0.
Sustainability: Designers, shipowners, and operators have
in recent years requested the retrofitting of existing vessels and
the development of new energy-efficient vessels with better
performance and lower operating costs. Sustainability therefore
represents a mechanism that describes value considerations and
can be reflected through either materials, noise generation, or
other quantifiable matrices relating to sustainability. The
expectations and effects of this principal relates to the
continued optimization
need to meet the shipowner
expectations to have rapidly modernized the fleet with the
energy efficiency systems solutions on the ship.
Safety and Security: Determination of the appropriateness
of data sources in relation to design parameters and application
is critical to maintaining and delivering a reliable and safe
vessel. The challenge for how to deliver this principle to the
vessel requires consideration of how data is utilized and
effectively integrated with other data sources. Insuring that the
information being generated and collected is of paramount
importance in order for proper decisions making taken. Failure
to meet this can result in a negative value for those involved if
the "context understanding" during data collections is unclear.
Integrating and merging the data into viable and manageable
virtual systems allows for 4.0 to deliver operational data
protection that cannot be tampered or molested and improves
upon the vessel as a system.
Connected and Automated Operation: through a desire
for optimized vessels this principle refers to the actual level of
digitalization and integration of the vessel. Leveraging data so
that it can deliver the greatest value requires not only the
information generated by the systems, but also recognition of
the industrial business being served. This data-driven approach
considers that under the current conditions there are many
sensors that can be used to provide and generate many types of
data. The challenge therefore is not directly linked to this first
stage, the challenge rather is in the ability to understand and
develop new sensors and data streams that provide more value
to the entire industry. Redundancy and modularity can be
powerful together, because it allows a module to be taken away
without the system losing a critical function of the vessel.
4.1.4. Characteristics
Characteristics are distinguishable features of M4.0
proposed in order to create realistic operating profiles and to
improve the maritime industry. In recognizing the potential
value of digitalization and M4.0 regarding vessel systems and
stakeholders, vessels must not only meet current needs but also
be able to interact with one another so that they can
accommodate the needs of tomorrow. A preliminary list of
characteristics has been developed from the literature that was,
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these characteristics seek to illustrate M4.0 systems in a
pragmatic manner.
• The vessel shall operate with or interact with some
autonomous decision-making process, while generating
data relevant to a common basic set of attributes.
• The vessel has a stable core functionality but aims to be
optimized through secondary functions.
• The vessel has a long lifecycle.
• The M4.0 architecture and vessel are subject to a dynamic
marketplace with strong competition.
5. Digitalization Case for Design and Construction
According to the described characteristics and elements of
M4.0 the incorporation of usage-data and vessel information
requires that the relationships between data-analysis, filters and
the system dependencies be well established and documented.
Thus allowing for the transferring of usage-data into reliable
parameters, in turn facilitating the successful inclusion of data
streams into vessel design for advanced decision making.

for future vessel design and simulation, as well as for verifying
the quality of the data being collected. The information
available to the designer is accessible via the UMG (Universal
Marine Gateway) operating on the vessel.
5.1. Data Generation
According to vessel characteristics and stakeholder
requirements, sensors were incorporated into the hull to
measure slamming forces and strain. Sensors were selected
according to the:
• Vessel’s environmental and operational context;
• Vessel’s characteristics and core parameters (e.g., vessel
displacement, length at waterline, keel-line);
• Feedback intent, and purpose of data acquisition (design,
maintenance, etc.);
• Technology suitable to context and intent
Each selected data type is based on its ability to deliver data
suitable to meeting the vessel’s purpose, ability to integrate into
the on-board monitoring system and relevance to the intelligent
simulation platform.
5.2. Data Acquisition
Data acquisition regarding vessels tends to focus more on
the facet of collection information from different on-board
systems such as the NMEA2000 and NMEA0183 networks.
These networks are sources of information like geographical
location of the vessel, engine parameters, environmental
characteristics in and around the vessel etc. The analyses of
generated data streams can be utilized for various assessments
according to the needs of the designers/engineers.

