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a b s t r a c t

The outfitting design of ships and offshore structures is mainly undertaken in a restricted space. Pipes
occupying a large portion of outfitting design are normally manufactured outside the shipyard. This
complicated manufacturing process results in frequent delivery delays. Inevitable design modifications
and material changes have also resulted in inefficient pipe installation works. In this study, an algorithm
is proposed to systematically determine the pipe installation sequence. An accurate and fast algorithm to
identify the geometric relationship of piping materials is presented. To improve the calculation efficiency,
the interference is gradually examined from simplified to complicated shapes. It is demonstrated that the
calculation efficiency is significantly improved with successive geometric operations such as back-face
culling and use of bounding boxes. After the final installation sequence is determined, the entire
installation process is visualized in a virtual reality environment so that the process can be rendered and
understood for a full-scale model.
© 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

The outfitting design of ships and offshore structures tends to be
more inefficient than other design tasks due to frequent design
changes, material delivery delays, and late transportation. There are
various reasons for this inefficiency; the lack of planning for
equipment installation and disassembly is a typical example.

Determining the assembly sequence of outfitting equipment in
offshore plant industries, where delivery dates are extremely
important, helps the designer to schedule the overall production
plan at an early stage, thereby reducing relevant production time
and labor cost. This behavior can be seen as an attempt to increase
the pre-outfitting rate, whose stage has known to be optimal for
pipe installation. The pre-outfitting rate is the percentage of
completion of the outfitting installation before the grand block
assembly stage. If the work cannot be carried out to the maximum
extent in the pre-outfitting process and is delayed to a later process,
space constraints caused by the already installed structures become

another problem requiring additional work. Therefore, defining the
assembly sequence at a suitable time is necessary to improve the
entire manufacturing process. The importance of pre-outfitting is
evenmore emphasized in constructing offshore structures owing to
the high proportion of outfitting design work.

The complexity of outfitting design and installation increases
the man hours. In the case of pipes that account for a high portion
of the outfitting design, most of the production is made outside the
shipyard. Pipe installation work is normally carried out in the order
of arrival of piping materials, following the judgment of field
workers on the day of installation. This practice causes frequent
task changes resulting in schedule delays and thus has an adverse
effect on deadlines. Also, the installation work heavily depends on
skilled workers, which frequently causes unnecessary disassembly
and rework due to erroneous judgment, leading to delays in the
entire process (Kim et al., 2015). Considering the current shipyard
practice, performing frequent installation and disassembly in a
short time has been regarded as the best way to improve process
efficiency.

The pipe installation plan can be expressed in various ways and
this paper focuses on the two-dimensional representation of the
spreadsheet style, called the binary interference matrix. The binary
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interference matrix is a mathematical modeling technique pro-
posed by Santochi and Dini (1992) to determine the assembly
sequence of mechanical parts. Research on the installation
sequence of general machinery using the binary interference ma-
trix is documented in Ou and Xu (2013). They defined the assembly
sequence of a machine using the inter-part relationship matrix
based on the CAD model.

The method of Yan and Nienhuis (2012) is noteworthy for
installation sequence studies performed in the ship sector. To
derive the installation sequence of outfitting equipment, the binary
interference matrix is compared with other assembly sequence
determination methods such as tree structure and AND/OR graph.
They conclude that the binary interference matrix easily recognizes
the interference result. Recent research shows the link between the
binary interference matrix and actual process information in
determining the installation sequence of outfitting equipment of
offshore plant (Choi et al., 2017). All above studies have the limi-
tation of simplifying the parts such as the elbow and the associated
members in a form different from the actual shape, which may
cause the interference results to be somewhat different from the
actual results.

In addition, shipbuilding and offshore plant industries have
used existing shipbuilding process information to analyze impor-
tant production factors such as lead time, installation man hours,
and supply chain, in order to improve the assembly process (Park
and Woo, 2018). To accomplish this goal, the installation
sequence must be determined first. However, this step has been
constantly identified as a problem because the installation
sequence cannot be accurately or quickly obtained in case of
complex offshore structures.

