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Abstract: Accurate cost estimates are essential for staying in business in a competitive shipbuilding
industry. With new technologies and the energy transition creating an ever-changing landscape,
traditional cost estimation methods based on product specifications can no longer keep pace. The
need for improvement especially arises for Engineering-To-Order projects, considering that the profit
margins are narrow. The use of process information in the estimation process could increase the
reliability and flexibility of these estimations. This article presents a concept that utilizes graph theory
to include process information in the cost estimations applied to steel buildings. This concept is
specifically suited for the early stages of Engineering-To-Order projects.

Keywords: cost estimation method; graph theory; Engineering-To-Order; pre-contract; shipbuilding;
steel building

1. Introduction

In the highly competitive shipbuilding industry, it is essential to respond quickly
to a changing market. This has consequences for the way cost estimates are completed.
Especially since Engineering-To-Order (ETO) products are becoming more commonplace,
such a one-of-a-kind product poses challenges in cost estimation, particularly as customer
involvement often continues throughout the design process. In addition, the information
available at the time a shipyard must provide a quote is limited, and uncertainties within
estimations and the supply chain, including owner-furnished equipment, must also be
considered [1,2].

For the shipbuilding industry, accurate cost estimation is crucial for staying in business.
Especially when we consider that profit margins are small. A competitiveness study [3],
albeit from 2009, indicates a 2–6% profit margin, which is small compared to many other
industries. The more recent Kamola-Cieślik study [4] concludes that Europe’s shipbuilding
industry struggles to stay active, and profit margins have not increased.

To deal with this and address the labor cost advantages of Asian countries, the Euro-
pean shipbuilding industry has shifted its focus toward innovation and the construction of
complex, high-value ships [5]. Such ETO projects pose additional challenges for shipyards
in Western Europe when it comes to cost estimating, as it is common practice to conclude
fixed-price contracts based on available information developed during the pre-contract
phase. In contrast, in major shipbuilding countries such as South Korea, China, and Japan,
it is more common to conclude contracts for each shipbuilding phase separately.

In addition to challenging profit margins, the shipbuilding industry is now also
confronted with mounting challenges related to safety regulations, cost-effectiveness, and
the pressing need to address energy conservation and environmental protection [6]. All
of this adds to the challenges associated with estimating costs as, for all project types,
experience with such factors is limited or non-existent.

J. Mar. Sci. Eng. 2024, 12, 1936. https://doi.org/10.3390/jmse12111936 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse12111936
https://doi.org/10.3390/jmse12111936
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0009-0001-8428-1895
https://orcid.org/0000-0002-4496-4544
https://doi.org/10.3390/jmse12111936
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse12111936?type=check_update&version=1


J. Mar. Sci. Eng. 2024, 12, 1936 2 of 16

Advanced and accurate cost estimation methods necessitate comprehensive design
details to deliver a well-founded and precise cost estimate. Unfortunately, such detailed
information is typically unavailable during the pre-contract phase.

The literature study of Alblas et al. [7] established that the shipbuilding industry
is struggling to find the right course to deal with all these mentioned challenges. They
propose integrating the assembly process into the cost estimation to enhance the cost
estimation accuracy for ETO projects in the pre-contract phase. Integrating the construction
process means that the cost estimation will not solely depend on (basic) statistics linked
to product properties, combined with expert knowledge, but also includes insights into
the assembly order of the blocks. How to approach this integration is the objective of the
current study. Consequently, the research question addressed is: How to incorporate, in
the pre-contract phase, the product and construction process in cost estimations?

To answer this research question, we focus on the backbone of the shipbuilding process:
steel building. Before delving into this, we first provide a brief overview of commonly used
cost estimation methods in shipbuilding as well as in related industries.

2. Brief Literature Review

In the cost estimation methods outlined here, we focus solely on methods for estimat-
ing construction person-hours. As the costs for acquisition, overhead, design, engineering,
material, and equipment are commonly included in the hourly rate used for production,
this is out of the scope, as we concentrate on person-hours only.

