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Abstract: This paper highlights the development of Digital Twin (DT) technology and its admittance
to a variety of applications within the maritime domain in general and surface ships in particular.
The conceptual theory behind the evolution of DT is highlighted along with the development of the
technology and current progress in practical applications with an exploration of the key milestones
in the extension from the electrification of the shipping sector towards the realization of a definitive
DT-based system. Existing DT-based applications within the maritime sector are surveyed along
with the comprehension of ongoing research work. The development strategy for a formidable DT
architecture is discussed, culminating in a proposal of a four-layered DT framework. Considering
the importance of DT, an extensive and methodical literature survey has also been carried out, along
with a comprehensive scientometric analysis to unveil the methodical footprint of DT in the marine
sector, thus leading the way for future work on the design, development and operation of surface
vessels using DT applications.
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1. Introduction
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manufacturing and consumer service sector [4]. It is an automated system with a connection
of physical reality featured with computing structures with smart networking tools. The
technologies of 5G and Tactile Internet [5], with the provision of ultra-reliable ultra-low-
delay, have enhanced communication and feedback between entities across oceans. To
create the fusion between cyberspace and physical space, Digital Twin (DT) was introduced
as a rational solution in associating the two extents. The concept of DT has become a real

application within a limited time, and some disciplines are surpassing the expectations and
predictions made during the early conceptual inception of DT.

In the present world, simulation has become an integral part of system development
for every engineering discipline. Starting from solving design problems using numerical
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This survey is an endeavor to review and understand the DT technology and the
meticulous footprint it has made within the maritime domain to comprehend the future
compatibility to meet the upcoming high-tech requirements. Past technological milestones
in DT evolution in the marine sector are highlighted in this article, which includes an
evaluation of ongoing research and applications around the globe. Further, scientometric
analysis has also been performed to identify the key research points such as author con-
tributions, author impact research collaborations, demographic research impact, trending
keywords, etc. The main contributions of this publication can be condensed as follows.

e A comprehensive literature review on DT from the initial notion up to the year
2022 with a focus on the maritime domain.
Proposed a generic four-layer DT framework for a marine vessel.
Scientometric analysis of the published research related to marine DT within the
duration of 20 years including demographic collaboration and trending keywords.

e  The progress of development and implementation of DT technology in the maritime
sector, thus providing insight for researchers with key challenges and gaps within the
marine DT domain.

This paper is structured in the following manner. Followed by the Introduction
in Section 1, Section 2 describes the origination of the DT concept with nomenclature
clarification. In the Section 3, an overview of the implication pathway of DT technology in
the marine industry is discussed. In Section 4, various DT-based applications in different
sectors in the maritime domain are discussed, while Section 5 describes the prerequisites for
a DT-based system along with the overall DT framework for the marine sector. In Section 6,
a comprehensive bibliometric study is carried out using the scientometric analysis approach.
Section 7 describes the key challenges and future trends. Finally, the conclusion of the
entire effort is provided in Section 8.

2. Inception of the Digital Twin Concept

The initial conception of having a “Twin” was first implemented by NASA in their
“Apollo” program, which used two identically built satellites in their missions [7]. One
would go on the actual voyage in outer space while the other physical twin will remain
in the laboratory in a controlled space, thus allowing the mission scientists to analyze
the conditions of the launched vehicle by comparing the conditions with the ground
twin. The same helped them in parameter monitoring and fault analysis with a minimum
data transfer between the two vehicles. A similar concept was utilized in the “Iron Bird”
(Figure 1) ground-based aircraft system testing platform by Airbus Industries, where
a hardware simulator twin was used in system evaluation, design and testing while a
simulated cockpit was utilized by the test pilots [8].

Real Space Data > Virtual Space
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Figure 1. Reflection of the Original Conceptual Idea of DT by Dr M. Grieves in 2002.

The combined usage of the two terms of “Digital + Twin” first came up in a white
paper related to the design for 3D arterial phantoms in coronary arteries published in
the Radiology journal of RSNA (Radiological Society of North America) [9]. Authors have
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developed a realistic model of arteries using stereolithography using a computer-based
model and they have referred to the computer-based design as a “digital twin”.

The novel concept of the DT was first proposed in the year 2002 by Dr Michael Grieves,
a leading scientist in the field of advanced manufacturing at the Florida Institute of Tech-
nology at a manufacturing engineers conference in Troy, Michigan. His idea was based on
constructing digital information on the physical model on his own (Figure 1). This digital in-
formation is a replica of the data embedded in the physical system, which will be connected
with the physical system in the complete life cycle of a particular system/component [10].

The concept of DT was also brought up by NASA under their “Modeling, Simulation,
Information Technology & Processing Roadmap at Technology Area 11”7, where a DT is
introduced as a multiscale simulation of a vehicle or system with its own incorporated
physics by optimally utilizing its physical data, sensor data, historical data, etc., in the
effort of obtaining a real-time image related to the life of its corresponding physical twin in
outer space. Since the concept of DT is practical and more realistic in nature, application
for a single vehicle or even for interdependent multiple assets can be performed robustly.
The anomalies that occurred during the manufacturing stage that could imperil the space
missions can also be foreseen during its manipulation. DT can act as the backbone of
any high-fidelity physical model, supporting the integrated vehicle health management
system in evaluating historical data. With the input dataset, DT will enhance the mission
success credibility of the craft with continuous monitoring and evaluation of the operational
condition and the remaining running hours ahead. A robust DT model will assist damage
mitigation or degradation by real-time data analysis/forecasting and suggest required
changes in an ongoing space mission to enhance the life span leading to mission success [11].
Later, USAF came up with the concept of Digital Thread, where each USAF aircraft enters
the fleet with its own DT. The DT will help in Structural Health Monitoring (SHM), and
maintenance, thus allowing calibration of the craft in its operation state by comparing
the sensor readings of flight and DT. It also acts as a digital surrogate to plan the design,
production, and acquisition phases of the project [12]. Though it was a clear definition
for DT to be made considering the representation fidelity, model simulation capabilities,
synchronization techniques, data collection, exchange attributes, etc., it is also stated as
a virtual representation of the real-world asset with an exchange of information in a
predetermined frequency [13]. It is a digital representation of the active product service
system, which comprises preset characteristics, conditions, behaviors and properties [14].

Along with this concept, the Internet of Vehicles (IoVs) has also been developed
with the integration of Vehicular Ad hoc Networks (VANETs) and the Internet of Things
(IoTs) [15,16]. These were more focused on land-based locomotives, but the notion is widely
accepted by many industrial sectors. IoT has supported the real-time data handshake
component of DT, which has been the basement of existing topology. These also incorporate
the diagnostics and prognostics embedded within the system architecture along with
optimization of the process [17]. Risk analysis and accident prevention with DT support
is another frontier that has already been adopted by the aviation industry. The system
verification of the Boeing 737 Max after initial failures is a great example [18]. It ultimately
promotes the concept of Smart Products (SP) in various phases of the product life cycle,
which benefits the stakeholders in the user groups of the product or asset [19].

In the industry, DT is used under different names such as cyber objects, digital avatars,
etc. The data flow between the DT and the physical unit will depend upon the purpose
of the DT in the industry, which uses cyber objects or digital avatars. Accordingly, the
nomenclature of DT has been proposed based on the two-directional data link between the
DT and the actual unit. Kritzinger W. et al. have categorized the digital counterparts of a
physical object based on the data flow into three types: Digital Model, Digital Shadow, and
DT [20] (Figure 2).
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Figure 2. Difference of data topologies among Digital Model, Digital Shadow, and DT.

e Digital Model: There is no automated data exchange between the two units. Data
integration is done manually to synchronize.

e  Digital Shadow: There is only one-way data flow from the physical object towards the
digital counterpart. The data arriving from the physical asset will update the digital
object, but not vice versa. This requires offline actions with Human-in-the-loop (HITL)
interaction between the physical object and the digital model.

e  Digital Twin: Fully integrated data flow is available where a two-way automated data
link is established. Both units are in a real-time synchronized state and the physical
unit can be influenced by the digital object automatically.

