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Abstract - As the 4th industrial revolution progresses, the application of several cutting—edge technologies such as the Internet of Things,
big data, and mixed reality (MR) in relation to autonomous ships is being considered in the maritime logistics field. The aim of this
study was to apply the concept of a digital twin model based on Human Machine Interaction (HMI) including a digital twin model and
the role of an operator to a ship. The role of the digital twin is divided into intormation provision, support, decision, and implementation.
The role of the operator is divided into operation, decision-making, supervision, and standby. The system constituting the ship was
Investigated. The digital twin system that could be applied to the ship was also investigated. The cloud-based digital twin system
architecture that could apply investigated applications was divided into ship data collection (part 1), cloud system (part 2), analysis
system/ application (part 3), and ME/mobile system (part 4). A Mixed Reality device HoloLens was used as an HMI equipment to
perform a simulation test of a digital twin system of an 8 m battery—based electric propulsion ship.
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1. Introduction

The International Maritime Organization reviewed the
instruments for the introduction of
technologies and started to develop the MASS Code for the

operation of autonomous ships.(IMO, 2022) Currently, the

relevant new

government is expressing its will to support the
development of new technologies and financial support for
the shipbuilding and offshore industry by carrying out the
national R&D Projects for the revival of the main industry
in accordance with the paradigm shift in the shipbuilding
and offshore industry. The Korean New Deal promotes the
development and demonstration of core technologies for
ship intelligence, and the new maritime and fishery industry
innovation strategy is also promoting the preemptive
securing of core technologies for intelligent ships, such as
intelligent navigation and automatic berthing.

In the field of maritime transport, discussions on the
concept of autonomous ships are ongoing. In the IMO, the
concept of autonomous ships has been classified into four
and used temporarily. However, it is difficult to establish
the concept of an autonomous ship because the technology
level of the autonomous system that can be applied differs
depending on the onboard systems.

As the latest technology is applied to the industry, terms
such as IIoT, digital twin, cyber-physical system, and

autonomous system are used to inform the application of
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this technology, but it is difficult to know the exact level of
technology and it is difficult to clearly distinguish between
the terms because there are many common features. Many
papers review different aspects of digital twin, providing
many definitions and descriptions of digital twins.(Fuller et
al., 2020; Wilhelm et al., 2021)

Existing papers focus on a specific technology, this paper
aims to apply digital twin technology to ships and build an
architecture that users can use. Chapter 2, discusses the
concept of digital twin applicable to ships by reviewing the
recently published papers. Chapter 3 describes the technical
analysis of the vessel system that can be configured as a
digital twin. In Chapter 4, a user-based digital twin system
architecture that can apply the applications investigated in
Chapters 2-3 was constructed. Afterward, a cloud-based
prototype digital twin which configured as ship data
(part 1), (part  2),
system/application (part 3), and AR/mobile system (part 4)

collection cloud system analysis

was connected and tested on an 8-meter battery—powered

electric propulsion vessel.

2. Concept of the Digital twin ship

2.1 General definition of the Digital twin

As the term of digital twin suggests, a digital twin is a
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digital model of a real object. Cutting—edge IT technology
since the 4th

revolution and many researches and developments are being

has developed dramatically industrial
conducted in various fields such as manufacturing, city,
robot, medical care, and logistics. Before the digital twin
concept appeared, a Cyber-Physical System (CPS) was
used as a similar concept, and in a broad sense, the
Industrial Internet of Things (IIoT) system was also used
as a concept similar to the digital twin.

Since the term of digital twin is used in a broad sense
and can be interpreted differently by stakeholders, a number
of papers have been published that analyzed digital twin
technology in various industries and presented the concept.
Although a number of papers define digital twins in various
aspects, it is commonly agreed that it is essential to
transfer the data flow between real and digital objects in
both directions.(Tao et al., 2019) An integrated digital
system with a physical system can be divided into digital
model, digital shadow, and digital twin.(Kritzinger et al.,
2018)

Due to the characteristics of ships, in most ships except
for coastal ships, it is expected that the seafarer will be on
board or will be maintained for a considerable period of time
in the operation of the ship either directly or indirectly
through remote control. Human Machine Interaction based
digital twin model including the ship operator should be
applied.(Wilhelm et al., 2021) Therefore, it is necessary to
identify the way digital twins support ship operators by each
of the ship’s constituent systems, and it is necessary to

classify digital twins and the tasks performed by seafarers.

