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Abstract: Current trends in industrial development strive for maximum digitalization. The digital
industrial revolution has been going on for more than a dozen years, Industry 4.0 and the idea of
digital twins (DT) is becoming the focus of virtually all industrial sectors. Some sectors are more
predisposed to digitalization, for others the process is much more difficult. This depends mainly on
the specific characteristics and susceptibility of a given industry, including the current degree of
digitalization of enterprises, as well as the knowledge and mental readiness of employees. The in-
dividual characteristics of an industry are important. Shipyards belong to the industry with a tradi-
tional approach, where the degree of digitalization remains low. As a result, the efficiency of ship-
building processes and the quality of ships built are not sufficiently controlled. The article addresses
this problem, reviews work in the field of digitalization of shipbuilding processes and points out
the needs and challenges in this area. The article proposes the concept of a DT system for the entire
ship design and production process. Key areas of digitalization of actual processes were defined,
and a division was made into planning, monitoring and process analysis activities. Special attention
was paid to the area of dimensional quality control and the Dimensional Quality Management Meta-
system (DQMM) was featured in the comprehensive DT system. The requirements were defined
and the limitations of the proposed solution were identified, taking into account a number of exter-
nal factors including the degree of readiness of the manufacturer — the shipyard. The developed DT
system concept was tested on the example of the construction process of a simplified ship. Practical
aspects of the implementation of the proposed solution, in particular DOMM, were indicated.

Keywords: digital twin system; shipbuilding; shipyard; digitalization; product lifecycle; technology
applied to maritime industry; quality management; dimensional quality control;

1. Introduction

Management of industry infrastructure assets and products involves various pro-
cesses that require and generate large amounts of data. There is a constant need to collect
and analyze this data to support decision-making. Over the past decade, computing ca-
pabilities have advanced tremendously. This situation has fostered the emergence of In-
dustry 4.0, emerging as a new industrial revolution [1]. Progress has brought new tools
and approaches (such as Internet of Things = IoT and cloud computing) aimed at increas-
ing the efficiency of industrial processes. One of the tools of Industry 4.0 is the Digital
Twin (DT) approach. It has become very popular in recent years, and is receiving a lot of
attention from specific industries as well as the scientific community [2-6].

The article deals with the processes of digitalization of shipbuilding processes for the
establishment of a digital twin system (DTS). In order to properly and effectively address
the topic, an analysis of the state of the knowledge was carried out both from the DT basics
and more detailed solutions dedicated to the shipbuilding industry.

The concept of the digital twin is not new and dates back to 2002 when Prof. Michael
Grieves presented it as a product life cycle model [6, 7]. This model had three elements

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202304.0862.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 April 2023 d0i:10.20944/preprints202304.0862.v1

2 of 26

that make up DT: real space, virtual space and data flow space. Since then, many research-
ers have tried to develop the concept. The first formal definition of DT was introduced by
the National Aeronautics and Space Administration (NASA) in a study indicating strate-
gic development technologies [8]. In simple terms, it defined DT as an integrated, multi-
physics, multi-scale, probabilistic simulation of a post-built state, or as a system that uses
the best available physical models, sensor updates, history, etc., to reflect the life of its
corresponding real-world twin. DT continuously forecasts the state of its sibling to in-
crease both the lifespan and probability of its successful operation.

The assumptions and initial definitions of DT converge in the literature, and most
researchers refer to them. Analyzing the progression of ongoing DT research, it can be
observed that currently their interpretation is becoming increasingly differentiated. In a
review of the literature, the authors [9] note that more and more diverse DT concepts are
being developed. The main divergences concern the dilemma of whether DT is just a dig-
ital representation of a physical object or something more. One can also encounter the
approach that DT is a sort of technology [10,11]. The study [9] identified several leading
approaches while showing their shortcomings. The need to unify nomenclature was
shown as a basic conclusion. Attention was also drawn to the increasing misuse of the
name DT both among researchers and on the part of technology and software vendors
and suppliers, who use this very popular term to describe their products and technologies
[9,12]. Analyzing the available literature, one can see an increase in the popularity of the
classification proposed in [13], where the authors defined three levels of digitalization of
processes and objects: "digital model”, "digital shadow" and "digital twin". This classifica-
tion seems justified because it accurately distinguishes the degree of digitalization of ac-
tual processes and tries to organize the nomenclature. On the other hand, some research-
ers treat these classes as synonyms for DT, which causes unnecessary complications in
naming. The scale of the problem in naming and defining DTs is described in detail in
[9,14], among others. Analyzing the available studies, one must agree with [15] that stud-
ies of the "true digital twin" are rare. It can also be said that the concept of DT is a victim
of its success, it is fashionable, which causes its frequent misuse as a slogan that does not
reflect its true meaning [2, 6].

DT work is being carried out in virtually all industries [16]. The degree of advance-
ment in each sector varies. This is mainly due to the predisposition and characteristics of
a particular industry and its degree of digitalization. It can be noted that the degree to
which the cadre of specialists in a given industry is prepared for the digital revolution
also has a major impact on the progress of the works. It seems natural that the electronics
industry, for example, will be more advanced in terms of the broadly defined Industry 4.0
than the tradition-bound shipbuilding industry. It can be observed that researchers and
entrepreneurs in areas less advanced in the digital revolution have perceived great oppor-
tunities and are intensifying work in this area. They are identifying and solving more and
more tasks in order to apply DT widely and effectively. Intensive work is also being car-
ried out in the maritime sector. Their results are described, among others, by the authors
of papers [17-30]. Analyzing the cited studies from the field of shipbuilding, as in other
industries, one can notice discrepancies in the unambiguous definition of DT as well as
the idea of its use. These problems have been identified and described by researchers, and
work has been undertaken to systematize DT issues also in the field of shipbuilding
[16,17].

As a result of the analysis of the literature and the authors' experience in the field of
the shipbuilding industry, for the purposes of this study, DT was defined as a digital
model of a physical production system with work items flowing through it, which re-
ceives continuous updates and processes data throughout the production process from
product conception, through the design, planning, manufacturing and quality control
phases, until the product is commissioned.

It is assumed that bidirectional data transfer connects the digital twin with its physi-
cal counterpart in the real world. The model distinguishes functional components
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between which information is also exchanged, in effect we say that the digital twin con-
stitutes a system with well-defined tasks, boundaries and structure.

The performed review of the state of the art in the field of DT, both in purely theoret-
ical and practical terms, shows a varying degree of progress in different industries. At the
same time, considerable diversity of approaches can be noted, the spectrum of issues with
which DT is associated is wide, there are a lot of definitions of DT associated with indi-
vidual industries.

Taking into account the complexity of the issue and the individual parameters of in-
dividual industries, in order to fully exploit the possibilities of DT, it is necessary for re-
searchers and specialists in both theoretical and practical issues to work together.