3. Adoption of Digital Twin Technology for the Marine Sector

The induction of DT in marine vessels is already underway and Figure 3 explains the
summarized trail of actions for said induction. The seafaring sector has been developing
its technologies, targeting improvements in efficiency, emission controls, and ergonomic
operating systems. Traditionally, most marine vessels, specifically surface vessels, are built
with two separate power systems. One is dedicated to the propulsion system and the
second is used to cater for the electricity demands. In this context, most of the vessels were
built using diesel engine-driven propulsion systems due to the ergonomic simple robust
architecture and ease of maintenance. However, traditional systems are highly polluting
the marine environment, which has been regulated by the IMO regulations. Shipbuilders
are finding ways to suffice these new regulations in their designs. Electrification of the
vessels has been an ideal solution to gratify the emission control guidelines [21].

Figure 3. Pathway of Digital Twin Technology within the Shipping Industry.
3.1. Ship Electrification

The first electrical propulsion system was introduced by Russian scholar Boris Jacobi,
which was a paddle boat driven by an electric motor. Due to the low battery capacity and
efficiency, the maximum speed achieved was 1.5 knots, which discouraged the development
of a system for a long time ahead [22]. In 1903, Swedish shipyard ASEA built the river
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tanker “Vandal” as the first vessel to carry a diesel-electric propulsion system [23]. At the
end of WWII, more emphasis was placed on the development of electrical propellers and
ships such as the Ice Tanker “Uikku” and Passenger Ferry Queen Mary 2. Uikku was the
first ship to be installed with an Azipod propulsion system where the main electric motor
was installed in a separate gondola that could direct the thrust with a 360° control. RMS
Queen Mary 2 is a luxury cruise liner propelled by hybrid diesel turbo-electric propulsion
with four 18 MW Azipods driven by two gas turbine generators and four diesel engine-
driven generators. This propulsion topology has provided navigation flexibility along with
economical gains in varying speed demands and different passage legs while complying
with emission control protocols [24].

Integrated Full Electrical Propulsion (IFEP) is reducing fuel consumption heavily by
avoiding the low load portion of fuel consumption curves in sharing the load of propulsion
along with ships’ service loads including the weapon systems [25]. It is far superior to
the standard propulsion systems such as Combined Diesel Electric and Gas (CODLAG)
systems or Combined Diesel Electric or Gas (CODLOG) [26]. The latest US Navy stealth
Destroyer USS Zumwalt was commissioned in the year 2016 as the first full-electric warship
equipped with an integrated power system [27]. Further, with the initial project of MS
Medstraum, Norway has implemented the world’s first battery-powered ferries to transfer
vehicles and people with greener environmental insights [28].

With the development of IFEP, ship designers further developed the concept of All-
Electric Ships (AES) [29]. The AES concept has provided high redundancy and mission
capability even at a slight initial cost. At present, most of the high-end naval ship projects
have opted for this technology due to the advantages posed by the electrical-based high-
power navigation, communication, and weapon systems. Royal Navy Type 45 Destroyers
and the aircraft carrier HMS Queen Elizabeth [30] are a few examples of AES-based power
topology. Hybrid powering topology is also developed and implemented to achieve the
redundancy and advantages of both mechanical and electrical drives.

Benefits of the Electrification in Marine Vessels [31]:

e  Efficiency is improved as a huge prime mover will be replaced by an array of diesel
alternators and the load can be catered at the highest efficient speed with the generated
thrust by more efficient electric motors.

The load can be managed easily to cater to the demand based on each mission.
Improved maneuverability of the vessel and faster response where podded propellers
will allow 360° steering along with dynamic positioning.

e Flexibility in placing the generators in the ship without considering the
shafting arrangements.

o Allowing the introduction of cleaner and more efficient future power-generating
technologies such as fuel cells, renewable energy, etc., to the existing vessel.

e  Emission control goals can be easily achieved.

3.2. Ship Digitalization

Along with the electrification process, digitalization has also become a key innovative
trend in every operation in the maritime sector due to its efficiency, effectiveness, superla-
tive performance, etc. New tools in designing, performance evaluation, simulation, and
information safety are being introduced and the same is being improved day by day, which
further assists in producing more robust models. As per the digitalization service devel-
opment framework proposed by Erikstad S., the process of digitalization of the maritime
sector can be achieved through two different approaches [32].

e  Service-driven Perspective: Considering the ship owners’ specific requisites in oper-
ation and decision making, build is performed in implementation of hardware and
software that suits the ship. It is operating in the need-space, where tactical-level
improvements are more considered.

e  Sensor-driven Perspective: It will consider the available inputs from the already
installed sensors in a particular ship to design a digitalized framework to support its
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operation. This method operates through the solution-space, which is the key doorway
for future DT-based systems.

The marine industry will be able to gain the full merits of digitalization through the
service-driven approach starting from the design phase of the vessel. However, existing
platforms can be improved through the second approach to par with the present smart
functions. Digitalization is further considered an effective, innovative, and optimized
method enabling products and services as per Industry 4.0 [33]. Asset-intensive industries
such as shipping, oil, gas, energy, etc., are looking for innovations that increase efficiency
and reduce the cost while effectively managing operational risks and security. Main config-
urations such as the navigation system, power system and automation/control system are
becoming fully digitalized, leaving the old analogue systems obsolete. Integrated Platform
Management Systems (IPMS) available in present ships can link all the above system ar-
chitectures into a centralized topology, thus providing a more ergonomic operation and
increased domain awareness for all stakeholders.

3.3. Smart Shipping

With the availability of satellite communication, the onboard modules are easily linked
with onshore supporting facilities, rather than opening the standalone data infrastructures
onboard holistically to shore operators (Figure 4). As per the Guidance Notes of the
American Bureau of Shipping on Smart Function Implementation, they have highlighted
the importance of having a DT to support the data infrastructure in onshore processing
during Big Data Transfer [34]. It will allow operators to continuously collect, transmit,
manage, and analyze the data for real-time monitoring, increase awareness and decision
making for both human-initiated decisions and autonomous command and control. It
further enhances the ships’ situational awareness, navigational safety, and reduction of
crew fatigue and human error-related accidents.

®

GPS/GLONASS/
Galileo/BeiDuo Satellite

~— @ Ship
Shore Operator/ Controller

Figure 4. Realtime Satellite Data Link of Smart Ships.

The main requirement of a smart ship can be defined as the ability to perform the
intended functions autonomously. The transformation from a traditional human-based
system to full autonomy is achieved with the digitalized platforms in the electrified vessels.
Smart ships highly depend upon the digitalized marine eco-system, which is focused on
autonomous operation.

Furthermore, Wartsila and Rolls-Royce have announced the successful testing and
demonstration of dock-to-dock navigating fully autonomous ferries with zero intervention
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of the master on-board. Wartsila, with their hybrid-powered ferry Folgefonn, made a three-
stop route in Norway, while the Rolls-Royce ferry Falco made an unmanned voyage in
Finland with autonomous collision avoidance and docking [35].

This evolution has opened the doorway for DT technology to enter the shipping
industry by bringing all experts into a centralized topology, providing powerful analysis,
understanding, and diagnostics that are crucial for decision-makers in every stage of the
ship’s life. This iteration has made the pathway for Ship DT (SDT), which incorporates
the basic topology of the DT concept to develop and implement for various applications
within the maritime domain. The limits are endless in this effort, but this DT can be pri-
marily based on three main virtues, namely Asset Representation, Operational Behavior
Model, and Parameter Measurement/Monitoring. The application of the technology can
further be divided into the design phase, manufacturing phase, service phase and retire
phase [36]. This encompasses every action that the ship must undergo during her life cycle.
It will support the actions from preliminary conceptual design and optimization to the
final validation of the model. The developed DT model will then assist the supply and
production measures during her building at the shipyard till the final performance trials
and commissioning. During the entire service period, DT will be the key tool to perform-
ing intended functions during her operational phase. Routine upkeeping of the vessel
to Planned Preventive Maintenance (PPM) to Condition-Based Predictive Maintenance
(CBPM) will be functioning through the DT model with all historical data accumulated in
condition monitoring, prognostics, and diagnostics and even the simulated testing of the
systems/components. However, the support it could render during the decommissioning
phase has yet to be studied.

