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a b s t r a c t

In the shipbuilding industry, three-dimensional (3D) templates play a key role in the completeness
evaluation of shell plates with a large curvature in the shell-plate fabrication process. Currently, the
information of 3D templates from a ship computer-aided design system is limited; thus, manufacturers
depend on their experience to produce the templates manually. This results in the inaccuracy of tem-
plates in addition to increased production time. Therefore, if the pieces of the 3D templates can be
produced automatically with accurate information, the lead time of the fabrication process can be
reduced. In this study, we define a new type of template piece and develop methods for extending a
boundary template and converting manufacturing information into numerical control machine input. In
addition, based on the results of the study, we propose a production automation system for 3D template
pieces. This system is expected to reduce the lead time of the fabrication process.
© 2019 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

To fabricate a steel shell plate with a designed shape, it is
important to quantitatively convey the designed shape to a shell
plate fabricator. In a shipyard, the cross-sectional information of a
shell plate is presented as actual-sized wooden boards, which are
referred to as a template. Fig. 1 shows that a two-dimensional (2D)
template provides specific cross-sectional information of a shell
plate. However, the information provided by the 2D template is
insufficient because of the extremely large curvature of the fore and
aft sections of a hull. Hence, a 3D template is used to evaluate the
completeness of fabricating a shell plate (Park et al., 2007). The 3D
template assembles 2D template pieces and other pieces that
intersect them. Unlike 2D template pieces, the 3D template can

verify the completeness of the direction perpendicular to the cross-
sectional direction.

Numerous studies have been conducted on the method of
evaluating the completeness of direction when the criterion for
completeness evaluation is the shape after the fabrication process.
Previous studies mainly focused on methods based on noncontact
measurement. Posdamer and Altschuler (1982) used a beam pro-
jector, whereas Luo and Liou (1998) used a stereo vision system for
surface measurement. Jung et al. (2009) developed a method that
used a 3D scanner for shell plates. Park et al. (2016) performed the
curved-surface of measurement shell plates using a multi-laser
vision sensor. However, shell plate fabricators experienced diffi-
culty in using noncontact measurement methods during the shell
plate fabrication process. This difficulty was confirmed by com-
parison with other industry processes.

Research on the creation of specific shapes using steel has been
performed in the field of industrial machinerymanufacturing. Sunil
and Pande (2008) demonstrated that the shapes of the parts
required in machinery manufacturing could be classified using
automated line production. In this case, the goal of completeness
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evaluation is to identify defective products; thus, noncontact
measurement can be useful. However, most shell plate fabrication
conducted in shipyards is not automated. Therefore, applying
noncontact measurement requires additional work, which reduces
the efficiency of the fabrication process.

Thus, a shell plate fabricator has no option but to continue using
the 2D and 3D templates in the shipyard where the shell plate
fabrication is performed by the fabricator and not by an automated
machine. In this regard, several problems must to be solved in the
manufacturing process of the 3D template used for the shell plate in
the bow and stern sections of a hull. Ryu et al. (2018) highlighted
the details of these problems. A production designer must perform
additional work to manufacture a 3D template, which requires in-
formation about the cross section of a shell plate. However, it is
difficult to find all hull plates that require a 3D template in the
production design stage. Therefore, if additional 3D templates are
necessary at the production stage after the production design is
completed, further design and production should be performed to
create 3D templates. This additional requirement causes consider-
able loss in the shell plate production time. Therefore, the 3D-
template-fabrication process must be automated.

The completeness of final products is typically not evaluated
using a full-scale frame, such as a 3D template, in different
manufacturing fields. Poon and Bhushan (1995) demonstrated that
the completeness evaluation of the cutting using a Numerical
Control (NC) machine and the mold processing using a press ma-
chine is based on surface deviation, roughness, and smoothness. Cai
et al. (2012) revealed that even though fabrication was performed
for a shape similar to that of a shell plate with a large curvature,
surface deviation and smoothness were the main criteria used for

completeness. Thus, finding similar examples in other studies is
difficult for industries that require a higher level of precision
compared to the shipyard industry.