Figure 3: Data Oriented Data Oriented Design Structure (data visualization
representative of real-time feedback interface)

Sensor monitoring data and Product Usage Information
(PUI) requires the setup of related analysis capabilities, such as
filters dependencies between usage-related parameters and
design parameters or component attributes on the other. In
addition, usage-information can be utilized to test varying
configurations to make vessels faster (according to material
and design parameters) while reducing risk, due to improved
decision-making processes that are based on real-time data.
Thus allowing new vessels and different product generations,
to leverage the collective outputs generated from PUI data to
strengthen the whole vessel family.
Through the framework and in line with the safety centric
design approach of the industry, a data-oriented that combines
multiple elements of M4.0 was developed [54]. This
framework seeks to enhance the resources available to
designers and engineers throughout the development process
and allow the testing of designs based on real vessel data and
not only experience (subjective knowledge). This could reduce
the cost and time required throughout the design and
development process in a comprehensive, long-term,
improvement methodology. This information will be utilized

Data acquisition is performed through an on-board
computer and network NMEA connector, to store information
to a database with timestamps. This provides an overview of
boat’s physical attributes over a specific period of time or
during voyages. However, from a vessel design perspective, it
is more crucial to obtain specific information from specific
parts of the vessel e.g. hull. A practical consideration from a
design perspective is how the hull reacts during voyages. It is
important to understand during the data acquisition phase for
different data streams, where exactly the sensors installation
takes place within the vessels.
To enable comparison and/or mapping between theoretical
information based on simulations and practical information
based on the trials, the model provided for CFD
(Computational Fluid Dynamics) has to be aligned to the
characteristics of the physical vessel used for the sea trials.
Additional parameters such as the loads influence the boat’s
draft, waterline and other related performance parameters. The
center of gravity has to be identified and provided for the meshmodel (spatial model) used for the CFD calculations. While a
“theoretical” center of gravity can be calculated by CAD
systems (indicated by coordinate origin in Fig. 4), the center of
gravity under operating conditions can differ.
5.3. Data Management
Data management aims to handle and save data, in order to
assure accessibility and compatibility with digital and
knowledge-based interfaces. Whilst the Data Generation
process determines the varying data types, the management
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process is responsible to merge data streams from different
devices (or sources). Considering data aggregation, it was
necessary to consider that certain simple devices tend to
provide noise data that requires cleaning and post-processing
in order to be converted into a usable form and reduce errors.
Testing data manipulation, notifications, events or alarms
generation is possible through some conditions recognized
within the data inputs. A device abstraction layer is employed
to provide a set of rules to carry out these tasks in a simple
manner, reducing the burden of specific implementations.
5.4. Data Exploitation
The proposed approach refers to the leveraging and
integration of real vessel data into the design process. This
includes interfacing PUI and sensor generated data into
secondary programs for decision-making and product
development improvements based on the proceeding processes.
Further, collected data through proper data management allows
for integration with software (e.g. CAD, CAE, and CFD). The
exploitation, of this data allows for the direct improvement of
the vessels, since this enables real condition data for
calculations, dimensioning and simulation, as well as the
evaluation of design alternatives against different operational
conditions.
5.4.1. Data Processing for Calculation Optimization
The approach for the coupling of PUI and sensor generated
data is based on KbeML. The approach was developed as a
formal extension of SysML, to facilitate a formal and neutral
representation of engineering data independent from any other
framework. KbeML functioned to capture codified knowledge,
such as rules and equations to improve calculations.
• To provide of a neutral format (standard) to avoid the
encapsulation of knowledge (rules & equations) in filters
and applications.
• Enable post-processing of modeled dependencies, e.g.
documentation or simulation.
• Support a common understanding among the different
domain specialists. This objective refers to the circumstance
that interdisciplinary teams of different domain specialists
typically drive the design of complex products & systems.
• Represent product usage information and data in terms of
sensors, components, or systems.
• Define elements that are utilizable through statistical
functions, for specific post-process analysis related to the
product-development.
Additional elements have been defined to describe the
linkage between PUI and design knowledge. These elements
support the idea that usage related information can be mapped
directly to design related elements such as equations or rules.
Following a set of usage parameters the calculations were
able to be performed based on the direct link between usage
and design elements. Typically, the ABS rules expect the speed
to be treated as a precondition (e.g., customer says the boat
should allow a maximum speed of 20 knots). In reference to the
approach, the parameter can be extracted from the usage phase
and provided to vessel designers. Which allowed a broad range
of calculations to be linked to PUI and sensor generated data.
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Further, the formal notation and its underlying semantic
meaning allowed the post-processing and linkage to the design
and development related application. Exemplarily, the codified
data can then be utilized within the the virtual towing tank
application (intelligent simulation) [27]. Based on the
successfulness of the codified data a support structure for future
automated data transfer into programs beyond CAD (HPC
virtual towing tank, LINCOSIM will be instituted.
6. Concluding Remarks
Managing large amounts of data is increasingly seen as a
competitive advantage for companies and is viewed as a
principal way to deliver and provide for autonomous operations
in all elements of the industry. Recognizing the growing use of
connected technologies, M4.0 aims to provide an introductory
understanding of the principles and characteristics involved.
The framework described in Section 6, represents part of
ongoing research that is being conducted to incorporate real
time into intelligent simulations through the utilization of IoT,
and Big Data to support decision making. Ultimately M4.0 is
an integrated system of systems concept that requires the
utilization of innovative technologies for the development of
sustainable, secure and connected vessels. By bringing together
not only the technologies and elements of it is possible to
harmoniously synchronize efforts for industry improvement.
Even though I4.0 and M4.0 utilize the “same technologies”
the value potential is by bringing the benefits of each together
for an intelligent vessel. Providing a descriptive view of M4.0
allows for technologies, characteristics and 4.0 elements to
improve the likelihood for the highest value-added delivery.