2. Shipbuilding industry - specifics and readiness for the digital revolution

Maritime transport handles about 90% of world trade in goods, and is one of the basic
elements of globalization. Maritime transport is highly competitive against other global
shipping methods which, paradoxically, does not support its development. Although the
process of improving the technology and efficiency of vessels is constantly carried out, it
is not as intensive as in other industries. The aspect of competitiveness in the development
of this industry is active mainly between individual manufacturers and shipowners. De-
velopment activities, unfortunately, are often not coordinated. Manufacturers (shipyards)
and shipowners mostly act independently of each other. Often, the interests and goals of
the individual participants in the marine transportation market and manufacturers of ma-
rine transportation equipment are not consistent. This results in a rather disjointed devel-
opment work. The topic is complex, in addition to purely technical and organizational
problems, important aspects limiting the development processes of the shipping industry
are:

- High costs of implementing modern technologies;

- Lack of systemic investment initiatives;

- Lack of awareness of the benefits of digitalization of facilities and processes among

specialized personnel of the shipbuilding industry. This awareness is necessary for

effective action in the pursuit of shipbuilding development especially in the direction

of Industry 4.0.

At the same time, there is another aspect placing a strong global emphasis on the
comprehensive development of maritime transportation, and that is the environmental
aspect. Maritime transportation is one of the largest sources of both air and water pollu-
tion. The broader shipping industry accounts for 2.4% of global greenhouse gas emissions
[31]. Political and social pressure on environmental aspects is strong and growing in-
tensely. The aspirations for increasing globalization with simultaneous efforts to mini-
mize the negative impact on the environment are pushing the shipbuilding industry com-
prehensively towards the most recent industry optimization solutions such as the trans-
formation towards Industry 4.0.

When analyzing the state of the shipbuilding industry and its readiness for the revo-
lution in question, it is important to note the huge variation in the technological sophisti-
cation of manufacturers (shipyards). Unfortunately, most of the world's shipyards are def-
initely technologically behind the few shipyards that are highly invested and technologi-
cally advanced. This is a very serious aspect of shipbuilding development that cannot be
bypassed. These conditions should be recognized by global institutions. A systemic ap-
proach to solving this issue is necessary.

Some shipyards and most marine transportation systems are becoming increasingly
complex and advanced. Development leads to highly integrated safety and performance
management systems. These systems are already common mainly in the area of ship op-
erations. Maintaining and effectively managing these systems as a whole is difficult and,
when combined with systems related to ship production, it is currently unheard of.

It can be concluded that practically the only chance to integrate these areas, in order
to effectively manage and improve them, is to fully digitalize them and lead them in the
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direction of Industry 4.0. The comprehensive application of the idea of DT as part of In-
dustry 4.0 seems purposeful. This conclusion is confirmed by basically all researchers con-
ducting work in this area.

As a result of the analysis of the state of knowledge in the field of DTs and their
applications in the shipbuilding industry (shipbuilding), one can see great progress espe-
cially in the general view of DTs. A number of studies relating to the general, theoretical
approach to the subject have been produced and the detailing mainly concerns the issues
of operation and the design stage. The design stage seems to be the most advanced to-
wards digitalization. Taking into account the capabilities of current specialized design
software, it can be stated that the stage of DT creation in the design stage of the ship is
being realized. It makes the development of the project in digital form possible, not only
in terms of technical drawings and general documentation, but also in the form of full
virtual models covering the structure, installations, ship systems, equipment and de-
signed technology and production information. In addition to the design stage, DT issues
of the operation area are well represented in the literature. This applies to the sphere of
transport systems and individual vessels. These studies are mostly at the preliminary
stage, referring to specific cases without the necessary generalized concepts and defini-
tions [32]. At the same time, it can be said that there are practically no studies related to
the detailed analysis of the production stage. It can be concluded that a gap has been cre-
ated in the studies in the field of DT of the manufacturing process of ships. This space
should be filled and combined with the others. It is necessary to integrate works in the
direction of general conceptualization of DT for the entire lifespan of a ship supported by
specific solutions for its individual stages. This direction is indicated, among others, by
the authors [18].

The production process of hull construction is divided into a number of stages, each
stage consists of a huge number of operations using different technologies and materials.
There are interactions between these elements, and they are dependent on each other. The
amount of data involved in each stage is enormous. The challenges of digitization of this
process within the DT system are great.

This paper proposes a comprehensive approach to creating a DT system of the ship
manufacturing process. It includes the digitalization of technological processes, logistics
and transportation processes, production planning processes, quality control, and the
flow streams of materials and prefabricated products through the shipyard. In the pro-
posed approach, the DT system is a hybrid whole consisting of the DT of the production
process and the DT of the first stage of the vessel-product life cycle. The production pro-
cess, its parameters are dependent on where it is implemented, i.e. the shipyard itself and
its parameters. That is, in order to digitalize the production process, it is necessary to dig-
italize the shipyard.

An extremely important aspect is the already mentioned degree of technical sophis-
tication of a given shipyard. Discrepancies in this regard are often very large. This fact
makes it necessary to determine the readiness of a given shipyard for the digital revolu-
tion. For some of them it will be an evolution and for some a revolution. In the assumption,
the proposed DT system will help improve not only the product but also the place and
methods of its construction.

3. Digital twin system

We consider a typical situation in which a ship is assembled from structural blocks
and fittings. The large size of the blocks and the large number of details included in their
composition (Fig. 1) makes it necessary to separate the prefabrication process into pro-
cesses of preliminary-prefabrication. Simultaneous implementation of prefabrication at
multiple stations reduces production time, and therefore is a source of financial savings.
Thus, it is assumed that each block is built from assemblies and subassemblies. To further
reduce the ship's production time, outfitting can be added as early as the section assembly
stage.
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Figure 1. Diagram of the prefabrication process workflow

Joining of structural elements and equipment is carried out by welding (mostly) or
bolted connections (some outfitting elements). The order in which connections are made
is an important technological matter and affects, among other things, the thermal defor-
mation of the structure. Structural elements are made by the shipyard in the processes of
cutting and forming metal sheets and hot-rolled profiles. Outfitting components are partly
made in the shipyard (pipes, ladders, hatch covers, etc.) and partly delivered to the ship-
yard as ready-to-assemble (engines, generators, electronics, pumps, lifting gear, furniture,
etc.).
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Figure 2. Transformation of work objects in the course of ship production.

The concept of a digital twin of the ship production process must take into account
both the specifics of the hull, as well as the extensive structure of the shipyard. In addition,
the digital twin must take into account systematic monitoring of implemented processes
and quality control of completed structures. The proposed digital twin, in practice, is a
comprehensive system for planning and control of shipyard processes. It is based on the
following component subsystems (Fig.3):
¢  Encoding and Planning Subsystem, which connects yard resources to individual pro-

duction activities. In addition, this plan records the correlation of each operation with

the timeline. This results in a design-technology pattern, the implementation of
which is a production task.