This paper introduces an algorithm for determining the instal-
lation sequence of pipes inside cramped spaces of ships and
offshore structures. The computerized model of production blocks
consisting of pipes and relevant members is used. The proposed
algorithm calculates mutual positional relationships based on the
shape information of pipes and accordingly suggests the installa-
tion sequence. A key element of the algorithm is to improve
interoperability by effectively examining the interference of pipes
in the three-dimensional spacewhere the piping system is installed
by considering the installation direction. In narrow-spaced com-
partments with complex piping systems, the developed algorithm
helps the engineer to facilitate subsequent works by providing fast

and handy information on the installation sequence. To simulate
the installation process in a full-scale working environment, virtual
reality (VR) technology is used to visualize the real-time installa-
tion work.

First, a basic explanation of piping models is given to under-
stand the piping system. An efficient algorithm for determining the
installation sequence is described. The algorithm performance is
verified using various installation works actually done in the as-
sembly process of a shipyard.

2. Understanding piping models

2.1. Components of geometric piping model

Various modeling techniques are used to represent the shape of
objects in a computerized way. The modeling method can be
broadly divided into boundary representation (B-rep), surface
representation, solid representation, and feature-based modeling
(Mortenson, 2006). For the computerized model used in ship-
building and offshore plant industries, several different techniques
are used based on the design purpose and practice of the yard.
Currently the most widely used expression method is curve- or
curved-surface-basedmodeling to represent the free shape of block
units. Curves or surfaces aremathematically well-defined, and their
concept can be simply expressed. However, to use a surface in an
actual computerized model, polygonal mesh, a method of dividing
a surface into small triangles, is commonly used.

The model that represents the pipe in this study also consists of
geometric elements such as point, line, cylinder, cube, sphere, and
polygonal mesh. Among these elements, primitives such as cube
and sphere have the advantage of being compact and easy to create
or modify later since they are based on mathematically formulae. A
polygonal mesh that only possesses triangular vertices, on the
other hand, can easily represent complex free-form shapes and
render quickly. These modeling elements are classified into two
different objects in this study and renamed as formulated primitive,
for those based on mathematical formula, and polygonal primitive,
for those composed of polygonal meshes. These two objects can be
initially determined when modeling the piping system on the basis
of the designer's intention. Sometimes polygonal meshes are
created when the model is converted from one format to another.

When a pipe, the most common and important element in the
piping system, is represented, a cylindrical form is used. Depending
on the modeling file format, a cylinder may be expressed by only a
set of pure polygonal meshes instead of a formulated primitive. In
the Jupiter Tessellation (JT) modeling format (JT, 2018), elements
such as elbow, reducer, and support are formed of polygons
constituted by triangles. Fig. 1 shows the example of a pipe part as
well as its elements consisting of only polygonal meshes.

Based on the piping system adopted as a test model, the di-
ameters of the pipe vary from 2 to 60 cm, depending on the usage.
The pipe length is usually about 6m. It is common for the pipeline
to be sufficiently divided into simple parts to avoid complexity;
thus, an appropriate length should be selected. The question of how
to design and cut the pipeline is not obvious and sometimes even
ambiguous. In general, cutting the pipeline in as large chunks as
possible is advantageous, but this leads to restrictions on handling
such as not being an obstacle during transportation or not being too
heavy. A pipe designed with these criteria is consequently regarded
as a unit model suitable for installation. This unit model is called
the pipe part in this paper. An example of pipe parts that are
basically used in a three-dimensional piping model is shown in
Fig. 2.

Nomenclature

Pipe a hollow cylindrical object that helps
transport fluids

Spool a large model comprising pipes and their sub-
members such as elbow, reducer, and flange
(similar to the piping structure)

Pipeline a single long structure made of multiple pipes
or spools

Piping system an operable system of pipes
Pipe part defined in this paper as a part of the pipeline,

minimally subdivided unit for installation. A
pipe part can be any element such as a single
cylindrical pipe, an elbow, a reducer, a flange,
or combinations of those parts. A pipe part can
be regarded as a subset of the pipe spool

Piping model defined in this paper, a computerized three-
dimensional model of pipes, spools, or pipe
parts
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2.2. Interference of pipe objects

Since the piping system of ships and offshore structures is
normally assembled in a narrow space, it is highly likely that
securing the installation space depends on the surrounding struc-
tural members already installed. Therefore, it is necessary to check
closely whether the interference between pipes and surrounding
structures occurs during the production stage. The possibility of
interference should be examined and excluded at the design stage
as early as possible before the actual installation, but the designer
must be aware of unwanted interference due to design errors.