A few studies were performed on the automation of the
manufacturing of 3D templates in shipbuilding. Shen (2016)
developed an algorithm to generate the piece information of a 3D
template. Ryu et al. (2018) created a method of calculating the
manufacturing information of 3D template pieces considering the
assembly of the pieces and developed a system in which specific
requirements could be inputted based on requests of 3D template
fabricators. This system showed similarities with the MATRAS
project of Brandt et al. (2001). The MATRAS system generates
design information using Computer-Aided Design (CAD) and con-
verts it into information for computer-aided manufacturing, which
is then used in a system for operating machinery. As such, this
system is essentially a case of generating manufacturing informa-
tion for each piece of a 3D template using CAD (Brandt et al., 2001).

The present study extends the automatic calculation system for
piece-manufacturing information and proposes a production
automation system for 3D template pieces. The rest of this paper is
organized as follows: Section 2 presents the analysis of a 3D tem-
plate. Section 3 defines a new type of template piece for 3D tem-
plate assembly. Section 4 describes the extension of the boundary
template for assembly. Section 5 presents a method of transferring
nonuniform rational basis spline (NURBS) curve information to an
NC machine. Section 6 presents the detail of the entire production
automation system for 3D template pieces.

Fig. 1. 2D template pieces of a shell plate.

Fig. 2. Manual measurement using a 3D template.
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2. Analysis of the manufacturing information of 3D template

Fig. 2 shows the examples of 3D templates. To evaluate the
completeness of a shell plate, a 3D template is placed on the shell
plate as shown in Fig. 2(a). Fig. 2(b) shows a 3D template in which
the part for evaluating the completeness of the shell plate is
directed upward. Fig. 2(c) shows the 3D plate used by Park et al.
(2007), which appears slightly different from those shown in
Fig. 2(a) and (b).

The three 3D plates shown in Fig. 2 have the following three
common characteristics:

(1) A few parts convey information about the edges of the shell
plate.

(2) A few parts convey information about the inner curved sur-
faces of the shell plate. These parts intersect one another.

(3) A few parts fix the edges and inner parts.

To extract information about the 3D template parts from the
design information of shell plates, the template parts must be
defined such that they satisfy the abovementioned common char-
acteristics. The three types of template parts are shown in Fig. 3,
where Fig. 3(a), (b), and (c) show a boundary template, an inner

Table 1
Difference between the design and manufacturing information.

Table 2
Additional calculation methods for manufacturing information of the template.

Additional calculation methods

1. Piece reduction a) Reducing the piece size to prevent overlap among pieces
b) Reducing the piece size to prevent overlap with the floor during assembly

2. Piece extension a) Extending the boundary template piece when fixing two adjacent boundary template pieces is difficult
3. Marking information a) Calculating the position of the stiffener required to connect the template pieces

b) Calculating the position of the other template pieces of the base template

Fig. 3. Types of template parts.

S. Son et al. / International Journal of Naval Architecture and Ocean Engineering 12 (2020) 116e128118



template, and a base template, respectively.
In a few previous studies, the methods of calculating the design

information and manufacturing information of the boundary or
inner template were proposed. Shen (2016) calculated the design
information of the boundary template by considering whether the
edges of a hull shell belonged to one plane. Ryu et al. (2018) pro-
posed a method of calculating the manufacturing information of
the inner template. However, existing studies have no definition of
the base template. The base template fixes the boundary template

and the inner template and contains information about the fixing
position. Therefore, there is a limitation that it is impossible to
calculate the manufacturing information of a 3D template that is
suitable for all kinds of shell plates.