3.4. Automation of Marine Vehicles

Automation can be considered the final step of striding towards a fully DT-based
environment within the maritime sector. Autonomous ships are under extensive research all
over the world and are being implemented due to the versatility of unmanned operations.
As per the International Maritime Organization (IMO) regulation enforced in 2021, Maritime
Autonomous Surface Ships (MASS) are to be regulated under four separate degrees, which
are categorized as per the level of autonomy incorporated into the vessel [37]. A ship may
also have the interchange between the four states of autonomy during its operation based
on the type of vessel and designated task. This allows flexibility in asset management
onboard with crew augmentation as per the dynamics and constraints of specific operations
of the vessel.

e  Degree One: Ship with Automated Processes and Decision Support: Seafarers are
present onboard; few functions may be operated onboard at times and operators are
on standby and ready to take over control.

e  Degree Two: Remotely Controlled Ship with Seafarers Onboard: The entire ship will
be operated remotely from the shore station, but seafarers are available onboard to
take over control at any time.

e  Degree Three: Remotely Controlled Ship without Seafarers Onboard: The shore opera-
tor will control the functions of the entire ship remotely and have no humans onboard.

e  Degree Four: Fully Autonomous Ship: The intelligent control system of the vessel will
take actions based on the decisions made by itself with full autonomy.

As per Kaber, Human Automation Interaction (HAI) in complex systems will be
governed by the Level of Automation (LOA), which is highly essential to be considered
during the design stage of any autonomous system [38].

e LOA-0: No Automation: Full-time human operation with the assistance of parameter
indications and warnings.

e  LOA-1: Driver Assistance: Acceleration/deceleration/steering will be assisted by the
operator by the inbuilt system but performed by the operator themself.
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e  LOA-2: Partial Automation: Steering/acceleration/deceleration would be performed
by the automated system and all remaining decisions will be performed by the operator
themself.

e LOA-3: Conditional Automation: Dynamic actions of the vessel will be performed by
an automated system and the operator will intervene if required.

Hence, a fully autonomous intelligent surface vessel would be designed to be operated
in the LOA under the fourth degree of IMO regulations for MASS. However, careful
assessment of the usage is to be analyzed since ships are high-value cost-sensitive assets
voyaging for weeks at times without seeing a shore. Thus, autonomous systems must be
designed at a high-fidelity robust standard to be capable enough to address all complex
situations during the operation of the vessel.

Autonomous Marine Vehicles (AMVs) are becoming popular both in commercial and
military applications, as extensive research and development are underway all over the
world [39]. It ranges from environmental surveys, cargo/passenger operations, hydrogra-
phy, search and rescue, sea patrols, coastal protection, etc. They can be semi-submersible,
conventional planing hulls, semi-planing hulls, and hydrofoils based on the sea surface,
and these can be further augmented with the evitability of the limitations imposed by
manning ergonomics [40,41]. LOA can vary by the application and the different scenarios
she undergoes during the operations.

The applications of AMVs can be primarily divided into two parts: military and
commercial. In military applications, DT can be incorporated into various missions in
Anti-Submarine Warfare (ASW), Seabed Warfare (SBW), Mine countermeasures, Special
operations forces support, Electronic Warfare (EW), Surveillance, Asymmetric Warfare,
etc. Recently, in the Russia—Ukraine conflict, Unmanned Surface Vessels (USVs) have been
used as self-destructing attack drones capable of destroying surface vessels or strategic
land infrastructures such as piers, bridges, and port facilities, which has brought up a new
dimension in the modern battlefield. These drones can also be swiftly deployed for the
protection of high-valued assets including the major fleet units, port facilities, offshore
platforms, coastal power generation stations, etc. The commercial applications can be
stated as commercial shipping (cargo/passenger), marine research and survey, search and
rescue (SAR), meteorology services, environmental protection, etc.

The functioning of these unmanned automated vessels including the integrated Guid-
ance, Navigation and Control (GNC) will be monitored and governed by the shore control
stations with the capacity to intervene where it is necessary depending on the situational
shift based on the imposed level of autonomy protocol. In the case of a harbor, there will
be various other drones, ROVs, and auxiliaries that will also be controlled by this station
supporting the Smart Port functions. For example, the Norwegian University of Science
and Technology (NTNU) Shore Control Lab has implemented a similar station to control
the autonomous passenger transport ferries at Trondheim River [42]. A higher level of
autonomy in the operation of any marine system will ensure a smooth and straightforward
approach to the implementation of DT-induced functionalities in processes such as design,
control, management, etc.

4. Present Digital Twin Manipulations in Marine Industry

Digital Twin Technology is still in the infancy stage when considering the maritime
domain. Less research work has been conducted compared to other industrial sectors,
but the researchers have identified the potential of this innovative concept and DTs are
being developed for various maritime applications such as surface ships, underwater
vehicles [43,44], offshore platforms [45,46], coastal electrical power stations [47], etc. Apart
from the described examples, the limits to the application of DT technology are boundless,
with numerous possible applications in the entire maritime domain. However, implementa-
tion is to be done by the marine industry with an opportunity-driven approach [48]. These
DT applications are intended to improve the existing operations in the marine industry
while many novel innovations can also be found with revolutionary performances.
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Most research work published on DT technology so far is based on the development
of new concepts of DT technology in manufacturing (55%), while only a few are based on
practical case studies (28%). Out of the published work, the majority (49%) are focused on
production planning and control (PPC) in the manufacturing sector [21], which is focused
on Product Life Cycle Management (PLC) with the advent of DT-based solutions.

4.1. Embryonics in the Shipping Industry

DNV GL has tested a fully autonomous 60 m-long concept vessel, ReVolt, which is
a battery-powered cargo carrier with zero crew [49]. DT is an integral part of the design
and testing of this conceptual vessel and the same will be utilized during the operation
of the vessel. Testing of the vital systems is being carried out using the DT of the concept
vessel, which has saved time and money. The same institution also provides a cloud
networking solution, Veracity [50], which can be used to design, access, and manipulate
the data in DT. Similarly, Siemens has also launched the Mindsphere [51] venture, which
has governance capabilities and data management under the concept of Maritime Data
Space (MDS) [52], which is originally based on the concept of the Industrial Data Space
(IDS) model. Meanwhile, it also allows for performing safety-critical tests and high-risk
maneuvers for any number of attempts as desired in all varying conditions, which would
have been a daunting task in a physical model. Using the historical data during the
operational phase is used to predict the lifespan of components under varying conditions
including position, dynamic environmental factors, speed, load conditions, etc. [53]. The
South African polar supply and research vessel “SA Agulhas II”, which operates in rural
and risky arctic environments, has tested the feasibility of implementing a DT-based
solution to operate with its benefits such as remote polar research capability, reduction
of human impact on sensitive untouched environments, avail of real-time research data
for scientists, etc. [54]. Further, the “Probabilistic Twin” risk-management tool used by
DNV-GL also aims to forecast the probable accidents/damages based on analysis of past
data and trends as an extension to the existing Blue Denmark DT Solution [55].

Having an unmanned vessel in connection to DT will deduct the human error factor
in ship operation, and crew space can be spared for vital cargo space. Reduction of energy
consumption and waiving of the extra maintenance expenses are other benefits of a DT-
based system. Revolt itself is estimated to save a cost of 34 million USD in its 30 years
of service life due to autonomous operation along with DT [56]. Emission control is also
a huge benefit in such a system. Reducing the machinery and moving parts will further
reduce the downtime for maintenance/repairs, reduce human fatalities and be cost-efficient.
The vessel can also be designed into a more aerodynamic shape due to the absence of the
huge superstructure used for crew accommodation and bridge.