¢  Monitoring Subsystem based mainly on measuring activities and monitoring the
availability of workers, equipment and materials.

*  Analytical and Decision-making Subsystem, which:
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- based on the identified dimensional imperfections of the structure, plans the scope
of repair work and considers the necessary modifications to the plan,

- examines the possibility of the remaining shipyard resources taking over duties in
the event of the incapacity of an employee or device,

- reorganizes work in case of other difficulties, such as blockage of transportation
routes, or problems with the supply of materials and energy.
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Figure 3. General structure of proposed Digital Twin System

Dimensional quality management has a special function in the shipbuilding process
due to its geometric complexity and large size, as well as the variety of technological and
transport operations carried out in the shipyard. The exothermic nature of many techno-
logical processes causes difficulties in controlling deformation phenomena. Large masses
of processed structures result in deformations in transport operations. Existing theoretical
methods of deformation prediction prove to be insufficient with such a complex structure
as a hull. As a result, the planning of measurements, their implementation and the analy-
sis of measurement data must be integrated with each other and given special priority in
the process of organization and implementation of the DT system in the shipyard. Figure
3 distinguishes the functions of the system, which are proposed to be collectively regarded
as the Dimensional Quality Management Metasystem (DQMM) within the DT system.

The main purpose of the DQMM is to collect and process geometric data. This data
is used on an ongoing basis for the control of the production process and for subsequent
process analysis and optimization. This is a very complex and multifaceted issue. It in-
volves a number of aspects of shipbuilding processes, both in terms of technological and
equipment resources and in terms of measurement processes and data analysis. Geomet-
ric quality issues can be divided into the following thematic groups:

e design and implementation tolerances,
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e hardware resources and measurement systems,
e measuring operations,
e analysis of the results and their use.

For effective data collection, universal, systematized procedures for coding processes
of quality monitoring are necessary. From observation of functioning shipyard proce-
dures, their strengths and weaknesses were identified. The most common deficiencies
were noted mainly in the area of data analysis and feedback between the various elements
of the functioning systems. These observations, together with an analysis of the idea of
ship DTs, allowed the development of the concept of data exchange within the DQMM,
shown in Fig. 4.

Adapting existing systems and developing new ones based on the proposed scheme
will enable effective and systematic digitalization of dimensional quality monitoring pro-
cesses. The proposed scheme forms the basis for the creation of DTs in the area of ship-
building improvement and quality control.
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Figure 4. Dimensional quality management metasystem
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The following subsections describe each subsystem of the DT system and its basic
functions. Special attention is given to the practical implementation of each task and the
way it is numerically encrypted.

3.1. Encoding and planning subsytem
Numerical identifiers od activities

Efficient information management in a highly branched production flow, with such
a large number of simultaneously processed work items, as is the case in shipbuilding, it
requires the introduction of numerical identifiers. They will allow to clearly describe the
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types of operations performed during the process. Identification of production operations
is part of the production planning and encoding subsystem in the proposed DT system.

Fig. 5 - Fig. 7 shows the sequence of typical operations carried out in a shipyard. They
perform production, transportation, storage and control functions. The grouping of types
of operations within the shipyard's departments is conventional. In practice, the structure
of departments can be much more extended. It is important to note that assembly in the
prefabrication department is carried out in a loop, symbolizing successive assembly steps.

Each operation is given a sequential number, which will be used in coding the pro-
duction plan. The proposed system for identifying operations is a compromise between
complexity and simplicity. In practice, it is possible to expand or reduce the number of
distinguishable operations. The purpose of analyzing the production process may be look-
ing at only selected elements of it and, consequently, a selective approach to building a
digital twin.

1. Materials delivered to the shipyard |"= 2

Materials 5. Material 3. Stored PLCLLTTT TP T TP T PETTeT e : --------- é
< *®»: 4. Relocation i
Storage Ordering material ................ .: .................
- A n
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[%2]
£ v
= | 22. Geometry correction |<—>| 21. Quality control |
<) L) o
& Lo
| 24. Completion ;23
y25
Prefabrication dep. | 26. Marking |

Figure 5. Identifiers of storage and processing operations; continuous arrows - change of state,
dashed arrows - change of position (transport).

Transportation operations (2, 6, 8, 13, 15, 17, 19, 23 and 25) have been singled out
because they can be carried out by different means and via different routes. It is also im-
portant to control the duration of these operations and their timely completion. Material
ordering (5) is an operation that involves processing design data, analyzing available
workstations and materials in stock, and then preparing cutting templates.
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Figure 6. Identifiers of prefabrication operations; continuous arrows - change of state, dashed ar-
rows - change of position (transport).

Prefabrication is carried out in multiple stages, which is why the return arrow from
operation 35 to operation 28 is marked in Fig. 6. This means that the prefabrication of an
assembly is followed by joining it with other assemblies. After quality control, welding is
carried out again, etc. until the hull blocks are obtained, which are transported to the
painting chambers.
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Figure 7. Identifiers of hull assembly and outfitting operations; continuous arrows - change of state,
dashed arrows - change of position (transport).

The operations listed above are classes of activities that we can perform in the pro-
duction process. Within a given class, multiple operations are most often performed. For
example, during the construction of the hull, we repeatedly cut steel plates, and we label
each such activity as the implementation of operation No. 10.
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Some operations have the same names, but are carried out at different stages of the
ship production process, so it is important to mark each activity with an operation num-
ber. This applies to quality control, for example. Some of the inspection activities will be
assigned operation number 21, some 35, and others 44. With this designation, we can
clearly identify what the quality control concerns and where it is carried out.

Numerical identifiers of resources

Implementation of the production process requires resources supply. The proposed
DT system within the production planning and coding subsystem takes into account the
human resources, materials, energy, equipment and production and transportation space,
i.e. workstations, warehouses and communication routes, among others.

Employees whose involvement in the process we want to include in the DT are given
numbers. Each employee is assigned a unique identifier and a description in the database.
The information stored about a worker must relate at least to the occupation he or she is
engaged in and the current state of his or her working capabilities.

Materials consumed in the construction of the hull mainly include steel plates and
hot-rolled profiles. Each assortment group includes a sheet of a specified thickness, or a
profile of a specified cross section. The assortment groups are assigned numbers. In addi-
tion, detailed information about the geometry of each material group must be stored in
the database. These are usually the dimensions of a rectangular sheet, the length of a pro-
file, or a technical drawing of an irregularly shaped sheet. A more detailed description
relates to so-called residual materials, which are created in cutting processes and stored
for reuse. Such materials can be standardized, or completely arbitrary in terms of geome-
try. It is very important to update the database with information on the quantity of each
assortment group in the shipyard's warehouses.