2.2 Technical level definition of Digital twin ship

A ship is composed of multiple systems, and seafarers
directly control the systems of the ship by manipulating.
Autonomous systems are expected to gradually replace ship
seafarers in implementing certain tasks, but when and at
vary
depending on the nature of the task and role of seafarers.

what level the replacement would happen will
Thus, for large ships where many autonomous systems of
varied levels are operated, clearly defined the role of
and their

handled with great importance. In this paper, the technical

systems and seafarers, interaction must be
level of system was defined in consideration of the roles of
system and the roles of seafarers.(Thomas B. Sheridan et
al., 2014; Wilhelm et al., 2021)

The role of system consists of data collection support,

decision and implementation. The level of automation

increases as we move from data collection to implementation.
The stages of decision and implementation can be seen as
the roles to be played by autonomous systems. Role of
system can be defined as follows:

» Information(Data collection): The system collects and
stores data on task and relevant status through sensors and
provides seafarer with information in a summary

* Support: Based on collected data, analysis and
prediction is carried out to provide information required by
the operator in the decision-making process. Analytics and
prediction are based on technology such as big data and AL

*  Decision: Measure to be taken by system is
determined through optimization based on data analysis and
simulation.

Autonomous controls

. Implementation: system

onboard systems based on determined measures.

The level of automation applied to the system and ship
operation strategy may change the role of seafarer. Largely,
is divided

supervision and stand-by, with the role of seafarer on for

a seafarer's role into operation, decision,
each task decreasing in the same order. The definition of

the role at each stage is as follows:

* Operation: Conventional role of seafarer regardless of
system automation. Seafarer will carry out overall tasks
related to onboard system operation with the support or
information from the system.

* Decision: The seafarer exercises overall control of the
system based on support and decision by the system. An
autonomous system provides seafarers with strategy and
insight into the decision.

e Supervision: The seafarer verifies the system’s
decision and implementation rather than making decisions
on system operation. A system under operation may be
shut down or decision-making authority may be withdrawn
if necessary.

» Stand-by: The role of a seafarer is replaced by the

system.

3. Architecture of the digital twin ship

3.1 The architecture for Digital twin ship

A ship is a very complex system composed of various

systems. Many technical documents on the concept of
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digital twin for detailed systems have been published, but
the concept of digital twin for ships has not yet been
published. ISO 23247 series are standard documents for the
digital twin framework of manufacturing published by the
International Organization for Standardization. This paper
classified the digital twin architecture into 4 areas, and
added an operator area in consideration of the ship
operation characteristics. In this chapter, each area of the
digital twin was identified through the analysis of technical
documents and the interaction between the digital twin and

the operator was reviewed.

3.2 Information collection area on physical objects

In the information collection area, the ship components
data to

stakeholders, and etc, while storing information through

synchronize applications, cloud systems,
various sensors of physical objects. In this area, it is
necessary to identify which components in the ship are the
physical objects of the digital twin ship.

The technical level applied to each system may differ
depending on ship composition and the nature of seafarer
task. Thus, to define the level of autonomous technology by
system, ship compositions are divided as specified in rows 1
and 2 of Table 2, considering ship structure and function,
and seafarer task. At the category level, onboard systems

are divided by physical location and function into navigation,

berthing (including anchoring and mooring), steering,
propulsion, electric power system, hull, cargo storage,
loading/discharging, emergency response, security and

habitability. Key functions and seafarer tasks a reconsidered

for each item to derive the low-level category.

3.3 Analysis area for digital tiwn

The analysis area is a crucial area that analyzes the data
collected by the ship and provides a model or information
required for the application area. This area is divided into
analytics technology and infrastructures for data analysis.
The first is data analysis technology. The term data
analytics focuses on collecting, analyzing and storing data
to gain greater insight.

Machine learning and deep learning are representative data
analysis algorithms, and deep learning is a subclass of
machine learning. Machine learning is characterized by
generating algorithms that allow computers to act through
data learning without developers directly programming. In
conjunction with the system that automatically collects data,

the system takes over the repetitive tasks previously

performed by seafarers. It is generally used for systems
related to maintenance.(Coraddu et al., 2014; Uyanik et al,
2020) Deep learning learns more data and provides higher
accuracy to machine learning that can scale up the size of
neural networks. It has shown innovative performance
improvement in fields that have previously shown limitations,
such as image recognition and natural language processing.