Not only the direct merchant sector, but even the fisheries, ecological and maritime
archaeologists have opted for DT-based solutions for underwater operations. In projects
such as SUSHI DROP in Sweden, AUVs are developed and operated in DT-based systems
to monitor/survey the marine environment investigating the fish population in a large
sea space [57]. This DT-based module can further be incorporated into the ship’s HVAC
system to optimize the heat usage and distribution in waste heat recovery systems, charge
air coolers, heat exchangers, etc. [58].

4.2. Vessel Life Cycle Management

Cost-saving is one main benefit of using the DT, as Condition-Based Predictive Main-
tenance (CBPM) is powered extensively with networked sensors, actuators, and control
systems that are operated at their optimum condition. Prognostic Health Management
(PHM) will be used with the projection of the state of the machinery with accurate data
fidelity. It will further provide insight into failure modes, threshold settings, health indica-
tors, and risks. With this analytic data, the operator will obtain the total domain awareness,
which can be utilized to operate the physical unit at its prime operating condition or to
make amends to optimize the performance. It further improves the predictability and man-
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agement of real-time continuous quality control of marine diesel engine (MDE) critical parts
with dynamic quality control starting from the machining stage of the components [59].
The historical data derived from the DT will be used to compute the Remaining Useful Life
(RUL) of mission-critical components of the ship’s systems. In DT-based CBPM solutions,
data fusion [60] is highly important to implement formidable evidence-driven big data
sets taken using Bayesian Inference, Demster-Shafer reasoning, etc. [61]. M. Xiang et al.
proposed intelligent predictive maintenance using Implicit DT (IDT) formed with intelli-
gent sensing, and reliable simulation data mapping with the historical operation data [62].
Critical components such as the main engine can be digitally modelled as a Cycle Mean
Value (CMV) model, allowing the monitoring of the performance in both the steady state
and transient response [63].

With the increasing visibility along with the real-time synching of high-fidelity models,
monitoring of the physical system can be easily enhanced. Reduction of the time taken for
system testing and development has led to the reduction of time to market by eliminating
the risks of design failures. DT can provide a complete user experience even before
the actual production. The entire operation of a ship within the total lifespan can be
manipulated during the design phase with the support of its DT from a multi-user point of
view (Passengers, Crew, Owner Company) [64]. Further, real-time connection ensures the
optimum operation of the actual system with the ability to analyze the performance of the
physical model [65]. It will further evaluate the existing ship’s machinery with the support
of machine learning with a quantitative assessment of the degradation of the components.
This will result in the intelligent diagnosis by an inferential decision model leading to more
accurate predictions [66]. These aspects will further support Structural Health Monitoring
(SHM) and parameter trending of critical components of any machinery, aircraft, ship,
plant, etc. [67]. This augments the Model-Based System Engineering (MBSE) [68,69] with
available tools for simulation, rehearsals, machine learning applications, etc. Vessel Traffic
Service (VTS) is also supported by MBSE-based DT solutions. For example, the Diamond
model concept proposed by Boeing Defence Company [70] illustrates the DT-based MBSE.

4.3. Dockyard and Port Facility Augmentation

Not only the sea units, but also the shore establishments are predisposed to DT with
advances in Building Information Modeling (BIM) [71] with uplifted interoperability, plan-
ning, construction, and maintenance. A vast array of sensors from the building will feed
generic data input to the fagade DT of the structure, which will be processed for intended
output to control the operation, site environmental control and other ergonomics. Already
implementations are performed in Smart Home concepts [72], which are highly successful
in achieving the intended outcome. Further, Intelligent Manufacturing uses a knowledge-
driven autonomous platform, which functions with dynamic knowledge bases along with
a DT model [73]. For example, the “smartBRIDGE” project initiated by Hamburg Port
Authority, Germany, has implemented BIM-based DT to monitor the functions of the infras-
tructure and the process of extending to quay walls, locks, and other port infrastructural
assets [74]. These smart technologies will promote self-judgment, self-implementation, and
self-development in autonomous manufacturing in the shipping industry.

Similarly, the factory design framework [75] is also possible with an increase in produc-
tivity along with optimized floor utilization with modular-based DT. In such an operation,
it can be developed into a Warehouse Management System (WMS) with the ability to
customize the process as a Decision-Support Tool (DST) [76]. It can connect the different
value chains with eased-up system integration from the design, and production into the
later stages of the lifecycle of a component. In the maritime section, dockyards around the
world will be the main beneficiaries of such a DT-based solution.

Further, the DT solution will allow critical operations of a vessel operating at a far
location to be handled by the experts in a shore base in an Augmented Reality-induced
environment [77]. This can be a routine operation to critical maintenance or fabrication
task, which might require the intervention of an expert operator from a distant location.
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The Simulation and Remote Control Centre (SRCC) will perform a task beyond remote
monitoring such as crane operation in various sea conditions [78,79].

4.4. Training and Testing Support

DT can be incorporated into the training of seafarers in Full Mission Simulators,
Part Task Simulators or computer-based training systems. Part Task Simulators often
use Hardware In the Loop (HIL) based solutions with real plants operating in parallel
with a virtual platform [80]. These platforms can ensure the safety of the personnel
(trainers/trainees) along with the engagement of critical operations without endangering
expensive real-life platforms. DNV-GL is using HIL testing, integration, and optimization
of new control systems with a DT-based simulation platform and later goes for actual
production with complete runnable executable solutions [55]. Designers and equipment
manufacturers will provide and share model parts with the shipbuilder where the complete
outfit will be tested, leading to fewer errors and modifications during construction. In
their “Nerves of Steel” venture, all hydrodynamic data were also simulated in varying sea
conditions, leading to an efficient and safe hull design.

A DT model can be developed to address a specific problem, or it can be harnessed as
an open data source ready to be manipulated by human, operational and environmental
dimensions of a vessel or any other marine platform. It is a critical asset in enabling future
technological advances in data-driven operations. Even producing a surrogate model
is also possible using the original DT model, which can mimic the operation with less
computational load, achieving the intended efficiency [81].

Increasing user engagement is another advantage of a DT-based marine system. Dur-
ing the product design, the DT model can be tested to virtually test the interaction between
the operator and the physical model [65]. From that, data can be accumulated and pro-
cessed to reflect the user habits, and the same can be incorporated to improve the physical
model with naive innovations. DT acts as a hub for technologies such as Big Data Analytics,
IoT, machine learning, simulation, modelling, etc., providing a gateway to achieve much
more complex analytical power to the operators and developers with the sensing data of the
actual physical model contrasted with simulation data and Machine Learning algorithms.

4.5. Defence & Military Assets

DT is widely implemented on naval assets such as warships, submarines, maritime
aircraft, etc. HIL testing is performed for the Naval Ship Combat Survivability Testbed
(NSCST) [82], which is a power-generating system redundancy checking simulation plat-
form in warships of the US Navy. These DT-based simulators will be subjected to Individual
Subsystem Actuators Control Tests, Multi Subsystem Integration Tests, Main Supervisory
Control Tests and User Control Tests [83]. Further, new naval air assets are demonstrated
using their DT, which is used as a tool by prospective contractors to showcase their products
to the Naval Air Command [84]. The “Spiral development project” at Pearl Harbor and
Portsmouth naval shipyards in the USA has optimized vessel trials using a new DT-based
approach [85]. New F110 class frigates developed by Navantia, Spain, used DT as an
efficient life cycle management tool to address condition monitoring, maintenance, and
casualty /damage/fault reaction [86].