The abovementioned calculation methods are not sufficient for
assembling pieces into a desired shape because of certain con-
straints on fabricating and assembling the pieces, which can be
defined as follows:

1. The cutting blade for a template piece must be perpendicular to
the material surface.

2. The sizes of template parts must not overlap and must be fixed.

The size of design information of template pieces must be
reduced or extended to provide manufacturing information under
the abovementioned constraints. This is explained in Table 1. The
manufacturing information of a square pillar can be obtained by
inwardly generating the thickness of each piece. For example, the
manufacturing width of (a) piece is lesser than its design width by
the thickness of the material. To calculate the manufacturing in-
formation of the 3D template for a shell plate, this reduction and
extension must be performed several times and more complicated
calculations are required depending on the shape of the shell plate.

Table 2 summarizes the additional calculationmethods required
to derive manufacturing information from design information. Two
methods are proposed to reduce the size of template pieces that is,
for 1-a) and 1-b). However, in a few cases, after the thickness has
been created, the template piece is too short to be fixed to other
template pieces. In such cases, extending the length of one tem-
plate piece is necessary. The calculation method for 2-a) is pro-
posed for this purpose.

After the dimensions of the template pieces have been calcu-
lated for assembly, the next process is to calculate the marking
information that is useful for the assembly. Two types of marking
information must be calculated. One is the information about the
locations of stiffeners marked on the boundary or inner templates.
The other is the information about the location of the boundary and
inner templates marked on the base template. In Table 2, 3-a) and
3-b) indicate these types of marking information.

The calculation methods for 1-a), 1-b), and 3-a) in Table 2 have

Fig. 4. Base parts of a 3D template.

Fig. 5. Manufacturing information of the base template with markings.
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been presented by Ryu et al. (2018). However, the calculation
methods for 2-a) and 3-b) must be investigated. Sections 3 and 4
describe these methods. In addition, the existing manufacturing
information of template pieces includes a NURBS curve. However,
conventional NC machines cannot immediately cut template pieces
using such information. Accordingly, it is necessary to transform
NURBS information into straight and arc information. Section 5
presents the details of this process.

3. Calculation of base-template manufacturing information

Among the completed 3D template pieces shown in Fig. 4, the
part marked with a red dotted line represents a base template
piece. An example of the base template defined in this study is
shown in Fig. 5(a). The defined base-template piece can fix the
boundary and inner template pieces. In addition, unlike existing 3D

Table 3
Marking information according to the angle between the base and boundary templates as well as the thickness direction.

Fig. 6. Two cases of the thickness direction.

Fig. 7. Abutting template pieces with outer thickness direction.
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Fig. 8. Method of extending the boundary template.

Fig. 9. Extended boundary template.

Fig. 10. Two cases of creating the bi-arc.

S. Son et al. / International Journal of Naval Architecture and Ocean Engineering 12 (2020) 116e128 121



templates, the base-template piece is fabricated as a single piece to
reduce assembly work, and the position of the boundary and inner
templates is printed as marking information. The manufacturing
information of the base template is created using the marking in-
formation for the boundary templates. Fig. 5(b) shows the 3D
template assembled using the defined base-template piece.

As each template piece has a certain thickness, the marked
position on the base must be determined. Table 3 illustrates the
four cases of the marking information for the boundary template
based on the angle and direction of a piece. The case where the
piece is tilted outward is illustrated as q� 90�. The thickness-
generation direction is divided into “a” and “b,” as shown in
Fig. 6. If the boundary template is tilted outward when the
thickness-generation direction is “a,” then the point on the ground
that contacts the corresponding section of the design is determined
as the marking information. If the boundary template is tilted
outward when the thickness-generation direction is “b,” then the
section of the solid model of the piece that contacts the ground
represents the marking information. If the boundary template is
tilted inward when the thickness-generation direction is “a,” then
the remaining template piece projected onto the plane with the
base template after being cut according to the angle with the floor
in the design information becomes the marking information. In
other words, in the solid model of the corresponding boundary
template, the outer curve among the two curves present at the base
side is projected onto the base plane. If the boundary template is
tilted inward when the thickness-generation direction is “b,” then
the marking information is determined using the same principles.
In the case of the inner template, the intersections of the base
template plane and the two parallel planes of the manufacturing
information are calculated and printed as the marking information.