Since the theory on interference between pipes mainly aims at
creating individual functions inside a CAD system specialized for
shipbuilding and offshore industries, it is hard to find reliable
published literature. As the pipe itself is an object with geometric
shape, the basic principles of pipe interferencemay be derived from
theories on inter-object interference. Most studies on inter-object
interference were mainly published in the 1980s and 1990s. Since
then, with the evolution of the gaming industry, interactions be-
tween game characters have become mainstream in the field of
inter-object interference (Ericson, 2004). For the installation of
pipes, it is necessary to grasp the general shape of the three-
dimensional object, which is systematically described in Iyer et al.
(2005). Each method in the reference is used to characterize the
object itself or to make comparisons between similar objects.

The pipes covered in this study are supposed to work with a
crane due to their large size and heavy weight, and therefore the

installation direction is usually predetermined. There is no limita-
tion on the installation direction theoretically, but it is sufficient to
consider only one specific direction along the height for each
operation.

In general, it is difficult to find a general algorithm for inter-
ference between objects. An algorithm optimized for each case
should be sought considering the characteristics of target objects.
Since the pipes in this study also have specific characteristics such
as model shape, installation environment, and yard practice, it is
most effective to present a customized solution based on the case.
Creating a collision-free path in the installation direction using a
two-dimensional view would be considered as a suitable method.
To derive a quick decision on the installation sequence in a specific
case, the three-dimensional interference calculation using bound-
ary boxes is suggested. This study suggests a method of mixing
two- and three-dimensional interference examinations considering
the installation characteristics of piping systems and geometric
configuration of pipe elements.

2.3. Utilization of lightweight format

To understand the mutual positional relationship between
pipes, the three-dimensional model information of a structure is
prerequisite. The three-dimensional computerized model of ships
and offshore structures has very high complexity due to its enor-
mous size or complex structure. To easily enable subsequent pro-
cessing in developing additional functions after an initial geometric

Fig. 1. A pipe part in piping model (left) and its rendered elements consisting of polygonal meshes (right).

Fig. 2. Various pipe parts.
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modeling work, it is preferable to reduce the weight, in fact the size
of model, to eliminate the complexity.

The lightweight model is not only useful for visualization
because of its small size but also advantageous for collaboration
with external companies and long-term storage. It also retains the
advantages of complex models such as metadata support, security
features, and software support (Ding et al., 2007). In recent years,
efforts have been made to utilize three-dimensional models in
mobile devices such as mobile phones or smart pads. Since mobile
devices generally lag in performance, using a lightweight model is
essential for visualization and subsequent processing of compli-
cated models consisting of millions of geometric elements. There-
fore, weight reduction is strongly recommended at the initial
design stage in order to improve the efficiency of the entire process.

JT lightweight format is used in this study. JT is an ISO standard
three-dimensional data format (Siemens, 2010). This format shows
a much higher weight reduction than other formats, making it is
possible to reduce the size to less than 1e10% of existing CAD files.
In particular, it uses a compression algorithm with low loss of in-
formation and has an application program for visualization.

The internal structure of JT can be described in the form of a tree,
as shown in Fig. 3. The structure can largely be divided into as-
sembly, part, and instance nodes, where the user can locally
manage any node at a desired level. Taking advantage of this node
property, after reading a target JT model, a new JT file separating
the pipes from other structures at the instance node level is created
for later use in this study.

3. Determination of pipe installation sequence

3.1. Characteristics of pipe installation process

It is necessary to establish an algorithm for determining the
order of the pipe installation work. Conversely, to determine the
installation sequence, comprehensive analysis is required to iden-
tify the characteristics of the installation work. Generally, when
multiple objects are entangled, there are various ways to determine
the order. In the case of the piping system, it is possible to establish
a detailed correlation by examining the characteristics of each pipe

and subsequently the relationship with the surrounding pipes or
members while identifying the mutual geometric connectivity.

Pipes are normally installed in a cramped space or a narrow
compartment of a ship or an offshore structure. When disassembly
is necessary for repair in the narrow space, the best and fastest way
is to disassemble the pipes in reverse order. Therefore, in both
installation and disassembly processes, a clear installation path is
required.

The preconditions and characteristics related to pipe installation
in a ship or an offshore structure are analyzed and summarized as
follows.