2.1. Shipbuilding Industry

Cost estimation methods in shipbuilding that focus on estimating person-hours tra-
ditionally rely on product specifications, past performance, and expert judgment [8]. All
commonly known cost estimation methods deal with these aspects in a limited number
of approaches [7]. Table 1 provides an overview of the commonly used cost estimation
methods in the shipbuilding industry. Based on our review, an overview is given of
the advantages, drawbacks, and usability of Engineering-To-Order (ETO)-projects in the
pre-contract phase for each of the methods.

Table 1. Overview of shipbuilding cost estimation methods.

Cost Estimation Methods ETO, Pre-Contract Phase

Name Advantage Drawback and Limitations Usability

Intuitive Method
[9]

- Quick to produce
- Flexible

- Susceptible to bias
- Unstructured, not
reproducible, untraceable
- Different experts use
different mechanisms

- Unreliable and poorly
verifiable outcome
- No traceback when design
change occurs
[8,10,11]

Parametric Method
[12]

- Quick to produce
- Repeatable and objective

- Parameters not included may
be important
- Logic not visible
- Cannot deal with an
introduction of new technologies

- False sense of security
(black box)
- Unsecure outcome
- Traceback limited applicability
[13]

Feature Based Method
[14]

- Possibility of integrating
CAD/CAM with
cost information
- Has the protentional to
be automated
- Link between design choices
and cost consequences

- Requires large resources
to implement
- No consensus on what
features are
- Detailed design information
is needed

- Not applicable, no detail
design information and no
past performance
information available
[15]
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Table 1. Cont.

Cost Estimation Methods ETO, Pre-Contract Phase

Name Advantage Drawback and Limitations Usability

Case Based Reasoning
[16]

- Can offer a solution rapidly
- Good logical visibility
- Avoid previously
committed errors
- Implicit storage of
company knowledge

- A reliable case base is needed
- Cannot deal with an
introduction of new technologies
- Does not handle
innovative solutions

- Not useful in the absence
of similarities
- Cannot handle
new technologies
[17]

Fuzzy logic Method
[18]

- Good logic visibility
- Integration of the imperfection
of the model

- Human expertise and
know-how is needed

- Unreliable, outcome depends
on variables considered
- Limited traceback when design
change occur
- Cannot deal with new
technologies or new systems,
no experience
[19]

Neural Network
Method
[20]

- Accurate estimates are possible
- Can be updated and retrained

- Logic not visible (black box)
- Complex
- Requires a large
sample database
- Cannot handle
innovative solutions

- Not directly applicable, a
sufficiently usable example
database is missing
[20]

The Intuitive Method is primarily used in the shipbuilding industry for cost estimation
of an ETO project in the pre-contract phase [21]. The accuracy and comprehensiveness of
estimations based on expert knowledge are difficult to demonstrate, and it is often hard to
reproduce and trace them back to the original cost estimation during a project. And the
absence of a structured expert opinion compromises the reliability and reproducibility of
estimates. These issues are particularly pronounced when estimating costs for ETO projects
during the pre-contract phase [22].

2.2. Other Industries: Construction, Building, and Manufacturing

A recent review of cost estimation used for construction projects outside the ship-
building industry was performed by Hashemi et al. [23]. While the primary focus of this
analysis is machine learning techniques, it also delved into exploring alternative cost es-
timation methods. They showed that the lack of comprehensive data for cost estimation
can be resolved by utilizing product-based generated models, as seen in the shipbuilding
industry. However, no approach was identified in this study that considers the actual
construction processes.

In the construction industry, Building Information Modeling (BIM) is commonly used.
BIM is a process that involves creating and maintaining digital representations of the
physical and functional characteristics of places. It helps architects, engineers, and other
stakeholders to gain a better understanding of the project environment and make informed
decisions. BIM has been around since 1970 and has been widely accepted. Its functionality
has been expanded over the years, leading to the development of 5D BIM, which supports
the planning and cost estimation process linked to the 3D model. However, according to
Ossa Mesa [24], even with 5D BIM, cost estimation for new elements still relies on expert
knowledge. The possibility of comparing costs with previously completed projects is based
solely on product properties and does not consider the construction process.