The energy carriers in the shipyard can be electricity, technical gases and fuels. Each
form of energy consumed in the shipyard is given a consecutive number. Additional in-
formation assigned to the consecutive numbers should be: unit of measurement and level
of shipyard resources.

Devices, like employees, are individually numbered and each is assigned in the da-
tabase to a selected class of device. This way, equipment that can be used interchangeably,
such as welding machines, can be grouped together.

The last part of the description of the shipyard's resources in the digital twin is the
area on which production, storage and transportation takes place. In order to mark the
place where activities are carried out, the yard area is divided into regions. Each region is
given an individual number, map and description in the database.

Design data encoding

Data on the structure of the hull, the detailed geometry of its elements, the arrange-
ment of outfitting and how all the elements are connected, come from the CAD system
that the design office uses. The design process of a ship is a multi-stage process and is
structured as a design spiral. A 3D model of the ship can be included as part of a digital
twin, but the system concept discussed here assumes that only production-relevant infor-
mation concerning the set of elements and the connections between them is extracted from
the design data.

Elements can be classified as part of a steel construction or outfitting assortment
items. Two such elements are assumed to be uniquely identified for each connection. A
given pair of elements may be assigned only one connection. This approach may seem
unnatural. In the case of double-sided welds, the two sides together are treated as one
connection. Similarly, intermittent welds between two elements are identified as one con-
nection. A joint consisting of multiple bolts attaching a piece of outfitting to a structural
component, or to another piece of outfitting, is also treated as one joint.
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Encoding the design data means numbering the elements and connections. In addi-
tion, each element is assigned the corresponding drawing documentation and technical
description in the database. Also, each connection, in addition to the number, has design
data stored, such as weld thickness, required edge preparation, remelting, etc.

Process sequencing

The activity is a part of the production process that uses yard resources and is related
to a specific work object. Planning the production sequence means introducing a binary
relation on the set of all scheduled production activities. This relation can be represented
as a directed acyclic graph, whose arcs indicate the temporal succession of activities.

Engineers responsible for welding technologies play an important role in sequencing
the process. They must take into account the geometry of the structure and the anticipated
problems of thermal deformation and component fit-up during assembly. It is also im-
portant to plan welding in such a way as to make the best use of automatic welding sta-
tions.

In outfitting planning, it is necessary to take into account the accessibility of the struc-
ture so that components such as the engine, generators, pumps, etc. can be installed.

Process sequencing includes dimensional quality control activities at successive
stages of assembly. The extent of inspection of each assembly, section, block and entire
hull is subject to separate analysis and must take into account the quality requirements as
well as the measurement methods used.

The sequence is crucial in analyzing the effects of production disruptions. Based on
that, we can conclude that an activity is critical or some delay is possible.

Quality control planning

As part of the dimensional analysis, measurement work is designed and tolerances
and dimensional chains are analyzed. Tolerances and dimensional chains are determined
at the design stage. Their design is based on the parameters of the manufacturing process,
the requirements of shipowner supervision and regulations including those of classifica-
tion societies. Effective cooperation and data exchange in this regard is essential. To guide
changes, modifications and improvements in cooperation, it is necessary to perform an
analysis of the environment in which the planning and implementation of measurement
work takes place. The development and coding of the organizational structure must place
special emphasis on full digitalization of the forms of cooperation between the various
services.

Measurement systems can be described by mathematical models that allow to deter-
mine their basic parameters depending on the measurement task and the measurement
equipment used. The basic parameter that can be determined from the models is their
measurement uncertainty. Procedures for mathematical modeling of measurement sys-
tems are presented in the study [33]. For coding dimensional chains and tolerances, their
generally known mathematical descriptions should be used. In the coding, mathematical
models that describe tolerances for a given manufacturing process are created. Their forms
and values are related to the characteristics of the product (vessel), shipyard technology
and applicable regulations. Due to the high individuality of each shipyard, these analyses
must be carried out for each case separately.

Measurement processes are different at each stage of production. The way they are
conducted depends on the range of geometric data that must be taken. Each measurement
process will have its own identification code. The designations should include, among
other things, their duration, the number of employees, the number of similar jobs that can
be carried out simultaneously. In addition, equipment resources and measurement sys-
tems should be coded. Depending on their characteristics, they will receive unique identi-
fiers containing their technical parameters. Measurement processes, like measurement sys-
tems, will be described individually. These models will enable their measurement
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uncertainty to be determined dynamically depending on the situation arising. A system
for dynamic modeling of measurement processes will be created.

Identification of individual elements and their suitability for digitalization will indi-
cate necessary and justified investments in equipment and technological facilities. For ex-
ample, in measurement equipment to speed up measurement work and increase the accu-
racy and quantity of data and their automatic digitalization.

In general, the planning process will take into account information including:

e  the scope and timing of the measurement works,
e  measuring methods and equipment,

e  measurement procedures,

e  measurement service,

e form and purpose of measurement results.

Encoding of production activities

Based on the sequence of the process, it is possible to tie each activity to a timeline
and define planned start and end dates.

If we distinguish P activities in the production process, then each activity p=1, 2, ...,
P is described by the following code:

Ap=(wor, ma, env, eq, ply, elv, cor, opy, t),

where:
wor € #({0,1},Ix1) — a binary vector of engaged employees, woi = 1, when The i-th em-
ployee performs a given activity, I - the number of employees,
mar € 4 (No,Jx1) — vector of repetition of assortment groups of materials, ma; — the num-
ber of units of material from group j used during the activity, | — the number of material
assortment groups,
erv € J#(No,Kx1) — energy consumption vector, enx — the amount of k-type energy con-
sumed during the activity, K - the number of forms of energy,
eqr € #({0,1},Lx1) — binary vector of devices used, eqi = 1 when the I-th device is used
during a given activity, L - number of devices,
plp € N —localisation number,
elr € J#({0,1},Mx1) — binary vector of added elements, eln = 1, when m-th component is
processed, or assembled during an activity, M — the number of elements constituting the
vessel,
cor € A ({0,1},Nx1) —binary vector of connections made, cor»= 1, when the n-th connection
is made during the activity, N - the number of connections in the vessel,
opr € N — The identifier of the operation to which the activity is assigned (see Figs. 3, 4,
5),
tr e J# (No,2x1) — subprocess start and end date range.

A collection of coded activities forms a production plan. Each activity has a specific
time segment. The plan must meet a number of constraints. Technical constraints arise
from the sequence. In addition, an important problem is controlling the locations of the
activities. Each location has a certain capacity. A limited number of activities can be car-
ried out simultaneously in prefabrication halls, a limited number of blocks can be stored
in the yard, transport routes often allow one block at a time. The number of available
workers and equipment is a limitation. This is most often the cause of increased produc-
tion time and the formation of task queues in production buffers. In the long term, the
phenomenon of excessive buffers can be solved through development investments, crea-
tion of new positions and implementation of technological innovations.