C1) To understand the geometric relationship between pipes and
to derive the installation sequence from the analyzed re-
lationships, a complete model of a block is required up to the
appropriate level of piping design. This computerized model,
called the piping model in this paper, in general consists of
various geometric entities including pipe spools, which
mainly includes cylindrical pipes, connecting parts, and
structural support members. The piping model also includes
various equipment and structural members, but the hull
parts are normally excluded.

C2) The piping model is constructed based on the data formats
supported by the CAD system used in the yard. However, if
the format of the model is created by a different CAD system
outside the yard or the original model is converted into a
lightweight format, the model may be provided in the form
of a neutral file containing geometric elements only.

C3) The connectivity between pipes is determined by checking
all pipes one by one. A pipe part, shown in Fig. 2, is defined as
the small unit of pipingmodel and becomes the basis for pipe
installation. All pipe parts are compared, and the time
complexity is close to O(n2). As a result, with the increase in
the number of pipe parts, the number of interference check
increases exponentially and reduces the computing effi-
ciency. When a computerized model is initially constructed,
the layer-to-layer connection between sub-models is main-
tained up to a certain level. When data conversion occurs,
however, it is common that most of these hierarchical

Fig. 3. Hierarchical structure of piping model in JT format.
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relationships are broken down and therefore each sub-
model, the pipe part in this case, should be handled
individually.

C4) The pipe installation in the pre-outfitting stage is mostly
carried out in an open space of a shipyard having relatively
no obstacles. Due to the weight and size of each pipe, the
installation cannot be accommodated by human power and
is thus usually carried out using a crane. For this reason, the
main direction of the pipe installation is from top to bottom
with respect to the plate placed on the floor. To avoid colli-
sion with the pre-installed pipes, as a rule the pipes should
be installed from the bottom space one by one, where the
relative position of each pipe becomes important. Also, in
case some pipe parts are classified in the same order,
reasonable ordering criteria will help the efficient
installation.

In this paper, the following strategies for efficient installation
are established, considering the installation conditions and char-
acteristics summarized above.

S1) The computerized model of piping system includes pipe
parts, accessories, and other structural members. In order to
focus on pipe parts only, other parts are removed or
temporarily deactivated. This requires the reconstruction of
the computerized model from an original complex model to
a newmodel consisting of pure pipe parts and their essential
subparts.

S2) If the piping model is offered in a neutral file, it must be
processed according to the geometric expression supported
by the corresponding format. The de-facto standard repre-
sentation such as NURBS is preferred, but if the model con-
sists of polygonal meshes, which may cause a considerable
computing time, an efficient polygon processing technique
must be sought.

S3) For effective interference processing, interference checking
between objects that do not require detailed investigation
should be excluded as much as possible. By utilizing the
feature of the JT format that shows the data structure in each
layer form, the positional relationship in the upper layer,
which does not need a large amount of polygon information,
is investigated in advance to simplify or dispense with the
interference check.

S4) Computational techniques such as bounding box and back-
face culling are actively adopted. In addition, instead of
examining all the interference in three-dimensional space,
the two-dimensional interference check is partly used to
improve the efficiency.

S5) The degree of freedom of installation direction is expanded,
instead of fixing the direction from top to bottom. In some
cases, it may be necessary to consider a lateral or an arbitrary
direction. In this study, the installation direction can be freely
selected using a direction vector that indicates a desired
installation direction.

3.2. Determination of pipe positional relationship

Based on the strategies derived from the characteristic analysis,
an algorithm to determine the positional relationship for pipe
installation is developed.

The pipe model basically includes geometric information
defining the shapes of pipes and supporting members. Depending
on the design practice in a shipyard, production information for
fabrication, assembly, or other processes is also included in the

model and is utilized in subsequent design and production pro-
cesses. It is not desirable to entirely rely on production information,
however, because the loss of information other than geometric
information occurs during the process of neutralization or
conversion.

In this study, a lightweight computerized model in the JT format
is used to represent the piping system. This not only maximizes the
advantage of lighter weight but also follows the design practice of a
shipyard that always adopts the converted format. To understand
the positional relationship between pipes, geometric information
described in either formulated primitives or polygonal primitives
provided from the JT model is utilized.

The main functions used in the algorithm for determining the
geometric relationship of pipes are described in the order of the
flowchart in Fig. 4.