BAE Systems use DT technology in their latest Archerfish Mine Neutralization Sys-
tem [87], which uses an AUV operated in a DT-based architecture to deploy
mine-countermeasure action for underwater mooring and sea bottom mines with an un-
parallel Maritime Domain Awareness. It is further capable of developing a virtual 3D
space with real ocean data such as currents, waves, and topography with real-time sensor
data, which can lead to value-based reinforced learning followed by autonomous path
planning [88]. With the support of DT technology, Maritime Domain Awareness (MDA),
mission readiness, Fleet Management and sustainment of a single Naval Force or even
multinational task forces can be easily strengthened and augmented.
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5. Developing a Ship Digital Twin Architecture

The virtues of the existing functionality of any surface vessel require a clear under-
standing of the planned design specifications along with the precise functionality of the
various components, systems, and departments of the vessel. The standard actions of any
of the existing surface vessels during her life cycle can be encapsulated in the following dia-
gram (Figure 5) [89]. These eleven general functions will vary from ship to ship depending
on the type and role of the vessel. However, these standard functionalities can be assisted
and boosted with much fidelity and robustness using a DT-based solution.
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Figure 5. General Functions of a Surface Ship.

Developers of the DT are focused mainly on three user groups for the system, company,
operators, and researchers. DT will continuously communicate with the physical ship to
update its data as per the real world to support the above-mentioned stakeholders with dif-
ferent demands during the complete product life cycle. Starting from the marketing phase
of the vessel, DT will be functioning till the decommissioning stage of the ship. Designing
as per the end user requirement and validation of the design with a 3D representation of
the entire ship layout can be used extensively before the building phase.

5.1. Functional Requirements of User Groups

The DT of a fully autonomous ship will act as a complete controller of the vessel
while regular manned vessels will act as a Digital Model or Digital Shadow to maintain
the required data structure. A DT solution should be capable of performing the following
actions to provide service to the three main stakeholders: onboard crew (if present), shore
operator and researcher/engineer (Figure 6).
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Figure 6. Direct Stakeholders of a Ship DT System.

A ship DT should be able to replicate all the Smart Functions [34] of a digitalized
surface ship, including the following mandatory requirements:
Structural Health Monitoring (SHM);
Machinery Health Monitoring (MHM);
Operational Performance Management (OPM);
Asset Efficiency Monitoring (AEM);
Crew Assistance and Augmentation (CAA).

Apart from the above functions, a robust communication link is to be established
between the ship and the shore operator to obtain real-time situational awareness with
complete control during the voyage. Digital images can act as a model, shadow or twin
depending on the data handshake method. DT can be utilized to monitor and maintain the
autonomous control of the vessel including self-navigation and collision avoidance. The
formidable internal verification system generated due to the DT architecture will enhance
the existing conceptual design optimization using virtual testing and intelligent process
monitoring till the finalized model is developed [90].

Since the data handled in a fully integrated DT Process Model (DTPM) will be large
and complex, therefore the model must be composed of Design Data (DD), Process Data
(PD), Process Perception Data (PPD), Historical Running Data (HRD) and Simulation
Data (SD) targeting the whole product life cycle [91]. Separate component schema for
serialization of various components can be implemented covering the asset data, analysis
and measured data of different segments of ships and can be shared among various stake
holders [92] (Figure 7). The physical and control architecture of the future ships is also
evolving each day with new concepts in improving the efficacy and efficiency of the vessels
targeting economic and emission goals. Designing, testing, validating, and implementing a
robust Digital Twin (DT) model for a surface ship will provide seamless support for the
functioning of the ship/craft to its intended operation despite being an unmanned craft or
a conventional crewed vessel.

5.2. Objectives of a Marine Digital Twin Framework

Overall, the DT framework should reflect the behavior of the vessel’s response to
the environmental inputs such as forces of waves, current, wind, temperature, etc. The
input sensors will be limited as per the requirement only with relevant design patterns
based on the target evaluations of the vessel. These design patterns for DT-based vessels
are extensively discussed by S. Erikstad from NTNU, Norway [93], based on the original
23 design patterns derived by Gamma et al. in their classic book Elements of Reusable Object-
Oriented Software in the year 1994 [94]. In this book, the following four design patterns for a
ship DT have been proposed.
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1. Structural Patterns: These are the main constituents of the DT package. It consists of
the Product Data Model (PDM) of the DT that is formulated along with sensor-based
big data of the vessel. The baseline is also a formulated source model derived from
physics-based model behavior. Load-based sensor data are also acquired from the
environment. The benchmark of the DT is to be designed to simulate the DT in parallel
to the ship to compare anomalies. Finally, a Machine Learning Proxy layer can also be
incorporated for DT to assist its behavior through ML rather than depending on the
standard physics.

2. Creational Patterns: This is the realization of the DT as a proxy simulation tool. It
will be a dynamic hybrid system with the ability to switch intelligently between ML
and physics as per the situation. This can be either one vessel or an entire unmanned
vessel fleet.

3. Insight Patterns: It is the layer of utilizing the DT that is operated with the ship.
Anomaly patterns will be monitoring the deviation from normal operation and reverse
analyzing to find the root cause for any abnormality in the system.

4. Computational Pattern: Designing the DT to perform efficiently with smart storage
by a high-fidelity controlled regression to avoid data misconceptions. Offloading of
data will also be performed with controlled dynamic regression offloading in physics
analysis.

5.3. Appreciating the Future Dynamics

With the recent developments pertaining to software and hardware capabilities, 10T,
Big Data Analytics, etc., the concept of DT has become a widely used technology in
almost all sectors across the globe. DT is a key model portrayed in the main development
strategies such as Industry 4.0 and Made in China 2025 (MIC 2025). The development
of the Cyber-Physical Systems (CPS) architecture to transfigure the physical model into
virtual space is a necessity to achieve the vision of the industrialists and researchers of
the above development strategies [95]. The shipping industry is an ideal platform to
utilize the positive effects of CPS in the form of DT. “Information Technology and Industry
integration” is one of the key factors in MIC 2025 and “High-Tech ships” is one of the 10 key
targeted sectors in the strategy [96]. In a similar example, the CyberFactory#1 project [97]
powered by Industry 4.0 focuses on CPC modelling with human, social and economic
dimensions. Following key technologies can profoundly uplift the system integration of
DT-based solutions.

5.3.1. Smart Port Compatibility

To create better management solutions and increase the efficiency levels of port op-
erations using DT techniques, initiatives such Smart Port or Port 4.0 [98] have become
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promising concepts. The digitalized port ecosystem will expect its stakeholders to follow
the prerequisites to obtain or deliver the services. Automation will be the key component
with supportive technologies such as IoT, Al, Smart Logistics [99], Blockchain port oper-
ations [100], DT, etc. With a similar intention, the “European Commission Roadmap for
Waterborne Transportation Development Action Plan” [101], which was formulated in the
year 2019, strives towards the implementation of a digitalized smart port concept with
the ultimate goals of improving the safety, security, efficiency, environmental soundness,
transparency and improvement in workforce factors in present port systems. The United
Kingdom, in their long-term strategy Maritime-2050, has also emphasized the ambitions of
digitalization of ports in the process of moving towards Smart Ports [102].

As the terminology itself portrays the correlation, Smart Ports will always be re-
quired to accommodate smart ships. Both systems will function hand in hand in energy
management, navigation, communication, resource sharing, safety and security, marine
environment conservation, intelligent awareness of each side’s strengths/limitations, etc.
Necessary historical data and real-time data are to be shared at both regional and global
levels. DTs of both ship and port will be able to function as the bridge between two
smart systems.

The Port of Rotterdam in the Netherlands has already taken the initial step in adopting
DT technology by establishing a sensor array using IoT technology and obtaining real-time
mission-critical hydro and weather data for port operations. It obtains tidal data, salinity,
wind speed, and direction from a combination of 44 sensors and analyzes them along with
prediction models to provide complete digital visibility to the port control station [103] and
upbringing data to support the port governance and inter-port collaboration scheme [104].
The Port of Antwerp in Belgium is also adding digitalized concepts for its operations. Apart
from the functioning the level DT model, digitalized radar infrastructure port control is
assisted by an autonomous network of drones to assert domain awareness, spill/waste
detection, firefighting tasks, etc. [105]. Further, Adelaide Port in Australia has optimized
its container handling capacity by using Al-powered smart functions in the planning and
utilization of assets in the terminal [106]. The TwinSim project at Hamburg port, Germany,
is also underway to achieve 3D visualization of the port functions in collaboration with
sensor data and Al [107]. However, the safety, physical security and cyber security of
the smart port system [108] will be an utmost concern and a challenge, where a single
deviation/disruption can halt the entire operational flow.