The review by Miranda et al. [25] provides valuable information on the estimation
methods used in the early stages of building construction. The study highlights that
product-driven cost estimations are applied here, just as in the shipbuilding industry.
Additionally, the article discusses the extra cost drivers that are solely based on prod-
uct specifications.
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The review by Ganorkar et al. [11] provides an overview of the methods utilized in
the manufacturing industry. This overview reveals that, during the early stages of a project,
cost estimation in the manufacturing industry relies predominantly on qualitative methods.
These methods include the Intuitive Method, Case-Based Reasoning, and Regression
Analytics, which are also employed in the shipbuilding industry in the early stages of a
project. However, their application in manufacturing differs, as greater emphasis is placed
on production processes and machining properties.

This brief review shows that methods used in the construction, building, and manu-
facturing industries are, just as in shipbuilding, primarily based on product specifications
and past performance information. The application, however, differs. A methodical use of
construction processes or construction patterns to estimate costs is only found in the manu-
facturing industry. In this industry, the (machine) process model for manufacturing the
product is known, as with more than 1000 similar products, the inclusion and investment
in process improvements pays off quickly.

In the following sections, we present a concept aimed at integrating construction
processes into cost estimations to improve the accuracy, flexibility, and traceability of the
estimations compared to existing methods in shipbuilding.

3. A Concept for Steel Building Cost Estimation Based on Process and
Product Similarities

Before describing the concept, a short description of the information flow through the
stages of the ship design and construction process is given. This is followed by paragraphs
on how the available design information can be used to identify the construction process.
Next, an information visualization is proposed that captures design and process information
using past performance information.

During the pre-contract phase, a yard must investigate if they can build the ship
on time and according to the requirements. To answer that, the yard defines a project
strategy [26,27] or building strategy. This strategy is created by experts [22] using the
available concept design information and knowing the possibilities of the yard and its
suppliers. For ETO projects, the process of defining a building strategy, or production
planning, is a task performed by experts, especially [28]. The strategy devised during the
pre-contract stage incorporates a comprehensive planning approach for both interim and
final products. During the contract phase, this pertains to the construction planning of
the identified building blocks, as outlined in a block division plan, and the planning for
assembling these blocks into a complete ship. This is referred to as the erection plan.

Traditional cost estimation methods in shipbuilding rely on expert knowledge, product
specifications, and past performance information [7]. The accuracy and comprehensiveness
of these estimations are difficult to demonstrate, and it is often hard to reproduce and trace
them back to the original cost estimation during a project. The cost estimation concept we
present here addresses these shortcomings.

In this paper, we focus on the steel building process, as it serves as the key system for
comprehensive planning, with a specific focus on estimating labor hours. A substantiation
for this can be found in the work of Qu et al. [29]. They enlightened the importance of
the block assembly process. They argued that the hours and costs of constructing a block,
respectively, account for 40~60% of the total hours and 30~50% of the cost of hull building.
A steel assembly process in the basis consists of three activities (positioning, welding, and
grinding). The efficiency of such activities can be influenced by factors such as connection
length, weight, accessibility, position, orientation, etc.

For simplicity and clarity of the concept, we assume that the parts used in constructing
steel assemblies have already been pre-processed. As such, the person-hours required for
the pre-processing do not affect the proposed method. This is a simplification for clarity,
not a limitation of the concept itself, as even different pre-processing methods could easily
be included.
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3.1. Overview of the Concept

The proposed cost estimation process, see Figure 1, is based on information that is
available and accessible during the pre-contract phase. In the case of steel buildings, this
information typically includes the general arrangement and a block division plan derived
from it.
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Figure 1. Estimation process overview. The block division plan demarcates the blocks to be built. Each
block undergoes a defined construction process, which is then represented in a graph model. The most
similar block from past performance information is determined by performing a similarity analysis,
resulting in estimated person-hours. The past performance information used in the analysis includes
hours spent and the applied construction process for each of the completed blocks, represented in a
graphical model.

Based on the block division plan, person-hours for constructing the block are estimated.
To make this estimate, it is essential to know the construction process of each block to build.
One approach to defining the block construction process is to consult experts. Alternatively,
the construction process can be defined using information from past performance, provided
such data are already available.

The construction process information of the block to build is then translated into an
information representation that captures both the block qualities and process information.
A comparison is made with past performance information based on similarities to estimate
the hours needed to build the block. For this purpose, the past performance information
must be structured in the same information representation format. The goal of the similarity
analysis is to identify the most similar block in the past performance information, which
will serve as the basis for estimating the hours required to build the new block.