4. Method for extending the boundary template

When abutting boundary templates are too short to be fixed to
each other, one template piece should be extended for assembly.
Fig. 7(a) shows the design information of the abutting boundary
templates, and Fig. 7(b) shows the design information when the
thickness-generation direction of the two boundary templates
faces outward. In this case, one of template pieces should be
extended to fix the pieces to each other.

Fig. 8(a) shows that plane P1 is on the outer side of the template
that is not to be extended. In the design information of the template
to be extended, the endpoint close to P1 is determined, and the
intersection of P1 and the straight line that is tangent to the
endpoint is determined. The intersection shown in Fig. 8(b) is used
to extend the design information. Then, the manufacturing infor-
mation is generated as shown in Fig. 8(c). Fig. 8(d) shows the top
view of the extended template piece. The implemented result is
shown in Fig. 9. This makes it possible to assemble boundary
templates that cannot be assembled using existing methods.

5. Drawing-information generation for NC machine input

According to the details presented in Sections 3 and 4, the
manufacturing information for all template pieces can be calcu-
lated. An NC machine can automatically cut a wooden plate into
template pieces based on the manufacturing information. For this,
themanufacturing informationmust be converted into information
that the NC machine can read. Yeung andWalton (1994) developed
a method for fitting a curve into multiple bi-arcs. Lei et al. (2007)
proposed an approach for interpolating a NURBS curve in real
time in an NC machine in which parametric path interpolation was
possible. However, parametric path interpolation is not supported
in the NC machine used in our system. Thus, piece information

Fig. 11. Flowchart of the process of converting the NURBS curve into bi-arcs.
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must be generated using arcs whose information can be easily
programmed using NC. In the manufacturing information of a
template piece obtained using the piece-information-calculation
program, the curve part is a NURBS curve. Therefore, the informa-
tion is converted in reference to the study by Yeung and Walton
(1994). Further detailed information regarding bi-arcs is provided
in the study by Rossignac and Requicha (1987). The key finding is a
method that converts the space between two points into two arcs
when the two points and their tangents are known.

In the current study, we apply this method to convert the NURBS
curve into multiple arcs. Fig. 10 shows that the two given points are
denoted as P1 and P2 and the tangents are denoted as T1 and T2.
Here, if a1 is determined, then a2 can also be determined, and two
arcs can be established. Two cases are observed when the circles
associatedwith each arc are drawn, one inwhich one circle is inside
the other (Fig. 10(a)) and the other inwhich one circle is outside the
other (Fig. 10(b)). Fig. 10(a) and (b) use the same equation to obtain
a2 through a1.

Fig. 11 shows the process of converting the NURBS curve into
multiple arcs. The input is 2D NURBS curve C1, namely, endpoints P1
and P2 of C1 and tangents T1 and T2. Subsequently, the two arcs that
are close to C1 and that satisfy P1, P2, T1, and T2 can be determined
using the “while” function. To perform this, a1 is converted (as
shown in Fig. 10), and the error associated with C1 is calculated.
Thus, the two arcs that are the closest to C1 are identified. The two
obtained arcs are stored, and the magnitude of the error relative to
the tolerance is investigated. If the error is large, then the stored
arcs are deleted and the parameter between P1 and P2 is deter-
mined and designated as Pc. In this case, the tangent is designated
as Tc. The curves are halved, and a process is applied to find the arcs
among the halved curves. The curves are repeatedly divided into
multiple arcs until the error in all arcs is smaller than the tolerance.

The result applied to a boundary template piece is depicted in
Fig. 12, which shows that the curve of the section of the piece that
touches the shell plate is converted into 10 arcs.