We assume that the plan has been optimized in terms of thoughtful criteria. Balanc-
ing production capacity is an important planning objective. We strive for an even distri-
bution of workforce and equipment and a reduction in idle time. The material supply
plan, which is linked to the production plan, must also be taken into account.
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3.2. Monitoring subsystem
Resources availability monitoring

With the plan created, it is possible to check in each unit of time which activity is
about to start and determine which workers should be on standby, which equipment is
needed, which quantities of materials and which pieces of construction or equipment
should be delivered.

Executing production according to plan requires regular monitoring of the readiness
of resources needed by a certain date. Monitoring resource availability requires collecting
information on:

e the status of material stocks, including items of equipment,

e  energy resources, signed contracts with suppliers, disruptions in continuity of sup-
plies, potential alternative sources,

e  material and equipment delivery schedule, occurring delays,

e  health and safety risks, accidents and breakdowns,

e planned employee vacations, sick leave, training plans, new employee hires, layoffs,

e  space availability for production execution, transportation and storage.

Resource monitoring in the DT system is global across the enterprise. Its important
function is to handle multiple processes simultaneously and share information between
processes. The coordination of the entire enterprise is thereby made possible. This is cru-
cial for resource sharing.

Measurements management and execution

In the construction process, each shipyard has a team for managing and executing
measurement work. Measurement processes involve measurement teams (who perform
measurement work) and employees directly related to the production process. These em-
ployees are mainly technologists who coordinate prefabrication and assembly work. For
DT, it is necessary to fully digitalize the cooperation between measurement teams and
technologists.

Measurement processes for each unit under construction are strictly defined and de-
signed, these are the so-called basic measurements. During the construction process, ad-
ditional measurement work is necessary as a result of disruptions. This work disrupts the
entire construction process by absorbing production stations, measurement teams, equip-
ment and technologists. In order to effectively manage these resources within the DT, a
digital description of them is necessary. Such a description must include:

° measuring devices,

. measurement systems,

e  measurement tasks with their duration,

® necessary human resources for handling of measurement works,

e analysis and description of results (measurement data processing time),
e  circulation of information.

Having a full digital description of the various elements of measurement manage-
ment and up-to-date descriptions of ongoing production processes (vessels under con-
struction), it will be possible to dynamically design and manage measurement work tak-
ing into account current disruptions in production processes.

For DT, it is essential to eliminate analog devices from measurement processes in
favor of digital devices. Analog optical devices are still widely used in ship metrology.
They have a lot of advantages, however, for the needs of DT it is necessary to strive for
full digitalization of measurement processes. Commonly used electronic total stations
should be supported by 3D scanners. This will allow to create hybrid measurement sys-
tems eliminating disadvantages of individual devices. Combining the versatility and
speed of total station measurements with the huge amount of data obtained by scanning
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processes will allow to develop a measurement system ideally suited to the needs of cre-
ating DT ships. Digitalization of measurement systems and measurement tasks means de-
veloping their mathematical models and programming them. It is also necessary to code
the number and competence of employees necessary for measurement and technological
operation. For the smooth functioning of the whole, it is necessary to code the procedures
for analyzing the results, taking into account the necessary time to carry them out and the
circulation/exchange of information. For the entirety of the discussed issues, the ideal so-
lution seems to be the use of a data cloud which will be updated by individual participants
in the discussed processes.

3.3. Analytical and decision-making subsystem

DT must ensure that data describing all processes is collected in real time and made
available through high-fidelity simulations. In order to systematize the different elements
of the DT, it is necessary to properly distinguish the different stages of its development
throughout the production cycle. The response system must provide feedback within the
individual elements as well as between them. Reacting should be considered as current
use to control the ongoing production process, as well as late use applicable to the opti-
mization of design, production and operational systems.

Given that the process of coding and analysis of individual DT elements itself, due
to the diversity of production stages, will use a number of different digitalization and data
processing tools, it is necessary to develop a methodology for coupling this data. This
stage must be developed last. For its detailed development, specific functional solutions
of the previously discussed coding stages are necessary.

Geometric imperfections analysis

Coding analysis of measurement data and deviations will be based on their mathe-
matical and geometric models. The coding process, due to its use, should be separated
into the stage of the ongoing production process and the stage of long-term analysis of
production process optimization.

Fitting of ship structural joints

Fitting of joints is a procedure rarely used in shipyards. Decisions to send a structural
component for repair are usually made without first analyzing the fit of the actual joint
geometries. Often it may turn out that failure to meet the assembly tolerances of individ-
ual sections does not eliminate their assembly suitability. Analysis of all assembled com-
ponents together gives a complete picture about dimensional chains. In order to eliminate
wrong decisions, it is postulated to abandon the criterion of repair based on tolerance
evaluation in favor of evaluation according to assembly suitability. Of course, the fit pro-
cess must take into account overriding tolerances related to the aspect of operational
safety and regulatory requirements that must be met. The process of digitalization and
introduction of DTs offers tremendous opportunities for such application. The general
algorithm of the fitting of joints procedure is presented in Figure 8.
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Measurement process — data acquisition
Creation of a graphic model of the structure with the detailing of the joint zone
v
> Alignment of the fitted structure in the assumed coordinate system

Verification of the fulfill-
ment of geometric criteria

NO

Final structure allignment

v

Directing structure for assembly

Figure 8. Fitting of joints procedure scheme

Geometric and mathematical models of the assembled structures are required for fit-
ting joints. These will be developed from measurement data using dimensional chain and
tolerance models. In order to create an effective and functional fitting joints system, it is
necessary to use measurement systems that provide data for analysis practically in real
time or immediately after taking measurements. This must be digitalized data that enables
simulation processes.

Measurements database

The measurement database must contain all data acquired and used in the quality
control system. An important element is the ability to expand the range of data to be col-
lected. The database must be ready for optimizations and expansions of the systems it will
support.

Assigning replacement resources and rescheduling of process

Information sent from the resource availability monitoring subsystem is analyzed on
an ongoing basis. Unavailability of resources necessary to carry out activities planned in
the process in the worst case results in waiting for workers or equipment to be restored to
work, or for delivery of missing materials or prefabricated components. The extent of the
impact depends on the sequence of the process. There is a so-called avalanche of events,
that is, when a specific activity is delayed, all activities following it according to the se-
quence are delayed, and then all activities following each delayed activity also. This is a
scenario we want to avoid, so we look for opportunities to replace missing resources and
modify the schedule to minimize downtime.

Controlling the interchangeability of workers and equipment allows tasks to be
shifted between workstations. Swapping the order in which activities are performed in
many cases reduces the avalanche effect. In some situations it is necessary to delegate
tasks to subcontractors on an emergency basis.