In the next section, we first go into detail about the available information in the pre-
contract phase, followed by a description of how to represent the relation between product
and process information and how to apply this in the proposed cost estimation method.

3.2. Available Information

In the pre-contract phase, design information for the steel system is contained in what
is called General Arrangement (GA) documentation. A GA of a ship design encompasses
all aspects of the ship’s physical layout and spatial configuration to ensure optimal func-
tionality, safety, and efficiency. The design at the level of GA represents the following
elements of the ship:

• Overall dimensions;
• Hull shape;
• Bulkhead position and dimensions;
• Number and heights of decks;
• Locations and dimensions of rooms;
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• Superstructure layout;
• Position and weight of main components.

Based on the GA, experts consider how the ship and part of the ship must be con-
structed, taking the possibilities and limitations of a yard and known sub-contractors in
mind. This is illustrated in Figure 2. The construction costs estimated traditionally are,
therefore, implicitly related to the construction strategy and construction schedule. How
the ship is going to be constructed results in a block division plan, where blocks are large
construction elements weighing between 60 and 200 metric tons and composed of several
sub-assemblies. Alongside the block division plan, an erection plan is defined, outlining
the sequence and methodology for assembling the constructed blocks to build the ship.
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Figure 2. The evolving of design and construction information. This figure is derived from the work
of Parraguez et al. [14]. The left side of the figure depicts the progression of design information until
it reaches a stage suitable for part production. Conversely, the right side illustrates the development
of the construction process, which begins with the fabrication of parts and their preparation for
assembly into blocks. During the development of the building strategy, experts define the overall
assembly methods for the blocks and outline the procedures for their erection, as illustrated by the
green arrows. Once a block is assembled, the focus shifts to the erection of those blocks. At the
pre-contract stage, where detailed design information is limited, experts traditionally rely on their
knowledge to estimate the person-hours required for building and erecting the blocks.

The yard’s production planning is based on these plans, as the steel system forms
the backbone of the entire planning process [30]. Based on the block division plan, the
following information about blocks is available:

• Block type and positioning;
• (Estimated) Weight;
• Outer and inner shapes and dimensions;
• Sub-assemblies (straight panel, curved panel, bulkhead, deck, web frames);
• Sub-assembly weight and dimension;
• Three-dimensional positioning of sub-assemblies;
• Yard standards (profile type, profile distance, and directions).

As mentioned, the construction strategy, construction schedule, block distribution
plan, and erection plan are determined in the pre-contractual phase. Furthermore, the
subassemblies for the defined blocks are known. A list of typical sub-assemblies known in
the pre-contract phase is presented in Table 2.

In conclusion, during the pre-contract phase, a layout (GA) with dimensions and
potential sub-assemblies, as illustrated in Table 2, is available. Therefore, a suitable method
should be capable of utilizing this limited information while evaluating product and
construction process information.
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Table 2. Sub-assemblies.

Sub-Assembly Sub-Assembly Parts Schematic Representation

Panel Plate panels, primary and secondary stiffening structural members
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3.3. Information Representation

Considering that the construction process is known, a choice must be made on how to
structure the information to be used for cost estimation purposes. Such structuring must
consider the complexity of the construction process and ensure that the most relevant data
points can be tracked and analyzed.

Liu et al. [21] and Iwańkowicz [31] have utilized a graph representation to optimize
assembly sequences. A graph theory-based representation provides a versatile platform
for detailing objects and their interconnections at the level of occurrence. As elucidated by
Bunke [32] in his graph theory discourse, this representation is particularly advantageous
for conducting similarity assessments. As a result, graph theory is proposed as the basis of
a method to estimate production costs.