With the current trend of port digital extension, future ships may be mandated to
operate with smart functions along with a DT to maintain compatibility with the DT of the
smart ports. The transformation from regular to digital will require successful meta-level
organizational alignment with strategic coalitions of stakeholders [109].

5.3.2. Incorporating Augmented Reality and Virtual Reality

Augmented Reality (AR) based applications are playing a pivotal role in the digitaliza-
tion process, where the number of operations can be enhanced with AR-based solutions.
It can be used as a presentation tool where interactive interfaces are utilized to visualize
three-dimensional geometries and function as a supporting tool in executing the work while
minimizing the errors incorporated in the manual process [110]. Additional information
along with the Standard Operating Procedure (SOP) can be superimposed to provide more
guidance to the operator to perform the designated task. The author can specify the linkage
between the geometries of the component and metadata including the drawings, plans,
documents, and other service instructions supporting the execution of the relevant process.
In this methodology, a camera tracks the base object while feeding the user interface with
virtual images, objects, and texts of relevant data [111]. AR-based service instructions
can assist heavily in the application of CAA in the functioning of the smart functions
onboard. At present, simulations play a vital role in the design decisions and validating
of components/systems in the design, engineering, operation, and service phases of a
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product. DT-based AR functions realize all the aspirations of a seamless development of
any critical product.

Virtual Reality (VR) is also a formidable domain that has stormed the digitalization pro-
cess with its superior merits to the traditional 3D-based systems in providing more versatile
information and interaction. It has already been utilized extensively in the shipbuilding
industry with loaded CAD models in virtual environments with the facility to interact with
them. A high-fidelity DT model will further allow virtual prototyping [112] in reducing
the cost incurred during the validation and testing phases of any new vessel. Assigned
controller buttons are used to navigate within the virtual environment while manipulating
the model with incorporated control modes. Traditional Marine Engineering Systems
(MES) with 2D interfaces are replaced by these naive simulation/user interfaces with much-
improved geometric modelling procedures with model integration with optimizations,
general arrangement, equipment specifications, etc. [113]. Head-Mounted Displays (HMD)
with room-scale tracking will allow the user to control the model within the 3D space
along with motion-tracking handheld controllers. Eye tracking is used with interactive 3D
screens in smaller applications while Cave Automatic Virtual Environment (CAVE) creates
an immersive VR experience using projectors set to the entire room. These are used for
training purposes due to cost concerns and the inability to produce high-definition output
for real-time applications.

5.3.3. Artificial Intelligence

Artificial Intelligence (AI) will play a huge role in the development of DT in marine
applications. Machine Learning (ML) has become a key component in Al-based systems
in industrial applications. In a DT-based solution, the processing of large data sets can be
incorporated with ML to reduce user participation in the training of the model. It can further
conduit AI with Human Intelligence with effective integration processes in aspects such as
remote sensing, social sensing, crowdsourcing, and analytics of the DT paradigm [114]. The
positivity of Al algorithms can be easily integrated into the DT model with Deep Learning
(DL) techniques. Diagnostics and predictive forecasting can be incorporated into the DT
with its neural network with a deep network from the acquisition of data to the training of
the final algorithm [115].

At present, applications of Al along with DT include Aerospace Industry, Driverless
Automobiles, Intelligent Manufacturing, Smart City, Smart Home technology, etc. For
example, real-time decision-making for pilots and Air Traffic Controllers (ATC) can be
assisted by the Al-infused DT model in multiple scenarios with the aid of automation of
various actions involved. It further supports collaborative decision-making in demanding
situations with the ultimate aim of reducing the human factor in aviation operations [116].
To increase the operational readiness, availability and safety of UAV operations, an Internal
Al-based meta-analysis system is incorporated with a communication data link to a ground-
based DT model [117]. All these approaches are relevant to maritime applications, which
demand similar navigation, control, communication, and operational requirements.

Self-driving cars with Al algorithms are already being used to minimize traffic ac-
cidents, increase fuel efficiency and ease driving including disabled personnel. For this,
DT is essential to minimize failures and improve the ergonomics such as the Advanced
Driver Assistance System (ADAS) in the Tesla Model-Y autopilot system [118]. Trust in
these automated systems will improve with the system development process adopted by
Tesla using the Al-based models implemented by the company. These individual DTs will
form a city-level DT network, which can be incorporated for various environmental, traffic,
legal and any other deemed administrative process. In a space engineering breakthrough,
autonomous cognition in spacecraft is achieved using a DT-based on-orbit data analysis
system. It enables the satellite to perceive its self-state in real-time with changing environ-
ment [119]. Similarly, marine applications also can be powered by Al within the designated
DT architecture for autonomous operation with self-navigation, diagnostic and forecasting
requirements, etc.
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Similarly, a study by Heuijee Y. developed a simulation technique of the object detec-
tion, avoidance and lane detection algorithms in these Al-based vehicles using the online
game GTAS as a low-cost self-driving replication platform [120]. For these smart vehicles,
highway traffic mapping and modelling can be done through 3D GIS-assisted DT with
multi-domain scale modelling [121]. A similar approach can be manipulated using a ship
simulator as a base platform to generate an Al-based self-navigation solution within the DT.

5.4. 4-Layer Digital Twin Framework for a Marine Vessel

From the initial contract of a ship until the final scrapping after decommissioning of
the vessel, she will undergo various lifecycle phases with different actions in each stage.
It will be governed by the functional requirements of the different stakeholders and Ship
DT can provide valuable insights to support each activity in her design and development,
validation, production, operations, and decommissioning stages. During the total lifespan
of a ship, it will surpass the actions of marketing actions, the realization of the customer’s
intended design, optimization of the designed model using various physical/simulated
methodologies, monitoring the entire functionality during her operational phase with
correct control of all the actions, prognostics, diagnostics, predictive maintenance, etc. The
DT of a marine vessel can deliver and support all the actions with the merits of its inherent
advantages. Hence, the following 4-layer DT framework (Figure 8) is proposed in this
paper with abstracted segments of Business, Tactical, Application and Operational Layers.
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Figure 8. Proposed 4-Layer Ship DT Framework.

1.  Business Layer: Initial specifications and ship owners’ requirements will be met
with the design, marketing and business analytics performed with the support
of the DT. Simulation and validation of the prototype will be efficient and effec-
tive with the incorporated DT model and all information will be shared with the
project team of the shipbuilder, allowing easy project management through a modular
shipbuilding approach.

2. Tactical Layer: This will be mainly manipulated by the onboard crew if present or
by the shore operator if unmanned during the operational phase of the vessel. With
Integrated Platform Management System in the DT with real-time health monitoring,
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navigation, communication, traffic control, load control and other ship functions will
be governed with the support of DT with full integration of the ship’s systems.

3. Application Layer: This is the primary segment of handling the collected data within
the ship, shore command center, and ocean environment. Big data handling and cloud-
based operations will heavily rely on the communication data uplink and downlinks.
Artificial Intelligence will play a major part in future unmanned autonomous vessels,
thus providing the advantages generated by higher levels of autonomy in the opera-
tional cycle. Machine Learning/Deep Learning can be incorporated as sub-layers in
this process.

4. Operational Layer: This is used at the functionality level of the shore operators and
system engineers to support their intended operational plans and strategies. The
acquired data through the DT can be deeply analyzed and manipulated in decision-
making related to every life cycle phase of the vessel. Supply chain management,
CBPM and system development will be key benefits that will be availed through the
ship DT in this layer.