The second is the analytics infrastructure. Analytics
technology requires continuous learning and analysis on new
data. Most systems in maintenance do not require real-time
response, and the method of learning and reasoning on
board is not efficient in terms of maritime communication
environment or cost. Therefore, strategic use of a onshore

infrastructure is required depending on the application.

3.4 Application area

The application area is a service provided to users
through data analysis. Applications are generally developed
and operated based on data collection and analysis systems.

The main applications of the first column of Tablel were
classified into navigation, maintenance, energy management
system, automation, and seafarer health in consideration of
the functions of the system and the task of the seafarer.
Navigation, maintenance, and energy management systems
are fields where data-based systems, like big data and
artificial intelligence systems, are applied. The systems of
other ships were classified as an automated system, and
systems related to the safety of seafarers were classified as
crew health. In the second column, the functions proposed in
the technical documents was classified. It was necessary to
classify the functions into the existing automation system
and the data—based system. General automation functions
are classified into monitoring, optimal control and control,
and the data based functions were explicitly written in the

system name.

3.5 Area of interaction with stakeholders

Although  digital reached a
considerable technical level and has reached the level of

twin technology has
unmanned technology in some fields, since ships are operated
at sea, an operation strategy through interaction between
seafarer and system is required rather than relying on the
system. Recently, the International Maritime Organization
has been discussing how to consider remote operators as
seafarers through the MASS code. As a new entity is
introduced into the maritime system, it is necessary to clarify

the role of the seafarers and the role of the digital twin.
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Table 1 The functions of main application of DT

Main .
.. Functions
application
o Situation awareness, Communication,
Navigation . .
Risk analysis, Control
. Monitoring, Failure  analysis and
Maintenance o .
prediction, Failure removal
Energy L o .
Monitoring, Optimization, Power quality
management
Automation | Monitoring, Optimization, System control
Seafarer o
Monitoring
health

3.6 Review of the level of technology applied to
individual onboard system

Table 2 is a summary of our analysis on common
applications by the onboard system and their technical
level based on a review of technical materials. For the
classification of onboard systems, column 1 and 2 referred
to the Autonomous ship Guideline published by Korean
Register. In column 3, which is the main application,
according to the onboard systems, Table 2 was used to
classify them, and in columns 4 and 5, these were classified
according to the roles of seafarers and onboard systems
in Chapter 2.2.

autonomous technology was unclear

presented In the case the level of
in the technical
material, expert opinion was sought.

In the case of navigation and berthing (including
anchoring and mooring) systems, the system is capable of
deciding on the navigation route, steering and controlling
propulsion under controlled conditions. The system for
recognizing the external environment collects and analyzes
data on the external environment to support the system in
planning movement within port, collision avoidance and
navigation. As for technology applied to navigation, the role
of system includes informing, support, decision making and
implementation, and that of seafarer include stand-by, and
decision making or supervision depending on the ship
operation environment.

As for propulsion and hull, systems are mainly used to
support seafarer in terms of maintenance and repair. In
repair, system provides

terms of maintenance and

information and support, while seafarer engages in
operation based on system support. The operation has
traditionally been and still remains the role of seafarer.

Although the system is capable of analyzing the state of a

facility, it would not be able to predict a failure in an
accurate manner and execute the repair itself in the near
future. Therefore, the mentioned role of seafarer will
remain.

As for the power system, technology for energy
management and maintenance and repair are mainly applied
and used. For energy management, system carries out all
four roles while seafarer serves as a supervisor that
participates in decision-making process when necessary.
For maintenance and repair, system provides information
need in making decisions, and seafarer engages in
operation. Given the various advantages in maintenance and
repair, battery-based electric propulsion systems have been
applied to MASS for short-distance coastal operations in
many cases.

Currently, cargo storage, loading/unloading and housing
system are categorized as automation system, and engage
in repetitive tasks based on embedded system. For
automation, system plays the role of information collection
and implementation of tasks. When making decisions,
system relies on pre-determined values by seafarer rather
than data analysis. The role of seafarer in such case is to
supervise the decision—making process if necessary. For
maintenance and repair, system monitors the condition and
provides analysis results to the seafarer as support.
Seafarer carries out tasks based on support from the
system.