In most cases, modifying the plan involves additional costs, but the final decisions
are based on the global balance of profits and losses.
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4. An example of using the DT system
4.1 Hypothetical production system

An example of the application of DT was developed not only to present its process
of construction and implementation, but also to demonstrate its adaptability in cases
where the analysis is to be fragmentary and intended to focus on selected elements of the
process, or simply to allow a quick simplified analysis. For the purpose of presenting the
proposed methodology, a highly simplified model was used, both in terms of the shipyard
and the ship under construction. The example does not solve a specific real-world case,
but is intended as a general presentation of the proposed solutions.

The process in the example shipyard has been described as a sequence of selected
operations of storage, processing of elements, prefabrication of blocks and assembly of the
hull - Fig. 9. These operations do not fully describe the production of the ship. The char-
acteristics of some of the operations are limited to the indication of the equipment used,
other operations may have employees assigned to them, still others only have a specific
number to relate it to the scheme proposed in Fig. 5 - Fig. 7.

Operation 3: Materials storing ‘

Operation 10: Operation 32:

Material cutting Automatic welding

Equipment 1: ‘:Q:' Equipment 3: lob

cutting machine 1 welding robot 1 !

Equipment 2: :@: Equipment 4:

cutting machine2 _T_, welding robot 2 @‘

Operation 41: Transportation Oper.at|on o &
. ___| | Quality control A}

Equipment 5: g\

heavy transporte R ‘

Operation 42: Hull assembly
Worker 1: welder 1 B)
Worker 2: welder 2 1&
Operation 47: Hull outfitting ‘
Operation 44; [
Quality contro&

Figure 9. Operations performed by the exemplary shipyard.

In an example hypothetical shipyard, the transport of materials between the ware-
house, cutting stations and welding robots is carried out continuously by a roller con-
veyor. Transport time in this case is not taken into account.

We assume that prefabrication of blocks is carried out using automatic welding at
two stations. Each station can prefabricate one block at a time.

Joining the blocks together requires delivering them to the hull assembly station,
where two welders work. The bottleneck of the process can be transportation between
quality control of the prefabricated block and the hull assembly department. This route is
served by one transporter, which can transport one block at a time. The block from the
transporter is taken up by a lifting frame and transferred to manual welding. Equipment
such as the propeller and main engine are assembled from the moment the midship block
is delivered to the hull assembly station. The equipment assembly is carried out by a sep-
arate group of workers, which we do not include in the example.
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4.2 Production task

The ship's hull consists of 12 structural elements and two pieces of equipment. The
hull is assembled from 3 blocks - bow, midship and stern (Figure 10).

stern transverse bulkhead bow block

block

propeller
with shaft

Figure 10. Example ship

Based on the design of the structure, the material requirements are planned. For sim-
plicity of the example, we assume that all structural components are cut from sheet metal
of the same thickness. The elements belonging to the equipment are numbered 13 ( pro-
peller) and 14 ( engine). The two pieces of equipment are separate assortment groups.
Thus, we consider three material groups - steel sheets, propeller and engine. The
numbering of the items is shown in Figure 11.

238
o (o

Figure 11. Numbering of components.

Figure 12 shows the plans for metal sheet cutting.

Sheet A sheet B Sheet C

‘o
i
o

Figure 12. Metal sheets cutting.

Based on the design of the structure, the construction times of individual connections
are estimated. For the example process, the times of activities in arbitrary units were
adopted as dimensionless indicators. Welding and equipment assembly activities were
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numbered according to the connection numbers. The numbering of all activities and their
assumed times are shown in Table 1.

Table 1 The numbering of all activities and their assumed times.

Activity Time [Description Activity Time |Description
no. no.
1 6 cutting of sheet C 19 6 welding of elements 10 + 11
4 cutting of sheet B 20 6 welding of elements 10 + 12
3 1 cutting of sheet A 21 10 o of elements 1 + 14
(engine)
4 4 welding of elements 1 +4 |22 10 [omne of elements 4 + 13
(propeller)
5 4 welding of elements 1+5 |23 8 joining of elements 13 + 14
6 10  |welding of elements 1 +2 |24 4 quality control of aft block
7 10  |welding of elements 1 +3 |25 3 Tcransportatlon and position-
ing of aft block
8 4 welding of elements 2 +4 |26 2 quality control of fore block
9 4 welding of elements 2 +5 |27 3 jcransportatlon and position-
ing of fore block
10 4 welding of elements 3 +4 |28 2 welding of elements 2 +7
11 4 welding of elements 3+5 |29 2 welding of elements 3 + 8
12 8 quality control of midship 30 4 welding of elements 4 + 6
block
13 2 tfan.sportatl(?n ar'1d POS™ 139 4 welding of elements 1 + 10
tioning of midship block
14 2 welding of elements 6 +7 |32 3 welding of elements 2 + 11
15 2 welding of elements 6 +8 |33 3 welding of elements 3 + 12
li 1 -
16 4 welding of elements 6 +9 |34 3 quatity 'contro after aft as
sembly in the hull
li 1 -
17 1 welding of elements 7 +9 |35 3 quatity .contro after fore as
sembly in the hull
18 1 |welding of elements 8 +9 (36 4 ?;thy control after outfit-

The process sequence was planned in such a way that as many activities as possible
could be performed simultaneously. It was assumed that the installation of the bow and
stern block in the hull could start simultaneously. The sequence, along with the designa-
tion of the types of activities, is shown in Figure 13. Brackets were used to simplify the
graph. An arrow drawn to a bracket refers to all the activities in the bracket.
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Amaterial cutting, Q robotic welding, () manual welding,
.outfitting, -quality control, D block transporting

Figure 13. Sequence of the exemplary process

4.3 Encoded production plan

Having a given sequence, it is possible to develop a process schedule. This includes
the duration of the activities and the available resources of the shipyard. In the example
considered, the shipyard has two metal sheet cutting stations, two welding robots, two
manual welders, one transporter and one quality control station each - after prefabrication
and hull assembly.

The final production plan is recorded in the form of encoded activities. Figure 14
shows the schedule for performing the activities. A simplified code is given next to each
activity, containing in sequence: worker number, material number and quantity, device
number, numbers of items to be added to the structure, operation identifier. If a code item
does not apply to a specific activity, then it takes the value 0. The example discussed here
does not take into account the two previously proposed parameters, that is, the types of
energy consumed and the location of the activity.

A B c D E F G

(0,0,0,0,44)
(0,0,0,0,44)

(0,0,0,0,44)
2,0,0,0,42)
(1,0,0,0,42)
(2,0,0,0.42)

[ T 101,0,0,042)
,0,0,0,42)

,0,0,0.42)

(0,0,5,0,41)

(0,0,5,0,41)

BRIBRERNBBS2IBBRE S Acivity

(0,0,3,12
(0.0,4,(10,11),3:

(0,0,3,9,32)
(0,0,4,(6,8),32)
(0,0,3,(6,7),32)

(0.0,5,0.41)
0,35)

(0,0,4,0,32)
(0,0,3,0,32)

(0,0,4,0,32)
(0,0,3,0,32)

[TTTTTTTT 004332
[ ]0.03232)

(0,0,4,(1,5),32)
(0,0,3,(1,4),32)

Time

Figure 14. Planned timeline for the process

The process takes 59 time units. The Gantt chart marks selected characteristic dates:
the start of the process (A), the start of prefabrication (B), the start of dimensional quality
control after the completion of prefabrication of the midship block (C), the start of outfit-
ting work after the midship block is delivered to the hull assembly station (D), the start of
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assembly of the stern block (E), the start of assembly of the bow block (F), and the end of
the process (G).