Acknowledgements
Research supported by LINCOLN project (EU H2020
727982) (www. lincolnproject.eu).

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]

[8]

[9]
[10]
[11]

European_Commission. Maritime - Mobility and Transport 2019.
https://ec.europa.eu/transport/modes/maritime_en.
Luglietti R, Wurst S, Sassanelli C, Terzi S, Martín CM. Towards the
definition of specialized vessels ’ model. 2018 IEEE Int. Conf. Eng.
Technol. Innov., 2018.
Thanopoulou H, Strandenes SP. A theoretical framework for
analysing long-term uncertainty in shipping. Case Stud Transp
Policy 2017;5. doi:10.1016/j.cstp.2017.03.008.
Mirović M, Miličević M, Obradović I. Big Data in the Maritime
Industry. Naše More - Int J Marit Sci Technol 2018;65:56–62.
doi:10.17818/NM/2018/1.8.
IHS Markit. Five trends shaping the global maritime industry. 2016.
doi:10.1093/annonc/mdx440.051.
Ashton K. That “Internet of Things” Thing. RFiD J 2009;22:97–114.
Sanders A, Elangeswaran C, Wulfsberg J. Industry 4.0 implies lean
manufacturing: Research activities in industry 4.0 function as
enablers for lean manufacturing. J Ind Eng Manag 2016;9:811–33.
doi:10.3926/jiem.1940.
Rüttimann BG, Stöckli MT. Lean and Industry 4.0—Twins, Partners,
or Contenders? A Due Clarification Regarding the Supposed Clash
of Two Production Systems. J Serv Sci Manag 2016;09:485–500.
doi:10.4236/jssm.2016.96051.
Garetti M, Fumagalli L, Negri E. Role of Ontologies for CPS
Implementation in Manufacturing. MPER - Manag Prod Eng Rev
2015;6:26–32. doi:10.1515/mper-2015-0033.
Sarma S, Brock DL, Ashton K. The Networked Physical World.
Auto-ID Cent White Pap MIT-AUTOID-WH-001 2000:1–16.
Davis J, Edgar T, Porter J, Bernaden J, Sarli M. Smart manufacturing
, manufacturing intelligence and demand-dynamic performance.
Comput
Chem
Eng
2012;47:145–56.

8

[12]

[13]
[14]

[15]
[16]
[17]
[18]
[19]

[20]
[21]
[22]
[23]

[24]
[25]
[26]

[27]
[28]
[29]
[30]
[31]
[32]
[33]