In the case of emergency response and security,
monitoring technology utilizing sensors such as cameras
and data analytics are being used for fire detection, search
of distress and detection of infiltration by system. To
ensure safe operation of MASS, there are currently efforts
to develop technology that enables the system to respond
actively after detection. However, it is mainly the role of
seafarer to engage in operation for incident follow—up. In
terms of escape, the system identifies risk areas on board,
and supports seafarer and passengers to escape through the

safest route.
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onboard system

1) O: Operation, D: Decision making, Su: Supervision, St: Stand-by

2) In: Information, S: Support, D: Decision, I: Implementation

System Classification

Seafarer Role”

System Role”

Main
Category Sub-Category application O D | Su| St | In S D
Position identification Navigation o o
(E. S. Lee et al.,, 2019) (Situation awareness)
Environment recognition Navigation o o o
(H. T. Choi et al., 2021) (Situation awareness)
Internal/external .
Navigation & communication (ﬁ}[lotgirg}tifn) O O
Communication (Song et al., 2019) S
Collision avoidance L
(Short term) Navigation olo|lo|lo|o]|o
(X. Zhang et al., 2021)
Xf)gr?gg Pl Energy Management olo|lo|lo|o]|o
(L. Zhang et al, 2021) (Optimization)
. Position maintaining Navigation
Berthing (LEE et al, 2018) (Control) ©|10|©°
(Including
anchoring and Navigati s S
. gation within ports Navigation
mooring) (Miyauchi et al., 2022) (Control, Situation awareness) ©cjlo}o0jo010|0
Steering power generation Automation o o o
(Lee et al., 2019) (Control, monitoring)
; Rudder angle control Automation
Steering (Cai, 2019) (Control) ©10 |0
Rudder angle monitoring Automation o o o
(Guan et al., 2022) (Monitoring)
Maintenance
Main engine (Analysis, Prediction) O ©|0
(Mechanical)
(Yu & Baloch, 2019) Energy Management o o
(Condition monitoring)
P Isi ) ; .
ropuision Electric propulsion motor Maintenance o o o
(Su et al.,, 2021) (Analysis, Prediction)
Propulsion power .
transmission ( Anall\/[amtelralar:jcief ) O O O
(Xue et al., 2021) ysis, trediction
Generator Maintenance o o o
(Perabo et al., 2020) (Analysis, Prediction)
Power distribution E M
Power (AC. DC) nergy Management 0 0 o) 0 0
System (Ma et al, 2021) (Power quality)
Sources .
Maintenance
(B?g%}e’; EB eahhcez%ﬁgc.) (Analysis, Prediction) o |0
Lines of hull Maintenance o o o
(Yang & Huang, 2016) (Monitoring, Analysis)
Stability .
e - Automation
(Santiago Calagglano et al., (Control, Monitoring) O] O | O
Hull ; )
Drainage Automation o o o
(Lakshmi et al., 2021) (Control, Optimization)
Weight distribution Automation o o o
(Shen et al., 2020) (Control, Monitoring)
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System Classification

Main application

Seafarer Role”

System Role”