4.4 Process disruption scenario and DT system response

It is assumed that all system resources are in readiness at the time of production start-
up. Possible disruptions in the example studied could result from equipment failures,
work accidents, or failure to meet the quality requirements of prefabricated products. On-
going monitoring of resource availability and integrated analysis of quality control results
should lead to updating the plan when problems are detected.

Let's assume that during the measurement work of the stern block (activity No. 24),
welding deformations beyond the accepted tolerances are detected. As a result, it is nec-
essary to perform unforeseen corrective work, which will start at the beginning of the 40th
time unit (after the measurement work is completed) and will last for 3 time units. Cor-
rective work will cause transport activities 25 and 27 to be delayed, as a result, welding
work 28 and 29 will be delayed. All manual welding work is performed by two welders,
so their delays affect each other. Subsequently, quality checks at the hull assembly station
will be delayed. This effect is shown in Figure 15.

=
= . . .
£ ED EE iF EG

<< | 1 | B
% ; - ; 5 — (0,0,0,0,44)
3 5 5 — (0,0,0,0,44):

' ' | —| (0,0,0,0,44) !

i : L — (2,0,0,0,42) i

i i
1 1
1 1
32 H H : —_ [ 1(1,0,0,0,42)
iy i i =< (2,0,0,0,42)
30 ' e [ ]1,00042)
29 1 | —- (2,0,0,0,42)
28 i | — (1,0,0,0,42)
27 : ! e 1(0,0,5,0,41)
2 i -(o' ,0,0,35) ! ;
25 | =——p[ [ 1(0,0,50,41)
24__ [N (0.0.00.35) i ;
35 36 37 38 39 40 41 42 43 43 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62

Time

Figure 15. Avalanche effect of adding stern block straightening activity - process time increased by
two units.

Integrated resource management in the proposed digital twin system enables the en-
tire process to avoid such significant delays. The first decision that can be made is to
change the order of block assembly. When the stern block quality problems are detected,
the bow block is ready for assembly. The order of transportation of these two blocks is
swapped. In addition, the order of making connections between the midship block and
the bow block will be modified. Controlling the availability of workers and means of
transportation makes it possible to reduce the delay from three to two time units - Figure
16.
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Figure 16. Modification of the order of hull assembly - reducing the increase in process time by a
unit

It should be noted that the swap of the order of assembly of blocks in the hull that
has been made is acceptable from the point of view of the assumed sequence (see Figure
13). In practice, it is possible to reduce the process delay by another time unit, which
means maintaining the originally assumed lead time. This will be achieved, if dimensional
imperfections of the aft block are found at an early stage of control measurements (activity
24). In such a situation, the decision on the need to change the order of block assembly
may be made before the measurement activity is completed. The activity is aborted, the
mobile measuring station is moved and the accelerated inspection of the bow block is im-
mediately started (activity 26), which can save a unit of time. Inspection activity 24 is con-
tinued after the bow block inspection is completed. The correction work of the stern block
is carried out while the bow block is installed in the hull.
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Figure 17. Early detection of imperfections and stopping the measurements - complete avoidance
of process delay

Early detection of deformations beyond manufacturing tolerances allows quick re-
sponse and saves time. Such opportunities are provided by the use of the SQMS quality
monitoring system (see Figure 6). The described reordering of work in the event of a dis-
turbance related to dimensional quality allows to carry out a series of procedures included
in the SM]J system at this time. Elements of the SAO deviation analysis system and then
the SPS joint fitting system are activated. If positive readings are obtained, the section is
directed to assembly. Otherwise, repair work on the section is necessary.

Efficient implementation of the above depends on the speed of data acquisition and
analysis. The development of DT is practically the only solution to achieve the goal. How-
ever, in addition to the effective digitalization of all processes, it is necessary to develop
measurement procedures that allow the acquisition of data of sufficient quantity, quality
and in the shortest possible time. Hybrid measurement systems combining the
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advantages of different measuring devices and systems provide such opportunities. For
example, scanners for large-scale engineering require a lot of time for the measurement
procedure and data processing. In addition, they require the suspension of other techno-
logical work in the measurement zone. The use of faster and more accurate handheld
scanners for measuring smaller areas of sections is suggested. For example, for scanning
the geometry of section joints and the basic sizes will be measured with total stations.
Measurement results obtained from individual measurement processes will be combined
(combined) for analysis of, among other things, the fitting simulation process.

5. Implementation conditions

The basic parameter that determines how to implement the DT system into the ship-
building industry at the production stage is the variation in the technological sophistica-
tion of the shipyards. This is the so-called degree of readiness of the shipyard. Given the
huge variation in the technological sophistication of individual shipyards as well as the
specifics of digitalization of processes and products, implementation procedures will vary
greatly. For example, the procedures for digitalizing production sequences will be similar
regardless of technological sophistication, while the digitalization of DOMM may differ
dramatically.

5.1 Implementation procedures

DT system implementation procedures can be divided into two basic cases:
e implementation in a newly built or comprehensively modernized shipyard,
e implementation in an operating shipyard.

For the first case, implementation procedures will be carried out alongside the launch
of production processes. The design process of the shipyard will include digitalization
procedures and take into account their joint startup. Such a situation is ideal for imple-
mentation procedures because it eliminates all the problems associated with safely adapt-
ing existing processes for the DT system. Unfortunately, such cases will be sporadic be-
cause investments in new shipyards or thorough comprehensive modernization are rare.

In the case of operating shipyards, the technological readiness of individual pro-
cesses and equipment for the development of the DT system should be determined. Due
to the large differences in technological sophistication for each shipyard, this readiness
must be determined individually. In addition, each process element must initially be con-
sidered separately and then in terms of cooperation with other processes. This will be
followed by coding ("digitalization") of individual elements of the production process. In
this stage, the necessary investments in the technology used will be identified.

5.2 An example of a preliminary concept for implementing the DT system’s DQMM functions

The implementation processes will cover a range of matters. Based on observations,
it was noted that in operating shipyards, the implementation of DT systems will require
the most work in the area of DQMM. Dimensional quality management affects most of
the technological processes of shipbuilding. At the same time, it is often based on meas-
urement methods using classical optical measuring devices. In terms of electronic devices,
mainly electronic total stations are used. Advanced measurement systems based on scan-
ning techniques are rare. In addition, digital circulation and analysis of measurement data
is used only in technologically advanced shipyards. These conditions cause that the digi-
talization process of processes in most cases should be started from the areas within the
DQMM. The concept of the initial stage of implementation of the DT system of the DQMM
stage is presented below.