6. Production automation system for 3D template pieces

In this study, a method of extending template pieces for as-
sembly and a method of calculating the manufacturing information

of the base template are developed. Further, to automatically pro-
duce template pieces, we develop a method of converting piece
information into a format that can be used by the NC machine.
Fig. 13 shows the entire process of the proposed automation sys-
tem, including the contents of previous sections. It is a detailed
diagram of the system that can automatically produce 3D template
pieces using only the design information of the shell plate. The
contents of previous sections are contained in black boxes.

First, the design information of the shell plate is inputted, and
the shell plate thickness information corresponding to the mold
surface of the ship is used to offset the NURBS curve surface,
thereby producing the information for the anti-mold surface. In
addition, the mold and anti-mold curved-surface information is
used to create the 3D model of the shell plate. Then, it is deter-
mined whether the 3D template should be used to check for the
completeness of the mold or anti-mold surfaces, and the position of
the 3D template is set. Thereafter, the boundary template to be
created into a curved surface perpendicular to the floor is selected.
If 3D template fabricator's selection is unsatisfactory, then the
process is reset. If the created boundary template is satisfactory,
then the inner template is subsequently created.

It is determined whether the inner template should be
perpendicular or parallel to the base-template plane. Next, the
reference boundary template and the desired number of inner
templates are determined. Then, the inner templates are generated
depending on whether or not they are center plates. Subsequently,
the desired positions of the inner templates are selected to generate
more inner templates. If the results are unsatisfactory, the process
can be reset. If the generated inner templates are satisfactory, then
the 3D template design information is complete. Thereafter,
manufacturing information is generated based on the design
information.

In the next step, when the thickness direction of each boundary
template is set, the manufacturing information of the boundary
template is first generated according to whether it is a center plate.
Then, the manufacturing information of the inner template is
generated. Here, the manufacturing information of the base tem-
plate is generated based on this information.

Next, the manufacturing information of the pieces that form the
generated 3D template is used to create a drawing. The 3D model

Fig. 12. Example of converting the NURBS curve to bi-arcs.
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information of each piece is used to determine the positions at
which stiffeners should be placed at the intersection points. These
positions are converted into marking information that a 3D tem-
plate fabricator can refer to for assembly. The generated drawing
information is converted into manufacturing information that can
be used by the NC machine for piece cutting. In this manner, the
production automation system for 3D template pieces is manu-
factured. A 3D template fabricator refers to the drawing to assemble
the 3D template using these pieces. As a result, based on the sys-
tem, the fabricator can possibly create a piece using only its design
information and determine whether or not it is the center plate.
The fabricator can perform the following seven operations:

1. Determine the direction of placing a template piece

2. Determine the boundary to generate a curved surface perpen-
dicular to the base

3. Determine whether to generate the inner template perpendic-
ular to the base

4. Determine the edge to use as a reference for the inner template
generation

5. Determine the number of inner templates
6. Identify additional positions for the inner templates
7. Identify the thickness-generation direction of the boundary

template

The production automation system includes the functions for
assembly operation about generating base template information
and extending the boundary template piece. Therefore, this system

Fig. 13. Flowchart of the process for the automated production of a 3D template.
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enables the 3D template to be robust enough to be used in ship-
yards. In addition, unlike the existing system, it includes the tem-
plate piece cutting function using the NC machine.

Using this system, 3D templates can be produced without the
ship lines plan. Therefore, the production can be independent of the
production-design department. That is, additional production re-
quests for 3D templates from the shell plate fabricator can be
processed directly by the 3D template fabricator, and not the pro-
duction designer. In this manner, at least one of the bottlenecks in
shell plate production can be eliminated.

7. Application case

This section describes the application cases for 3D templates
according to the options available to the proposed production
automation system. The methods developed in this study are
explained, and the entire process of creating a 3D curved member
using the proposed system is described in detail.