Category Sub-Category (functions) O D | Su| St | In S D
Hull fouling Maintenance o o o
(Coraddu et al., 2019) (Monitoring)
Hull robustness Maintenance o o o
(Maciej Serda et al., 2019) (Monitoring)
Water-tightness Maintenance o o O
Hull (Pan et al., 2022) (Monitoring)
Corrosion control Maintenance o o o
(Beko et al., 2021) (Monitoring)
Structural inspection & .
maintenance 1(\1/\1/?mt.<€na}n(:(§ O O O
(Poggi et al., 2020) onttoring
Storage space Automation o o o
(Tsang et al., 2017) (Monitoring, Control)
Cargo securing Automation o o o
(Li & Wang, 2018) (Control, Optimization)
Cargo storage -
Cargo management Automation o o o
(Tsang et al., 2017) (Monitoring, Control)
Cargo safety Automation o o
(Zhu et al., 2020) (Monitoring)
Cargo transfer Automation o o o
(Tam, 2020) (Monitoring, Control)
Loading/ Draft management Automation o o o
Discharging | (Parsons & Kotinis, 2011) (Monitoring, Control)
Cargo management Automation o o o
(Alexeev et al., 2020) (Monitoring)
Fire system Automation o o
(Ji et al., 2021) (Monitoring, Control)
Flooding Automation o o
Emergency (Vassalos, 2020) (Monitoring, Control)
response Escape Automation o olo
(Choi & Yang, 2017) (Optimization)
Search and rescue Automation o o
(Al et al., 2021) (Monitoring)
Cyber security Automation o o
) (Tusher et al., 2022) (Monitoring)
Security - - -
Physical security Automation o o
(Kawakami, 2016) (Monitoring)
Accommodation space (Mihai Automation o o
et al., 2021) (Monitoring)
Food and drink Automation o
(Vaneeckhaute & Fazli, 2020) (Monitoring)
g Working space Automation
Habitability (Simon et al., 2015) (Monitoring) © ©
Sanitation Seafarer health o o
(IMO PPR 9, 2022) (Monitoring)
Human safety Seafarer health o o
(Lin et al., 2021) (Monitoring)
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4. Development of prototype application

In Chapters 2 and 3, we performed a technical analysis
on which vessel system can be configured as a digital twin
and what information can be provided to the seafarer. To
apply the vessel's application function investigated in
Chapter 3 to the digital twin system, it is necessary to set
up a development environment that connects the physical
vessel and the digital twin system. Therefore in Chapter 4,
a four-part digital twin architecture was constructed and
tested. In Part 1 as a physical object, an 8-meter-sized
battery—based
prepared for this study. In Part 2, the Microsoft Azure cloud

system (Figure 2) was implemented, and in Part 3, the

electric propulsion ship (Figure. 3) was

vessel’s monitoring system was applied. In Part4, HoloLens
was used to configure and test MR-based real-time

monitoring systems shown in Figure 5 and 6.

4.1 Architecture

Based on the digital twin architecture analyzed in
Chapter 3, a digital twin architecture suitable for electric
digital

architecture of electric propulsion ship is divided into 4

powered ships was constructed. The twin
parts as shown in Figure 1. As a physical model of digital
twin, Part 1 is equipped with ship IoT system that can
collect data inside and outside the ship and marine
communication facilities for the linkage with land. Part 2 is
a digital model on the cloud that implements digital twin
model by receiving data on ship. Part 3 is a MR system
that can visually check information on ship and information
on cloud. Part 4 is an application that can provide the
optimal solution through digital model. MLL model, real-time
recognition of the

monitoring, battery  monitoring,

surrounding environment and maintenance are included.

4.2 Digital model (Part 1)

It is necessary to secure 3D CAD files on the ship and
equipment to visualize 3D model of the physical vessel. For
equipment, CAD file that is used in the design stage was
used, and direct modeling was made for the hull model.
After that, it is necessary to convert model files and do
optimization work of model to upload the files to application
and operate it in the user device. In this study, Unity
program was used to develop an application and Pixyz

program was used for optimization. Table3 shows the

results of implementing Tessellation and Decimate after
performing Remove hole, Hidden Removal and Merge are by
using Pixyz are as follows.

Model completed with optimization and uploaded to the
application is shown in Figure 4. HoloLens limits the
number of polygons in one scene by less than 100,000 for
the smooth operation of the application.(J. Lee et al., 2017)
However, the number of polygon in the entire model that
performed optimization was 182,312 which was not satisfied
with the limits. In particular, the number of polygon of
motor was 138,637 which accounted for the largest portion.
Therefore, additional modeling work is necessary for the

weight reduction of the motor model in the future.

Table 3 Number of polygons comparison

Model name Original model Wetzil mesishion
model
Ship 904 904
Motor 803,529 138,637
Battery Control 79216 17,807
Unit
Cluster 52,573 8,731
Trottle 77,709 15,943
Total Count 1,013,931 182,312
4.3 Network (PART 1 - PART 2)
The electric propulsion ship and onshore center

communication system consists of one network using
Virtual Private Network. In addition, it is composed in
parallel with Wifi and LTE in consideration of the unstable
communication conditions of the state of sea. It is necessary
to connect to Azure Cloud through network on the ship to
upload real-time data. Therefore test was performed by
connecting prototype server with the network on the ship.