3.2.1. Elimination of unnecessary elements
The computerized model transferred from other sources usually

includes various components such as pipes and their supporting
members. To perform the interference check between piping ob-
jects, only the objects required for interference check are extracted

Fig. 4. Overall flowchart for determination of geometrical relationship of pipes.
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to create a new model. This simplification process is sufficiently
effective to offer a guideline for pipe installation. A set of infor-
mation such as coordinates of vertices, inner diameters, and initials
indicating the spool status, provided by the JT model, is utilized as
much as possible to eliminate unnecessary elements.

As an additional work, detecting and eliminating pipe parts that
may cause errors such as circulation or redundancy is necessary
while calculating interference. As these pipe parts have a consid-
erably smaller size than the main parts, parts with smaller di-
ameters are sorted out. It should be noted that this additional work
may differ depending on the specific practice of the yard where the
piping model is created. The elimination process and its results are
shown in Fig. 5. A small cross-shaped part at the rightmost end of
the pipe part in the top-left figure was generated during the CAD
modeling and is not required for the pipe interference check. Also,
the large square boxes and cylinders in the bottom-left figure are
the auxiliary parts independent of the pipe interference and need
to be eliminated. After removing the unnecessary parts, only parts
corresponding to the pipes and supporting parts are stored as new
data.

3.2.2. Interference check by bounding box of pipe part
At this stage, we determine whether two neighboring pipe parts

are close enough. The bounding box for each part is a three-
dimensional cube, defined from the maximum and minimum
values of three-dimensional coordinates of each pipe part. An
example of pipe parts and their bounding boxes seen from top view
is depicted in Fig. 6. Suppose there are two boundary boxes BA and
BB, surrounding pipe parts A and B, respectively. If BB interferes
with BA or passes through the space beneath BA as shown in Fig. 7, it
means that the installation of pipe part A is likely to be disturbed by
pipe part B. Then, subsequent steps are required to determine
whether this disturbance turns out to be real interference.

In this paper, the condition that bounding boxes do not intersect
with each other is treated as the two-dimensional boundary con-
dition for rapid calculation, as simply summarized in Fig. 8. As the
bounding box can be assumed not to be at least concave and its
edges normally parallel to each axis of the Cartesian coordinates,
interference checking in the two-dimensionally projected coordi-
nate system is sufficient.

3.2.3. Interference between pipe centerlines
If the bounding box interference per pipe part is identified, an

additional step is required for a detailed examination. In this step,
the interference of the cylindrical object defined as a formulated
primitive is performed. The interference with the centerline of the
cylinder is mainly checked. If the interference occurs at the
centerline, the interference of the pipe part is confirmed and thus
the following steps are not necessary. No interference from the
centerline implies that there is still a possibility of interference in
the outline of the pipe part or with other parts, and therefore the
next step is required.

The interference of the centerline is judged in the two-
dimensional plane where the three-dimensional coordinates of
the pipe part are orthogonally projected. If interference is found,
then the intersection point is computed. This intersection point

Fig. 5. A new pipe model extracted from entire model.

Fig. 6. Bounding boxes defined by pipe parts.
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obtained in a two-dimensional plane actually refers to the height of
the pipe part from the floor. The heights of the intersection points
are determined and the pipe part with the least height is installed
first.

3.2.4. Interference by set bounding boxes
This step performs the interference check on the parts repre-

sented by the polygonal meshes. Depending on the computerized
model, some or all parts may be represented by polygonal meshes.
A special bounding box, defined as a set bounding box hereby, that
wraps around a number of polygons is extracted. The computa-
tional efficiency can be significantly improved by first comparing
the set bounding boxes with each other, before proceeding to the
interference calculation for a large number of polygons. When the
parts represented by nonpolygonal forms exist, the interference
checks for mixed forms such as between cylinders or between
cylinder and polygon are also considered.

The set bounding boxes, depicted as multiple small boxes in
Fig. 9, deal with a smaller range than the bounding box of a part. In
most cases, the entire region defined by the set bounding box has a
geometric shape similar to the actual shape of the pipe part.
Therefore, if the interference is detected at this stage, it simply
means that the distance between the neighboring pipes is very
close on the two-dimensional plane, or the radius of the pipe affects
the interference.

3.2.5. Polygon interference and height comparison
In this final step, inter-polygon interference is performed on the

assumption that the actual interference is possible when the
interference by the set boundary box is confirmed. If inter-polygon
interference is identified at this stage, the final interference is
considered to have occurred. Generally, the more intersecting the
polygons are, the more accurate intersections are possible. It is
important to note that if the number of polygons increases, the
computing time increases exponentially. It is difficult to find an
optimal compromise between the number of polygons and the
computing time because in most cases the result differs from case
to case. This becomes a matter of choice determined by considering
the performance of a computer and a given computation allowance.