First, the position of a 3D template similar to that shown in
Fig. 14(b) and (c) is determined. Fig. 14(a) shows that shell plate has
a certain thickness, and the 3D template is calculated considering
this thickness. Fig. 14(d) and (e) show the results obtained by the
automation system.

Next, a piece is selected to be constructed as a curved surface
perpendicular to the base from the available boundary templates.
Normally, as the design process of a shell plate involves cutting the
shell into several planes, the boundaries of most shell plates are
plane curves. As a result, boundaries are typically not created by
cutting the plane because a problem may occur in production. In
this case, a boundary template is created with a surface perpen-
dicular to the base. Fig. 15(a) shows all boundary templates as
planes. Fig. 15(b) shows the case of all boundary templates selected

Fig. 14. Modeling results based on the template position.

Fig. 15. Modeling results of the boundary template perpendicular to the base.

Fig. 16. Two cases of selected reference boundary template.
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for a curved-surface template perpendicular to the base plane. The
curved template is necessary for a special condition when an edge
is not on a plane. The rightmost parts of Fig. 15(a) and (b) show the
result obtained by the automation system.

We describe the option of whether to create inner templates
perpendicular to the base. Fig. 16(a) and (b) show the reference
boundary template selected for the creation of the inner templates.
Even though only two cases are shown in Fig. 16, reference
boundary cases are available that are the same as the number of
boundaries. Fig. 17(a) and (b) show the cases where the normal
vector of the inner template is the same as that of the reference
boundary template and perpendicular to the base template,
respectively. The points shown in Fig. 18 indicate the reference
positions for the creation of additional inner templates. The desired
points are selected among these reference points. Thereafter, the
inner template is generated accordingly. Fig. 19(a) and (b) show the
cases where the thickness-generation direction of the boundary
template is inside and outside the 3D template, respectively.

Fig. 20 shows themanufacturing information of the 3D template
corresponding to the aforementioned inputted settings. The CAD
model shown in Fig. 20 is composed of the manufacturing infor-
mation of each piece after the calculation, whereas the rest of

Fig. 20 shows the conversion of each piece in this model into
drawing information. Lines without length information are present
among the information shown in the figure. Among these, the
dotted lines indicate the intersection of the inner pieces and the
positions where the inner template touches the boundary tem-
plate. The solid line indicates the positions of the stiffener where
the boundary templates touch one another. The position where the
stiffener should be placed is shown only in the boundary template.

Fig. 21 shows the cutting process, which is the last part of the
proposed system, as performed by the NC machine. Fig. 22 shows
the results of assembling the pieces generated by applying the
proposed system.

8. Conclusion

In this study, we propose a system to automatically produce the
pieces of 3D templates. For this purpose, we first analyze the 3D
templates and determine the parts to be investigated. Next, we
calculate base-template manufacturing information and define a
method for extending the boundary template. Additionally, we
generate drawing information for an NC machine from
manufacturing information.

The information required by the proposed system comprises
only the design information of the shell plate. A 3D template
fabricator can determine seven options based on experience. The
seven options are as follows:

1. Determine whether to place the 3D template on a mold or anti-
mold surface

2. Determine the boundary that should be generatedwith a curved
surface perpendicular to the base

3. Determine whether to generate the inner template perpendic-
ular to the base

4. Determine the edge to be used as a reference for inner template
generation

5. Determine the number of inner templates

Fig. 17. Two cases of the inner template with different normal vectors.

Fig. 18. Result of creating the inner template according to the selected reference point.

Fig. 19. Modeling results according to the thickness direction.
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Fig. 20. Manufacturing information of the 3D template.

Fig. 21. NC machine for the cutting process.
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6. Identify the additional positions of the inner templates
7. Determine the thickness-generation direction of the boundary

template

According to this study, 3D templates can be produced using the
proposed system without the assistance of the production-design
department. Therefore, we have eliminated the process of
exchanging informationwith other departments. In this manner, at
least one of the bottlenecks in shell plate production can be
potentially eliminated.
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