The process of implementing the DT system for DQMM should begin with:
e inventory of the yard's dimensional control equipment (equipment, infrastructure,
personnel, documentation, etc.),
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identification of measurement procedures (including the measurement systems
used) at the various stages of production,

identification of applied tolerances.

The next step is to determine the readiness of the resources held and the procedures
used for their digitalization. The results achieved should be confronted with the proposed
scheme of the DQMM (Figure 4). This will allow identification of deficiencies and direc-
tions of work.

Regardless of the results obtained from the preliminary analysis, it is necessary in
each case to develop procedures for digitalization of the geometry of the manufactured
ship. It is necessary to develop the basic geometric schemes of the structure, for which the
individual elements of the quality control system will refer. The so-called top-down
method should be used to decomposition of the entire ship from the point of view of di-
mensional quality. It is necessary to start with the final product - its geometric parameters
required to achieve. Geometric layouts of measurement bases should be built. A general
scheme of hull measurement bases as a final product is presented in Figure 18.
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Figure 18. A general scheme of hull measurement bases

The compression of the measurement bases follows the scheme shown in Fig. 19. The
individual components of the scheme refer to the division presented in Figure 1.

Measurement bases of the finishing object — ship's hull

v
Measurement bases of blocks (large assemblies)

v

Measurement bases of sections — assemblies of blocks
v

Measurement bases of subassemblies (i.e. flat sections)
v

Measurement bases of elements

Figure 19. General scheme of densification of measurement bases of the ship's hull

Ultimately, we obtain a scheme of base points characterized by design coordinates.
In deformation studies, the hull is represented by a set of observed points. They are placed
on the surfaces of prefabricated and assembled structures according to the determined
base points for comparison. The observed points are fixed with measurement marks,
which are retained until the end of the production process. As a result of the control and
measurement work, the actual parameters of the observed points are collected.

Observed points are interconnected with reference points (base points) by geometric
elements: horizontal angles, vertical angles, line segments (straight lines on the sides of the
elements) and height increments. Together they form a network of base and measurement
(real) points. This network is defined as an expansive measurement matrix of the ship's
hull. It is linked via reference points to the global OXYZ coordinate system of the ship's
hull. The reference points have 'a priori' defined coordinates in this coordinate system.
Throughout the production cycle, these points are fixed. The points of the observation
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network are acquired in successive stages of production. Their parameters in the produc-
tion process are often updated repeatedly. The acquired points should be parameterized
by the time of their determination. They will be the basis for the estimation of deformations
occurring at time intervals. Finally, comparing the base points with the corresponding co-
ordinates of the observed points, we will obtain the vectors of displacements relative to
the design data. Whereas, by comparing the coordinates of the observed points at different
time intervals, we will obtain the displacement vectors of the measurement points in the
time space of the manufacturing process. Such an approach will allow analyzing the data
both for the current production process, as well as conducting global analyses for optimiz-
ing production processes and creating complete DT systems. The resulting vectors should
be linked to tolerances and dimensional chains. This linkage will form the basis for the
implementation and operation of the various DQMM elements. Once the coding of the
measurement base schemes has been developed, the digitalization of the remaining
DQMM elements should proceed. Each of these elements represents a separate extensive
research and development task.

All the described matters related to dimensional control are only an outline of the
whole DQMM subject. They illustrate how extensive the process of creating a production
stage DT system is.

6. Discussion

Ships are characterized by a long service life. At the same time, they are highly com-
plex objects. One of the main ideas of DT creation is to support the digitalized object
throughout its life cycle from the design stage through production, operation to the end
of life and disposal. The process of creating their DTs is extensive and multidisciplinary.
Based on the literature analysis performed, it was found that the work leading to a com-
plete DT of a ship is at an early stage. It mainly includes the operation stage and the design
stage. The literature analysis shows that the manufacturing process is practically ignored.

The sophistication of DT research in other industries in terms of manufacturing pro-
cesses is often high. However, the characteristics of the shipbuilding industry make it im-
possible to transfer ready-made functioning solutions. It is reasonable to use the experi-
ence of other industries mainly in the field of data collection, transmission and analysis
systems. However, it is necessary to adapt them to specific issues developed individually
for the needs of the shipbuilding industry.

The methodology presented in the article for a comprehensive approach to the crea-
tion of a ship production DT system is at the same time a roadmap for the first stages of
its implementation in practice. A system is proposed that digitally connects the shipyard,
the production process and the product-ship. This hybrid can form the basis for digitizing
further stages of the ship's life cycle — the operating period and disposal, i.e. creating a
complete ship DT.

Researchers working on developing DTs of the various stages of the product life cycle
(design, production and operation) should each time refer to the needs of the other stages.
For example, when developing the DT of a manufacturing process, the needs of design
data are often identified. In the same way, the needs of the operational stages should be
addressed in the production and design stages. In general, a comprehensive approach is
necessary when developing DTs.

The developed DT roadmap of the shipbuilding process is in the early stages of de-
velopment. The next step will be to detail it in terms of individual components. Due to the
complexity of the issue, the directions for further research will be multidisciplinary and
extensive. The scope of work and research to be done parallels the steps of coding the
individual components of the manufacturing process presented in Chapter 3 of this paper.
The individual elements must work together — form a single DT. However, due to the
level of complexity, it is impossible for one research team to develop them simultaneously.
Some of these tasks are purely engineering and some require research work and scientific
analysis. Different tasks require different workloads and realization times. It would be
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difficult to coordinate these works, however, modern possibilities of access to research
results through their publication will effectively improve the idea of hybrid DT ship and
its production process. The basic common assumption in conducting further research
must be the ability to easily adapt the obtained results to cooperate (feedback) with other
stages/elements of DT.

The authors will work successively on individual issues detailing them and develop-
ing tools for their application in the shipbuilding industry. Most of the DT elements can
be applied separately in production processes. For some of them it is even advisable, as
this will enable their testing and improvement. Dimensional quality control processes, for
example, are constantly being conducted and developed in all shipyards. Their degree of
digitalization, method and scope of use varies. By developing a universal way of coding
and digitizing them, we will not limit the measurement systems already in operation. We
are creating new opportunities for them to be used in functioning production processes
and systems. Such an approach is deliberate for all stages of coding and digitizing pro-
duction processes leading to the creation of a comprehensive DT system of ship produc-
tion processes.

The application of DT in the shipbuilding industry will bring a number of benefits. It
is necessary to ensure that all participants in the ship's life cycle notice and appreciate
them. Such awareness will definitely accelerate the digital revolution in the shipbuilding

industry.
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