An efficient approach to improve the computing efficiency is to
apply the back-face culling technique widely used in computer
graphics (Hearn et al., 2014). By considering the normal vectors of
the polygons constituting the curved surface of an object, the un-
necessary use of polygons can be avoided. As shown in Fig. 10, the
exclusion of upper polygons reduces the amount of calculation for
the set by 50%. When the inter-polygon interference is performed,
the intersection point is found. Since a polygon consists of three
edges, the intersection is easily found at an edge.

3.3. Classification of interference types

The types of pipe interference in a two-dimensional plane and

Fig. 7. Two bounding boxes intersected on a projected plane.

Fig. 8. Conditions for non-intersecting two-dimensional bounding boxes.

Fig. 9. Pipe parts defined by set bounding boxes.

Fig. 10. Reduction of projected polygons by back-face culling.
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the check points are summarized in Fig. 11. This classification in-
cludes all the cases that can occur in the intersection test and can
help the user to establish the interference algorithm.

When the proposed algorithm is executed, the interferences of
all pipes are checked and the results are stored in the required
format. The interference status can be applied to the follow-up
works by further considering the process variables such as piling
up and matching rate of pipes. The method of expressing the
installation sequence is arranged according to need. In this study, a
method of indicating the positional relationship between two
neighboring pipe parts as true or false is used.

4. Application of pipe installation algorithm

4.1. Requirements for pipe installation algorithm

After the mutual relationship between the neighboring pipe
parts is configured, the installation sequence considering the
relationship is established and expressed by the binary interference
matrix. It is strongly emphasized that inter-pipe interference
should be determined accurately and quickly to effectively utilize
the binary interference matrix. These two key constraints, accuracy
and rapidity, are to be solved using the results of the determination
algorithm derived in this study. The first constraint that simplifies
the interference check by straightening the pipe model is solved
using three-dimensional geometric elements. The second
constraint is solved using techniques such as two-dimensional
projection, back-face culling, and bounding box.

4.2. Derivation of installation sequence from binary interference
matrix

The binary interference matrix has an advantage that it can
represent the positional relationship between the pipe parts as a
single matrix, thereby showing pipe interference as a simple
expression method. When there are N pipes, the installation

sequence for all pipes can be expressed using an N� N matrix.
To determine the accuracy of the interference result, three

representative examples are tested. The method of determining the
installation sequence using the binary interference matrix is
explained in Case 1, shown in Fig. 12. The installation direction is
assumed to be from top to bottom, implying that the underlying
pipe is installed first.

Fig. 11. Types of pipe interference in two-dimensional plane (BB¼ bounding box).

Fig. 12. Case 1: a simple example for 5 pipes.

Fig. 13. Case 2: an example for 14 pipes.
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The interference result for an arbitrary pipe is described in a
single row. If another pipe is found under the installation direction
of the pipe, 1 is stored in the row, otherwise 0. In Fig. 12, the pipes
P1, P3, P4, and P5 have all 0s in the row, meaning there is no pipe
underneath and thus interference does not occur. In this case, the
four pipes may be installed first without constraint. After installing
these four pipes, the rows and columns corresponding to P1, P3, P4,
and P5 are erased, and the resulting matrix is reduced to a single
value. The remaining P2 has 0 value; therefore, the interference
does not occur and P2 can be installed immediately. It is also
possible to derive the installation procedure for cases with arbitrary
number of pipes by applying this method repeatedly. Another
example for 14 pipes is shown in Fig. 13.

4.3. Analysis of application examples

To evaluate the accuracy and rapidity of the developed instal-
lation algorithm, the actual piping models used in production are
considered. The 19 piping models excerpted from a real production
management system are classified into three groups for conve-
nience, as shown in Table 1. The fifth column, “Pre-processed,” re-
fers to the process of eliminating unnecessary members from an
original computerized model, as described in a previous section.
Table 2 summarizes the results of the installation algorithm for the
19 piping models.