In the proposed graph model, nodes represent the steel parts, while edges between
the nodes represent the activities required to connect these parts. Each edge contains
information on person-hours, dimensions, and technical specifications. An illustrative
example of node and edge information, specifically for a steel assembly, is given in Figure 3.
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Figure 3. Graph example of a welding connection. In a graph model, each node represents entities,
in this example, a “profile” and “plate”. Each node has a unique identification (ID) to distinguish
them from one other and properties about their dimension and shape. In this example, the edge,
with label “Welding”, connects the “Profile” to the “Plate”. This edge carries information associated
with the relationship between the two nodes. In this example, the edge includes: “Hours of work”,
representing the effort required to establish and complete the connection. “Welding sequence”
represents the order in which a welding connection should be performed. “Welding position”
indicates the orientation of the weld. “Used resources” refers to the resources used for the welding
operation. “Type of welding” specifies the type of welding.

In a directed, ordered, and labeled graph, the edge sequence number and connection
direction can be used to give details of the connection process. These details, expressed in
information attributes, encompass specifics such as edge direction, identification, welding
length, welding method, and welding type, along with allocated hours for positioning,
welding, grinding, and details on resource usage. Every node is assigned a label describ-
ing the type of part or sub-assembly. A node contains identification information and
information attributes containing technical information about the steel part.

Because the construction of a block is often based on assembling intermediate sub-
assemblies, a mechanism is needed to represent the grouping of work [33]. Therefore,
grouping information is added to the graph representation. This grouping mechanism
represents a logical division of work, making it possible to define sub-assemblies, which
may consist of several generic parts.

As mentioned above, a graph representation offers the flexibility of defining objects
and relations between objects on an occurrence level. It provides the possibility to represent
not only product information but also the way a product is built and the technology and
resources used.

3.4. Example

In the previous sections, we have described the graph representation of product and
process information. In this section, we further clarify this concept by using a stylized
example. Our demonstration highlights how different assembly sequences for a product
can be represented through the visualization of information in a directed graph.

Figure 4 contains a graph for product A, based purely on product information. It
represents the specification of the several parts and that they are connected without taking
the assembly process and sequence into account.
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Figure 4. Product information graph. This figure illustrates for product A that plate P1 is connected
to plate P2, and profile P3 is connected to plate P1 and to bracket P5. Both P1 and P2 have label
“Plate”. Both have attributes like length, width, plate thickness, and material type. The connection,
called edge, between P1 and P2 has attributes like, for example, welding length and welding type.

There are multiple methods for constructing product A. To illustrate this, we defined
two distinct assembly sequences, A1 and A2, which are presented in Figure 5.
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Figure 5. Two ways of assembling the same product. In the first way of assembling (A1), the two
plates are first connected (1), then the profiles are each connected to a plate (2 and 3), and then the
bracket is connected (4) to the profiles and the plates. In the second way of assembling (A2), parts
are pre-assembled into two sub-assemblies. In the pre-assembling 1 the two plates are connected. In
pre-assembling 2 the bracket is connected to the two profiles. In the next step the sub-assemblies 1
and 2 are connected (2) to construct product A.

In assembly sequence A1, the different parts are directly positioned and welded one
by one, while in assembly sequence A2, the first two sub-assemblies are made and then
connected to construct product A. The different assembly sequences A1 and A2 represent
two different construction processes. By using a directed and labeled graph representation
of the two construction processes, as illustrated in Figure 6, we capture the two ways the
product can be built.

To explain the two different ways of constructing product A, a simplified list of
operations is given in Tables 3 and 4. The list is simplified because operations like transport,
lifting, and turning are left out. The presented person-hours in Tables 3 and 4 are not real
figures; they are for illustrating purposes.

As shown in this stylized example, the two assembly sequences for building the same
product result in two distinct graphs, each illustrating different work patterns. In the next
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section, we will discuss applying graphs in situations where not every design detail is
known, as is the situation in the pre-contract phase.
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Figure 6. Two directed and ordered graphs. The two ways of constructing product A are represented
in the two directed and ordered graphs, A1 and A2. In each of the presented graphs, an edge is given
a direction and a number. E.g., to construct assembly A1, plate P1 is connected to plate P2 and has
sequence number 1, and sequence number 2 represents the connection of profile 3 to plate P1. The
graph of construction process A2 represents two levels of assembling. First, the two sub-assemblies
are constructed, and then those two sub-assemblies are connected. As shown, each sub-assembly
has its own sequence numbering, and the connection between the two sub-assemblies has its own
sequence numbering.

Table 3. List of operations according to sequence A1 as shown in Figure 6.