Author name / Procedia Manufacturing 00 (2019) 000–000
doi:10.1016/j.compchemeng.2012.06.037.
Negri E, Fumagalli L, Garetti M, Tanca L. Requirements and
languages for the semantic representation of manufacturing systems.
Comput
Ind
2016;81:55–66.
doi:http://dx.doi.org/10.1016/j.compind.2015.10.009.
Ali Z, Ali H, Badawy M. Internet of Things (IoT): Definitions,
Challenges and Recent Research Directions. vol. 128. 2015.
doi:10.5120/ijca2015906430.
Gubbi J, Buyya R, Marusic S, Palaniswami M. Internet of Things
(IoT): A vision, architectural elements, and future directions. Futur
Gener
Comput
Syst
2013;29:1645–60.
doi:10.1016/j.future.2013.01.010.
Pereira ÂG, Benessia A, Curvelo P. Agency in the Internet of Things.
2013. doi:10.2788/59674.
Thoben KD, Wiesner SA, Wuest T. “Industrie 4.0” and smart
manufacturing-a review of research issues and application examples.
Int J Autom Technol 2017;11:4–16. doi:10.20965/ijat.2017.p0004.
Shell R, Hall E, Hall E, Golnazarian W. Intelligent Industrial Robots.
2010. doi:10.1201/9780203908587.ch6.5.
Zhong RY, Xu X, Klotz E, Newman ST. Intelligent Manufacturing
in the Context of Industry 4.0: A Review. Engineering 2017;3:616–
30. doi:10.1016/J.ENG.2017.05.015.
Zhou K, Liu T, Zhou L. Industry 4.0: Towards future industrial
opportunities and challenges. 2015 12th Int Conf Fuzzy Syst Knowl
Discov
FSKD
2015
2016:2147–52.
doi:10.1109/FSKD.2015.7382284.
Lele A. Cloud computing. Smart Innov. Syst. Technol., vol. 132,
2019, p. 167–85. doi:10.1007/978-981-13-3384-2_10.
Huth A, Cebula J. The Basics of Cloud Computing. 2018.
doi:10.1201/9781351049221-1.
Dilberoglu UM, Gharehpapagh B, Yaman U, Dolen M. The Role of
Additive Manufacturing in the Era of Industry 4.0. Procedia Manuf
2017;11:545–54. doi:10.1016/j.promfg.2017.07.148.
Conner BP, Manogharan GP, Martof AN, Rodomsky LM,
Rodomsky CM, Jordan DC, et al. Making sense of 3-D printing:
Creating a map of additive manufacturing products and services.
Addit Manuf 2014;1:64–76. doi:10.1016/j.addma.2014.08.005.
Zawadzki P, Zywicki K. Smart product design and production
control for effective mass customization in the industry 4.0 concept.
Manag Prod Eng Rev 2016;7:105–12. doi:10.1515/mper-2016-0030.
Frazier WE. Metal additive manufacturing: A review. J Mater Eng
Perform 2014;23:1917–28. doi:10.1007/s11665-014-0958-z.
Al-Fuqaha A, Guizani M, Mohammadi M, Aledhari M, Ayyash M.
Internet of Things: A Survey on Enabling Technologies, Protocols
and Applications. IEEE Commun Surv Tutorials 2015;17:2347–76.
doi:10.1109/COMST.2015.2444095.
Rodič B. Industry 4.0 and the New Simulation Modelling Paradigm.
Organizacija 2017;50:193–207. doi:10.1515/orga-2017-0017.
Jazdi N. Cyber physical systems in the context of Industry 4.0. Proc
2014 IEEE Int Conf Autom Qual Testing, Robot AQTR 2014
2014:1–4. doi:10.1109/AQTR.2014.6857843.
Lu Y. Industry 4.0: A survey on technologies, applications and open
research
issues.
J
Ind
Inf
Integr
2017;6:1–10.
doi:10.1016/j.jii.2017.04.005.
Bahrin MAK, Othman MF, Azli NHN, Talib MF. Industry 4.0: A
review on industrial automation and robotic. J Teknol 2016;78:137–
43. doi:10.11113/jt.v78.9285.
Conceição VP da. Designing for Safe Maritime Navigation Studying
Control Processes for Bridge Teams. CHALMERS UNIVERSITY
OF TECHNOLOGY, 2018. doi:10.13140/RG.2.2.28044.82567.
Vossen C, Kleppe R, Randi S. Ship Design and System Integration
2013.
Molland AF. The Maritime Engineering Reference Book. 1st ed.