The above framework is proposed as a common generic architecture and it can be
easily modified, transformed, and adopted as per the user requirements. DT will be
available for every patron in the hierarchy of ships operation with dedicated access to the
intended data and information. A DT of any ship or offshore structure will be designed to
render its present state and behavior with real-time updates in a continuous manner. This
update will not only be limited to the data handshake, but also the continuous addition
of parallel components to support different functions introduced in different stages of the
vessel lifecycle. It will be identical to the physical asset cardinality covering all functions
representing the engineering model with all possible metadata in the real-time state.

6. Scientometric Analysis of Digital Twin in the Maritime Domain

In this study, a scientometric analysis is performed with complete insight into the DT
technology and to obtain a better approach to the past research work. This critical analysis
and reflection will formulate recommendations with a complete mapping of available
literature to visualize the pathways of previous work.

6.1. Methodology and Tools

It is thoroughly synthesized to obtain the exact outcome of the dataset derived from
the large database obtained from Web of Science (WoS) [122] and refined the scientometric
indicators to obtain the intended research data. In this study, the WoS inbuilt analytical
tools were also used to provide a basic overview of the selected database of past research
with a graph-based visualization. To obtain the visual analytics of the data set, computation
tools of CiteSpace and VOSviewer are used in understanding how DT has evolved over
the past passing intellectual turning points that are evident along the critical path, and
the topics have attracted attention, thus synthesizing the development of DT closely and
extensively [123,124].

Using the two analytical software, the database obtained from WoS is analyzed to
generate the outcomes such as top authors, articles, journals with emerging literature,
development, the impact of collaboration and intellectual dynamics to understand the vast
subject area of DT in the maritime domain (Figure 9). In this study, research publications
available in WoS Core Collection were considered from the years 2002 to 2022 (20 Years) as
the DT concept was initially brought out in the year 2002. This comprehensive database
includes all dominant journals and publications including IEEE Explore, MDP], Elsevier,
Springer, Emerald, Wiley online library, Taylor & Francis, etc.
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Keywords were selected based on the target data set using required Booleans as stated
below. The search was performed in WoS Core collection targeting the documents with the
search equation of

TS = {(DigitalTwinORDigitalizationORDigitalThreadORDigitallmage) AND
(MarineORMaritimeORShippingOROffshoreORSeaOROceanOR
PortORHarbour) }

Search results provided 955 multilingual publications related to the above-narrowed
research area targeting the exact timespan (Table 1).

Search 'Documents' in WoS :

Digital Twin OR
Digitalization OR Digital Authors' ; .
Thread OR Digital Image Contribution g ed Aut?lors
Analysis AT
AND |
Marine OR Maritime OR
Shipping OR Offshore OR
Sea OR Ocean OR Port OR |
Harbour
= Countries/ Keyword
» Region Analysis Analysis
Refine Date -
Range:
2002/01/01 and
2022/01/01
Refine Search :
Publication Conclusion
oS C?re History Analysis
Collection

Figure 9. The Flowchart Demonstrating the Adopted Scientometric Analytical Process.

Table 1. Documents Extracted in Search Results of WoS Dataset.

Sr No Document Type Record Count Percentage %
1 Articles 650 79.075
2 Meeting 234 28.467
3 Other 32 3.893
4 Reviews 26 3.163
5 Early Access 13 1.582

Based on the search results, visualizations of (1) Publication History Analysis,
(2) Countries/Region Analysis, (3) Authors Contribution Analysis, (4) Cited Authors
Analysis, and (5) Keyword Analysis were carried out using the analytical tools available in
WoS, VOSviewer and CiteSpace. Respective analysis data and logical discussion against
each step of the scientometric analysis process are described below.
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6.2. Analysis of the Dataset
6.2.1. Publication History Analysis

The 955 publications found in the WoS dataset were analyzed and visualized based on
the published year of the article chronologically. Starting with 14 publications in the year
2002, the number of articles published in the year is 231 records in 2022 with a percentage
value of 24.2% of the bulk. It is 137% more than the previous year (2021), and the trend is
set towards more increments in the coming years (Figure 10).
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Figure 10. Publication Years-DT in Maritime Applications in WoS Analysis.

When we critically examine the holistic picture, we can observe the rapid increase
in publications during the last five years, which indicates the blooming of DT technology
within the maritime sector. From the year 2002 until the year 2017, an almost similar
annual number of research articles have been published, but the same year has marked the
takeoff year for the current trend. In the early years, very few publications originated, and
these statistics may have been affected by the deficiencies of technology and knowledge
gaps in early developments. Even the COVID-19 pandemic period has not affected the
steep increment of the number of publications which have been launched from the year
2018. A similar trend line can be observed in similar studies performed by researchers
on the DT applications and surrounding technologies in different disciplines such as in
the manufacturing domain [125], business analytics [126], etc. Hence, the existing trend
suggests more research work related to maritime DT concepts is underway and being
published at present.

6.2.2. Analysis of Countries/Regions in Research Contribution

Figure 11 indicates that China has been the key stakeholder of research in DT towards
the maritime industry with a 26% share of publications, whereas the USA is ranked second
with 133 publications. Further, Europe has contributed a considerable impact on the
scientific research of DT. With the ongoing research trend and industry innovations, many
other regions of the world will also expect to produce more impact on the fast-growing
technology. The concept of DT is still evolving with the latest technological inductions in
the maritime domain, which has opened opportunities mostly for developed nations to
conduct research and development of DT technology in the marine sector and produce
good results over the past two decades.
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Figure 11. Contribution of Countries Towards DT in Maritime Applications in WoS Analysis.

6.2.3. Authors’ Contribution Analysis

A comparison of the authors was performed considering the number of records in the
database of the specific field with an insight into their corresponding profile (Figure 12).
It is comprehended that “Rodriguez-tovar F]” with 24 publications is the leading author,
and the second author, “Dorador Jr”, with a strong link with the No. 1 author in the same
cluster, has published 17 records. “Corigliano P” (5 articles), and “Gonzalez-cancelas N”
(5 articles) are in the 3rd and 4th position, respectively. Following the recent trend in DT
adoption, more contributions are expected at a rapid rate in the following years from the
research community.
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Figure 12. Authors’ Contribution on DT in Maritime Applications.

Very little collaborative research is found among leading authors in the selected
dataset as illustrated in Figure 13, where Rodriguez-Tovar and Francisco J. have the most
collaborative publications. Since DT is a new-born concept for the maritime domain, it is
observed that less cooperation is visible among the leading researchers. The major bloom
started after the year 2017 and was succeeded soon by the COVID-19 pandemic. Due to
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the inflicted health risks, facility outreaches, travel restrictions and association barriers, the
collaboration between the researchers must have had a negative impact on undergoing
combined and collaborative research works. As we are now witnessing the probable end of
the pandemic, more collaboration is expected among the research community towards the
development of DT technology in the global maritime sphere.
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Figure 13. Authors’ Collaboration on DT in Maritime Applications.

6.2.4. Cited Authors Analysis

The impact of the respective authors and the collaboration efforts is studied using
the citation data (number of citations, citation numbers, citation bursts, centrality, etc.)
derived using the CiteSpace analytics. The achieved data are depicted in Figure 14. There
are 7 different clusters with varying silhouette values, and all can be considered reasonable
depending on the value. Van D is found to be the highest-cited author with 76 citations for
his publication, while Doradore ] remains in second place with 24 citations.
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Figure 14. Visualization of Highest Cited Authors in Respective Clusters with a Threshold of 5.
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Further, five references have achieved the strongest citation burst in their respective
years, while Hodell D achieved the highest rate (strength 3.81) for his record published
in 2013 and the burst commenced in 2014 and ended in 2016 (Table 2). The co-citation
reference network visualized by VOSviewer indicates the development of the concept over
time and 6 major clusters of collaborative research work within the timeframe from 2014 to

2022 (Figure 15).

Table 2. CiteSpace Analysis Output for Publications with Strongest Citation Bursts.