Assembly
Sequence A1 From Part To Part Activities Person-Hours

1 Plate P1 Plate P2 Positioning, 1 × Welding, Grinding 0.5

2 Profile P3 Plate P1 Positioning, 2 × Welding, Grinding 0.8

3 Profile P4 Plate P2 Positioning, 2 × Welding, Grinding 0.8

4 Bracket P5 Plate P1 Positioning, 1 × Welding, Grinding 0.1

5 Bracket P5 Profile P3 1 × Welding, Grinding 0.05

6 Bracket P5 Plate P2 1 × Welding, Grinding 0.05

7 Bracket P5 Profile P4 1 × Welding, Grinding 0.05

Table 4. List of operations according to sequence A2 as shown in Figure 6.

Assembly
Sequence A2 From Part To Part Activities Person-Hours

Sequence
Sub-assembly 1

1 Plate P1 Plate P2 Positioning, 1 × Welding, Grinding 0.5

Sequence
Sub-assembly 2

1 Bracket P5 Profile P3 Positioning, 1 × Welding, Grinding 0.1

2 Bracket P5 Profile P4 Positioning, 1 × Welding, Grinding 0.1
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Table 4. Cont.

Assembly
Sequence A2 From Part To Part Activities Person-Hours

Sequence Sub-assembly 1 + Sub-assembly 2

1 Profile P3 Plate P1 Positioning, 2 × Welding, Grinding 0.8

2 Bracket P5 Plate P1 1 × Welding, Grinding 0.05

3 Profile P4 Plate P2 2 × Welding, Grinding 0.6

4 Bracket P5 Plate P2 1 × Welding, Grinding 0.05

3.5. Applying Graph Representation in Pre-Contract Phase

At the end of the pre-contract phase, costs must be estimated based on product
information on a general arrangement level (or concept design), block division plan, and
construction schedule. This means that when representing building block information in a
graph, the objects are more generic. The objects in a graph representation of a block contain
objects like panels, bottom, web-frame, bulkheads, and plate fields. See Table 2 for a list
of objects that can be known in the pre-contract phase. Of those objects, not every detail
is known.

During the pre-contract phase, structuring a graph model for a block revolves around
determining whether the construction of a specific part is crucial for the assembly sequence
of the block. E.g., a double bottom can be seen as a relevant and single object. The
construction of a double bottom itself is independent of the way the double bottom is used
in the assembling of the block. A double bottom is usually a standard object of which the
construction hours are known from past performance information.

Figure 7 illustrates a block on the level of a concept design, together with a correspond-
ing graph representing the construction sequence.
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hull plate, DB = double bottom, and WF = web frame. At first, the sub-assemblies BH, HP, and WF 

are positioned in such a way that welding can be completed underhand to create sub-assembly 1. 

Figure 7. Block A. The block shown in this figure contains 4 sub-assemblies: BH = bulkhead,
HP = hull plate, DB = double bottom, and WF = web frame. At first, the sub-assemblies BH, HP, and
WF are positioned in such a way that welding can be completed underhand to create sub-assembly 1.
This is done by welding BH to HP (seq.nr. 1), and then the WF is welded to HP (seq.nr. 2). After
sub-assembly 1 is created in this way, it is positioned above DB to weld the connections between WF
and DB (seq.nr. 3), and next the connection between HP and DB (seq.nr. 4), and next the connection
between BH and DB (seq.nr 5).

The graph, as shown in Figure 7, illustrates the creation of a sub-assembly consisting
of the bulkhead, hull plate, and web frame, which is then linked to the double bottom. The
construction sequence shown in the graph is just one of the potential ways to assemble
product A. The decision to create a distinct sub-assembly typically stems from the need to
enhance the efficiency of the operations conducted and is often based on experience.

Figure 7 does not include details of transportation, lifting, or turning actions of sub-
assemblies. To fully understand how the product is constructed, it is essential to consider
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the comprehensive activity sequence list. To illustrate this, the activity sequence list for
block A, corresponding with the graph from Figure 7, is given in Table 5.

Table 5. A possible activity sequence list for block A.