[34]
[35]
[36]

[37]
[38]

[39]
[40]
[41]
[42]

[43]
[44]

[45]
[46]
[47]

[48]
[49]
[50]
[51]
[52]

[53]
[54]

Butterworth-Heinemann; 2008.
Hamann R, Peschmann J. Goal-Based Standards and Risk-Based
Design.
Sh
Technol
Res
2013;60:46–56.
doi:10.1179/str.2013.60.2.001.
Trivyza NL, Rentizelas A, Theotokatos G. The influence of ship
operational profile in the sustainability of ship energy systems. Int.
Conf. Marit. Saf. Oper. 2016, 2016.
Pakkanen P, Henttinen E. How Data Is Shaping the Future of Vessel
Design , Navigation and How Data Is Shaping the Future of Vessel
Design , Navigation and. Smart Sh. Technol., The Royal Institution
of Naval Architects; 2016.
Gaspar HM. Data-Driven Ship Design Data-Driven Ship Design
2018.
Li Y, Ang KH, Chong GCY, Feng W, Tan KC, Kashiwagi H.
CAutoCSD-evolutionary search and optimisation enabled computer
automated control system design. Int J Autom Comput 2006;1:76–
88. doi:10.1007/s11633-004-0076-8.
Ramos FO. Computational Intelligence for Control System Design
Automation 2015.
Ang JH, Goh C, Li Y. Smart design for ships in a smart product
through-life and industry 4.0 environment. 2016 IEEE Congr Evol
Comput CEC 2016 2016:5301–8. doi:10.1109/CEC.2016.7748364.
Porter ME, Heppelmann JE. How Smart, Connected Products Are
Transforming Competition. Harv Bus Rev 2014.
Raptodimos Y, Lazakis I, Theotokatos G, Varelas T, Drikos L. Ship
sensors data collection & analysis for condition monitoring of ship
structures & machinery systems. RINA, R Inst Nav Archit - Smart
Sh Technol 2016, Pap 2016:77–86.
Recamán Rivas Á. Navantia’s Shipyard 4.0 model overview. Sh Sci
Technol - 2018;11:77. doi:10.25043/19098642.165.
Oneto L, Anguita D, Coraddu A, Cleophas T, Xepapa K. Vessel
monitoring and design in industry 4.0: A data driven perspective.
2016 IEEE 2nd Int Forum Res Technol Soc Ind Leveraging a Better
Tomorrow, RTSI 2016 2016:1–6. doi:10.1109/RTSI.2016.7740594.
Housel TJ, Mun J, Ford DN, Hom S. Benchmarking Naval
Shipbuilding with 3D Laser Scanning, Additive Manufacturing, and
Collaborative Product Lifecycle Management. Monterey: 2015.
Strickland JD. Applications of Additive Manufacturing in the marine
industry. 13th Int Symp Pract Des Ships Other Float Struct PRADS
2016 2016. doi:10.13140/RG.2.2.29930.31685.
Kostidi E, Nikitakos N. Exploring the potential of 3D printing of the
spare parts supply chain in the maritime industry. Saf Sea Transp Proc Int Conf Mar Navig Saf Sea Transp TRANSNAV 2017
2017:171–8. doi:10.1201/9781315099088-29.
Shipping and World Trade. Int Chamb Shipp 2019. http://www.icsshipping.org/shipping-facts/shipping-and-world-trade.
Danish Ship Finance. SHIPPING MARKET REVIEW - May 2018.
2018.
Creating Value from Data in Shipping. DNV GL 2018.
https://www.dnvgl.com/index.html.
Danish-Ship-Finance. Maritime Trend Report. 2018.
Zolich A, Palma D, Kansanen K, Fjørtoft K, Sousa J, Johansson KH,
et al. Survey on Communication and Networks for Autonomous
Marine Systems. J Intell Robot Syst Theory Appl 2018:1–25.
doi:10.1007/s10846-018-0833-5.
Sanchez-Gonzalez PL, Díaz-Gutiérrez D, Leo TJ, Núñez-Rivas LR.
Toward Digitalization of Maritime Transport? Sensors (Basel)
2019;19. doi:10.3390/s19040926.
Sullivan BP, Desai S, Klein P, Rebull JS, Rossi M, Ramundo L, et
al. A Prospective Data-Oriented Framework for New Vessel Design.
2019 IEEE Int. Conf. Eng. Technol. Innov., 2019, p. 1–8.
doi:10.1109/ice.2019.8792643.