References Year Strength Begin End
Hodell D, 2013, SCI DRILL, v16, P13, DOI 10.5194 /sd-16-13-2013 [127] 2013 3.81 2014 2016
Dorador J, 2014, MAR GEOL, V349, P55, DOI 10.1016/j.margeo.2014.01.003 [128] 2014 3.28 2015 2018
Sutton M,2009, IMAGE CORRELATION FOR SHAPE, V0, P0 [129] 2009 3.93 2009 2020
Rodriguez-Tovar F, 2015, ANN SOC GEOL POL, V85, P465 [130] 2015 32 2015 2020
Sanchez-Gonzalez P, 2019, SENSORS-BASEL, V19,P0,DOI 10.3390/519040926 [131] 2019 3.56 2019 2022
dagilnoi.steffan
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Figure 15. Co-citation Reference Network in the Timespan of 2014 to 2022 with 6 Main Clusters.

6.2.5. Keywords Analysis

Research subjects are often generated and influenced by the coexistence of the key-
words amongst various publications making a deliberate trend for parallel research bases.
CiteSpace keyword analysis was performed on the exported WoS database and the follow-
ing visualization with highlighting of the prominent nodes indicating the highest counter

and centrality (Figure 16).
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Itis observed that the frequency burst of most of these keywords occurred from 2016 to
date, indicating the recent and ongoing research prominence among the research commu-
nity. These keywords can provide an overview of the current trending research work within
the maritime domain. Further, the available timeline view in CiteSpace brought up the pro-
gression of DT in the marine sector with the initial step of “Digitalization” (#0-First Node)
leading the pathway passing cluster titles such as “digital image correlation”, “remote sens-
ing”, “automatization”, “port digitization” and finally to “Digital Twin” (#9-Ninth Node).
This further provides substantial validation to the pathway of implementing DT technology
within the maritime domain as discussed in the articles from initial digitalization, smart

ports towards the final implementation of DT technology.

”ou

6.2.6. Results and Discussion

It is an evident fact that DT has had a slower beginning from its inception in the year
2002 up to the year 2017, but it has been thriving with major applications/achievements
among researchers around the world. The present trend in publications related to DT
technology in the maritime sector is following an exponential increment, which is also
a promising factor in generating innovative avenues for the future industry. Further,
the published data originated from almost all regions of the world, which emphasizes
the attention received from the research communities around the world. The leading
researchers are highlighted in the analysis along with the trending keywords within the
highlighted domain, which will give insight to new researchers for their follow-up actions.
Although cross-border and cross-discipline research work has occurred less in recent
years, more collaborative research work is expected along with the easing of COVID-
19 pandemic-imposed restrictions, which will generate a more positive impact on the
progression of technology.
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7. Challenges and Future Developments in Marine Digital Twin Technology

DT is at the infancy stage when it comes to implementation in the shipping industry.
Limited research is conducted and implemented in projects compared to other industries
such as aerospace, manufacturing, agriculture, construction, city planning, etc. The effec-
tiveness of the Cyber-Physical Fusion [132] will be another key encounter. The following
salient points can be prominently identified as the bottlenecks posed to the progression
and implementation of this naive technology within the maritime sector.

Lack of necessary infrastructure within the existing maritime industry.

Lack of software and hardware skills among various levels of stakeholders.

Limited connectivity due to data transmission restrictions at sea.

Communication barrier between the underwater vehicles (Submarines and UAVs)
with the shore-operated DT.

The reluctance to transition to digital systems from long-used manual hardware platforms.
Knowledge gap of the DT technology and benefits reaching the industry as mostly
academia is engaged in the research and development stage.

Lack of research collaboration among key researchers/institutes.

Technology readiness is lagging while concept development is at full throttle.

Data security complications in dealing with confidentiality, non-repudiation,
and authentication.

Large data handling barriers in data retention, accessibility, and visualization.

Very limited research has been conducted on the functioning of DT in the retir-
ing/decommissioning phase.

With the known limitations highlighted above, DT has recently emerged as one of
the most powerful tools with the aid of high-tech computational resources, Al functions,
Big Data Analytics, etc. Thus, the same is being vastly adopted by academia, industry,
and research organizations. In the maritime domain, one of the most critical aspects is
communication, which is a mandatory prerequisite for any DT-based system. The data
link between the onshore, offshore, or underwater physical model with the DT is to be
established with continuous synchronization. With the development of satellite links and
shore-based networks for coastal navigating vessels, DT is becoming much more practical
for real-time implementations. Comprehensive data exchange and a model-based review
process are to be inducted into existing manual operations. It will enable achieving a full
Model-Based Definition (MBD) [133], which is mandatory in the DT implication process.
However, a Digital Shadow or a Digital Model is a possibility by updating the digital
image manually or whenever the communication link is established. A collaborative data
handshake is mandatory with a cohesive data network accessed by all stakeholders [94].
Missing data or faulty data due to sensor failures can create an entire system failure in
a DT-based system. This data should be coherent without any disparity to function in
DT modules with the ability to unify the data among the cooperating partners. Further,
most industries pose scattered ownership of data and the same are maintained in different
formats, interfaces and software [134]. Unification and standardization of these mandatory
data policies in DT can be a challenge.

Furthermore, with the development of more robust underwater communication tech-
nologies, in the future, DT solutions will come into play with automated submarines and
other underwater applications. DT-based solutions will be able to overcome the communi-
cation gaps in AUV operations incorporating continuous research and development will be
the key to imposing a complete transition from existing obsolete platforms to DT-based
suits within the maritime industry.

It has been evident from the literature survey that DT technology has tremendous
potential across various segments in the maritime domain and despite being in its early
stages of implementation, worldwide research and development efforts are underway.

Currently, DT technology is primarily used for monitoring and simulation in the
maritime domain, but its usage is expected to expand to other areas such as predictive
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maintenance, asset management, and decision-making. As the maritime industry shifts
towards interconnectivity and collaboration, it is believed that DTs will play a crucial role
in supporting and enhancing these efforts. In particular, the integration of DT technology
with ASVs/AUVs is poised to play a significant role in connecting to future smart functions
utilized by various stakeholders in the industry. Al is expected to be a key component in
the DT functionality, where the least human intervention will be made possible in operating
complex scenarios. Thus, the future of DT technology in the maritime domain is very
bright, with continued technological advancements and increasing adoption expected in
the coming years.

8. Conclusions

In this study, a comprehensive literature review has been performed to explore the
applications of DT technology within the maritime domain. Since its introduction in the
early 2000s, DT technology has progressed at a slower pace due to the absence of necessary
components such as hardware, software, remote sensing techniques, cloud computing, big
data analytics, digital manufacturing architecture, and satellite communication facilities.
Despite the limited implementation of DTs in real-life projects during the early years of the
millennium, the recognition of its capabilities and potential has led to its increasing adop-
tion in the manufacturing and service sectors of the maritime industry. With the abundance
of computational resources and recent emergent trends in Al-based technologies, DT is
likely to become an effective solution for validating state-of-the-art designs in a virtual envi-
ronment, resulting in significant time and cost savings. Many projects are already underway
in many parts of the world to acquaint the existing operations with DT-based solutions
in designing, monitoring, manufacturing, training, testing, simulations, etc. Based on the
bibliometric study performed using scientometric analysis, it can be deduced that there is
a growing trend of incorporating DTs into maritime operations as the industry becomes
increasingly digitized and electrified. The proposed four-layer ship DT framework in this
study has compiled and deduced these necessities to be addressed within the maritime
sector and can be utilized as a base model in designing a comprehensive DT architecture
covering the life cycle of a ship. The majority of the DT projects in the maritime sector
are still in the developing stage with limited research work/data available on the subject.
However, by observing the current bloom in technology and research trends on DT-based
systems, it can be concluded that the potential of DT will revolutionize the maritime sector,
especially the shipping and offshore engineering sectors with expected major outcomes in
achieving high-tech-based design, development, manufacturing, and operations.
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