Assembly
Sequence A From To Activities

Sequence
Sub-assembly 1

1 BH HP Positioning, 1 × Welding

2 WF HP Positioning, 2 × Welding

Sub-assembly 1 to DB

3 WF DB Positioning, 2 × Welding

4 HP DB 1 × Welding

5 BH DB 1 × Welding

The description thus far outlines how to represent product and process information
within a graph model, demonstrating its applicability in the pre-contract phase when
not every detail is known yet. In the next section, we describe the use of the graph
representation in the cost estimation process in the pre-contract phase.

3.6. Estimating Hours Based on Similarities

The concept introduced here, like conventional methods, leverages historical perfor-
mance information. It implicitly assumes that the construction processes used in the past
are relevant and transferable for estimating the costs of future projects. Therefore, estimat-
ing costs involves identifying similarities between the graphs of past projects and those
planned for future construction, as illustrated in Figure 8. Identifying similarities means
that a similarity analysis must be performed to estimate the hours needed to construct
the products.
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Figure 8. Similarity analysis. In this figure, block A represents the product to be built. To construct
block A, a construction sequence is defined and represented in a graph model. This graph model
is then compared with a set of graph models from the past performance database containing graph
models of realized blocks, including construction sequences and spend person-hours. This compari-
son aims to find a realized block that is the most similar block to estimate the person-hours needed
for the realization of block A.

To start the similarity analysis process, the construction sequence of the product to
build must be defined. In our description, we take a block as determined during the
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pre-contact phase in the block division plan. An assembly process must be created for this
block, either through a structured approach (as suggested by Zhong [33]) or through other
methods. The result must be translated into a labeled, directed graph representing the
product and construction information for the block under investigation. Next, the similarity
analysis can be performed. Several approaches are available for conducting a graph
similarity analysis. Here, we provide a brief description of two such approaches. These
approaches illustrate how comparisons can be made to identify the most similar graph.

The first approach is based on error-tolerant graph matching. The core idea of error-
tolerant graph matching is to calculate the cost of mapping a graph of a realized block
onto the graph of the block to be built, aiming to find the realized block that minimizes
the graph edit distance (GED). The GED expresses the “overall cost” of the mapping. A
theoretical foundation of graph edit distance is given by Riesen [34]. GED poses a challenge
as it is known to be an NP-hard problem [35,36]. NP-hard means that the solution of such
a problem requires non-polynomial time to solve, making it computationally demanding
and therefore hindering its practical applications.

Another approach to perform a similarity analysis is based on neural network prin-
ciples. To be more specific, here, we employ graph neural networks to represent the
information. Applying GNNs for similarity analysis aims to identify patterns, relationships,
or clusters based on structural and characteristic similarities in the data. GNNs learn em-
beddings for each node in the graph by capturing both the node’s feature information and
its connectivity patterns with neighboring nodes. These learned node embeddings encode
structural and contextual information about each node. Once node embeddings are ob-
tained, the similarity between nodes can be computed. Ontañón [37] presents an overview
of the different similarity analysis approaches using graphs and points out directions for
future work.

The introduced concept focuses on cost estimation for Engineering-To-Order (ETO) in
the pre-contract phase. It utilizes the available information in the pre-contract phase, where
the design details are more generic. However, the method is designed to be independent
of the level of information available. This means it remains applicable, even if more
detailed information becomes available, like the number of stiffeners and other smaller
elements. Consequently, the concept can be used effectively in subsequent phases beyond
the pre-contract phase. When applied in other phases, the more detailed available design
and construction process information must be included in the similarity analysis. This
means that the same level of information must be made available between the block to be
built and the past performance information to perform the similarity analysis. To achieve
the connection between the different phases, making subsequent calculations possible,
the detailing of information must be performed in a traceable and reproducible manner.
The possibilities of aggregating and detailing information in a traceable and reproducible
manner require further research. Implementing a uniform cost estimation method for all
phases allows the return to the original cost estimate as design or construction processes
take place.