To test the network connection, a packet internet groper
was sent to each server to check the response and response
speed. Test results confirmed that the respond speed of the
data was about 24ms on average. Then, WebSocket was
used to test the connection between the server and the
application and the server and the cloud, and the results
confirmed that it successfully received real-time data
through the local IP and port number.

The minimum data transmission cycle of the data
transmission system is 1 ms, but it was confirmed that the
bottleneck phenomenon occurs if the reception cycle gets
shorter. This issue will be analyzed in the future by using

the performance profile of the program.
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4.4 Cloud system (PART 2)

Azure cloud system was used to visualize the data of
digital twin system and implement the function of analysis
and prediction. The internal cloud system was divided into
five sectors which received data from the ship to be
transmitted to users, as shown in Figure 2. The major

functions of each sector are as follows.

4.4.1 Ingest and Device Management

IoT Hub collects and manages real-time data of the ship
received from the server and the number of connected
devices and the number of messages used each day can be
checked. Collected data is transmitted to Digital twin sector

through message routing.

4.4.2 Digital twins

As a digital replica of an actual object, it draws
improved results through control and simulation analysis. It
collects, processes and analyzes the data and integrates

them with Al service to analyze the patterns.

4.4.3 Serving storage

As a data storage system, it can save the message and
file data transmitted to the ship and result values
transmitted to the digital twin system. It was designed in
SQL in consideration of data structure extracted from the
ship and Cosmos DB was used for a function that requires

quick response of the database.

4.4.4 Operational rules and insights (PART3)

It belongs to Al service of the digital twin system which
can manage model learning and the distribution by using
Azure Machine Learning. It is scheduled to be applied to
the battery failure diagnosis system and power quality
system. It is planned to conduct additional linkage tests in

the future.

445 Solution network

It is responsible for the communication function to
transmit data from Azure Digital Twin and Azure Machine
SignalR

communication

Learning system to user  application.

communication 1is a real-time Wweb
technology using WebScoket method which automatically
processes connection between clients and services. It has

the advantage of fast data transmission speed.

4.5 Implementation (PART4)

HoloLens is a Microsoft-developed mixed reality—based
device that provides a blend of physical and digital worlds.
In this study,
application of cloud-based electric propulsion vessel using
HoloLens as the HMI device. On the left of Figure 4, a

physical object of an electric propulsion vessel is shown,

we developed a prototype digital twin

and a digital twin model is placed on the right. Figures 4
and 5 show the operation of the application using HoloLens,
in which a dashboard operating real-time data of the vessel
is implemented. As a result, it was confirmed that users
can see real-time information of the ship through the
application by receiving real-time data to the cloud using
the communication network on the ship. Users can operate
the application by using Mixed Reality based HoloLens and
mobile devices as well as 360-degree view and current
state of the ship by moving the position. In addition, they
can interface with the application through screen touch and

hand tracking.

5. Conclusion and future plans

In this paper we summarized the concept of HMI-based
digital twin that can consider interaction between digital
twin and crews or operators before developing digital twin
system of the ship. And then we investigated the roles and
application technologies of each system after classifying the
system that is made up of the ship to analyze the ship
system. The ship system was subdivided into Navigation &
Berthing,
Cargo

Communication, Steering Propulsion, Power
Hull,

Emergency response, Security and Habitability depending

System, storage, Loading/Discharging,

on physical locations and functions, and the roles of
operators were divided into operation, decision, supervision
and stand-by. The roles of digital twin were divided into
information,  support, decision and implementation.
Application corresponding to each system was classified
into navigation, maintenance, energy management,
automation and seafarer health to specifically present the
digital twin of the ship.

For this research, 8-meter-sized battery-based electric
propulsion vessel was prepared, and cloud-based prototype
digital twin system was implemented by using the azure
cloud system. With the digital twin architecture constructed
in this paper, an interworking test was conducted for the

maintenance (monitoring) function among the user-based
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digital twin application and the actual vessel. Digital model
1s imported to the development program through weight
lightening of CAD files and conversion of the file format.
And then it was made to transmit and send data to the
cloud by using ship communication system to receive
real-time data. Users can use HoloLens device as HMI
device and see real-time sensor data of the vessel through
the developed application.

It is planned to apply and test several function of digital
twin algorithms to the configured cloud-based digital twin

system.
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