4. Discussion

The presented concept makes it necessary to enrich the cost estimation information
with construction process data. The development and organization of construction process
information already starts in the pre-contract phase. For this, the knowledge of experts
is essential, not the least, because Engineering-To-Order projects require expertise to suc-
cessfully realize innovations and new requirements related to safety regulations, energy
conservation, and environmental protection. Defining the construction process requires
significant manual effort from domain experts. Considering that the pre-contract phase
is particularly characterized by time pressure and deadlines, efficiency improvement is
required for the creation of required construction process information. In the research
of Iwańkowicz [31], an approach is described to reduce the manual effort of experts in
defining assembly sequences. Iwańkowicz’s [31] research led to the development of an
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intelligent hybrid sequencing method for structure assembly that uses fuzzy clustering,
case-based reasoning, and evolutionary optimization.

The concept necessitates integrating past performance information, including time
allocation, technology, resources utilized, and, most importantly, the specific process em-
ployed for product development. Broadly speaking, this implies that shipyards need to
augment their past performance information by incorporating details on the technologies
employed and the utilized construction process. For most yards, that will be a challenge,
not in the least, because current available past performance information is often incomplete
and not always available in well-structured and maintained databases. Improving past
performance information, including process details, requires a reengineering process that
involves substantial investments. An investment that can be compared to the global shift
from tangible assets to intangible assets [38]. Investments that have been shown to have the
potential to increase productivity are based on data-driven decisions. The concept could
improve the use of collected data in shipyards, resulting in more accurate cost predictions.
However, its effectiveness has yet to be demonstrated.

However, before investing in enriching past performance information, research is
needed to demonstrate that the proposed cost estimation method improves the reliability
and accuracy of the estimates, especially for ETO projects.

The similarity analysis is a crucial element in the described concept. When performing
similarity analyses rooted in neural network principles, it is essential to identify an appropri-
ate similarity measure before optimal similarity can be determined. To obtain the similarity
measure, initial learning of the solution is required. The review of Ma et al. [39] gives an
overview of the existing literature on deep graph similarity learning. The conclusion is
that the literature on labeled and directed graphs for similarity learning is scarce. This
implies that applying neural network principles for similarity analysis will be challenging,
particularly given the limited volume of available learning data.

Structuring and enriching past performance information with construction process
information opens the possibility of successfully performing optimization analyses on
assembling sequence planning [40].

The principle of process patterns for cost estimates is inherently versatile and can be
effectively extended to various other processes, such as piping and scaffolding. However,
the successful application of these distinct processes necessitates thoughtful consideration
and deliberate implementation choices.

The presented concept is a generic concept tailored to Engineering-To-Order projects.
If the concept is adapted to the large-scale production environments of Asia, it should
perform equally as well. However, in these environments, the production process is often
fixed in more detail and compared between comparable designs, a more basic/statistical
method would thus be sufficient. When considered more broadly, this concept could
indicate a potential to improve operational efficiency, enable effective cost control, and
support continuous improvement practices without requiring simulation or other more
extensive methods of investigation.

It is essential that the introduced concept offers sufficient advantages. It is, therefore,
to be demonstrated in future research whether the introduced concept will lead in practice
to more accurate and reliable cost estimates.

5. Conclusions and Future Research Perspectives

The contribution of this work is a concept for the integration of the construction
process in cost estimations, which shows a promising route to improve the reliability
and reproducibility of estimations in the pre-contract phase for Engineering-To-Order
(ETO) projects. The presented method is detail-independent. This means there is one cost
estimation method for all phases of the production (ship, block, sub-section), resulting in a
single cost control process and introducing the possibility of tracing back changes in design
and process to the original cost estimate, and new estimations can be made.
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The information representation method proposed, based on labeled directed graphs,
facilitates incorporating changes in technologies and resources in a structured manner,
enhancing adaptability and cost management within the project.

A conditional aspect of the introduced method is the availability of past performance
information containing construction process information. To create such an information
base will be challenging and asks, in most cases, a significant investment. An investment
comparable to the global shift from investments from tangible to intangible assets attempts
to improve business performance. This means that the proposed method would benefit
from advancements in data management, particularly focusing on the precise quantification
of process data. This would enable shipyards to leverage their historical performance data
more effectively, leading to more accurate cost predictions.

Future research to demonstrate that the proposed method improves cost estimations
for Engineering-To-Order projects in the pre-contract phase starts with how to perform the
similarity analysis process and how to estimate the person-hours. The subsequent research
phase involves investigating the influence of integrating the construction process into cost
estimation accuracy.
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