Column C2.2 shows the pre-processing time for the complex
piping model belonging to category C. The time required for pre-
processing is longer than the final algorithm execution time cor-
responding to column C3.3. This fact emphasizes that the pre-
processing of extracting pipes from a whole production block
model plays a significant role in this algorithm, with respect to
running time. The production block model with more pipes will
therefore require a longer pre-processing time. This is because the

more the pipes there are, the more work must be done to filter out
the structural members that may cause errors in the interference
check.

The interference calculation times for the models belonging to
categories A and B are summarized in column C3.1. It is generally
recognized that the calculation time increases in proportion to the
number of pipes. When the number of pipes is small, however,
there is some variation depending on the complexity of the
members constituting the pipe part. Nevertheless, the interference
calculation time increases in the entire context.

If a bounding box is adopted, as seen in column C3.2, the
calculation time is drastically reduced compared to column C3.1.
There is a significant improvement in the reduction rate from
minimum of 262 to maximum of 12,600 times. This reduction
proves how the appropriate preliminary works improve compu-
tational efficiency when dealing with complex geometric models.

Table 1
Classification of 19 piping models.

Category Numbers Naming convention Characteristics Pre-Processed?

A 3 Case þ number Simple layout with various sizes Yes
B 11 Spool þ Diameter Layout with the same-sized pipes Yes
C 5 OP/SH þ PIPS þ number Complex pipe layouts of offshore plant and ship compartments No

Table 2
Comparison of running times for 19 piping models.

C0. case number C1. number
of pipes

C2. pre-process C3. computing time [MSEC]

C2.1 applied
[Y/N]

C2.2 running
time [MSEC]

C3.1 geometric
data only

C3.2 with
bounding box

C3.3 with bounding
box & back-face culling

Case 1 5 Y 16,357 8 7
Case 2 14 Y 6822 26 43
Case 3 20 Y 54,437 116 124
Spool_0.75IN 25 Y 119,978 148 71
Spool_1.00IN 16 Y 117,192 9 11
Spool_1.50IN 9 Y 5685 22 12
Spool_2.00IN 84 Y a 2054 803
Spool_3.00IN 123 Y a 417 361
Spool_4.00IN 61 Y a 256 189
Spool_6.00IN 68 Y a 200 204
Spool_8.00IN 13 Y 65,211 4 7
Spool_10.0IN 4 Y 5826 1 1
Spool_12.0IN 15 Y 7357 31 34
Spool_24.0IN 4 Y 3308 1 1
OP_PIPS_01 422 N 8364 a 5326 3038
OP_PIPS_02 940 N 23,118 a 38,262 17,300
OP_PIPS_03 295 N 6301 a 2313 1873
OP_PIPS_04 302 N 7426 a 2907 2065
SH_PIPS_01 128 N 3031 a 3478 2063

a Takes more than appropriate running time (abandoned on purpose).

Fig. 14. Effect of additional geometric treatments.
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Adding the back-face culling technique to polygon interference
also increases computational efficiency. The greater the number of
members consisting of polygonal meshes in the model, the greater
is the effect, especially if the number of pipes is 100 or more. Fig. 14
compares the results of columns C3.2 and C3.3. As the number of
pipes exceeds 70, the effect of back-face culling begins to appear.
For 500 or more pipes, the difference becomes extremely large. The
greater the number of pipes, themore likely is the intersection in an
orthogonal plane; therefore, polygon calculations must be per-
formed more often. Sometimes the calculation time increases even
when the number of pipes is small. This abnormality can be
explained by the additional processing time in extracting polygons.

4.4. Visualization of pipe installation process in virtual environment

AVirtual Reality (VR) technique is applied to verify the complex
pipe installation process by visualizing each installation step in
three-dimensional space. To create VR contents, professional soft-
ware with functions such as importing pipe model files, realistic
design and representation of a pipe model, and user movement
within the virtual environment should be used. Unreal Engine 4
(Unreal Engine, 2018) is adopted considering its versatile functions
and capability.

When the content containing the working scenarios in a virtual
environment is executed, the user can visualize and simulate the
scenes in which the pipes are automatically installed or dis-
assembled in the order calculated by the developed algorithm. At
this time, it is possible to check the assembling condition of the
connecting pipes or review the installation sequence in the fly
mode, as depicted in Fig. 15.

5. Conclusions and remarks

The purpose of this study is to quickly and accurately determine
the order of pipe installation and disassembly in complex ships and
offshore structures. The factors that determine the order are
analyzed as the characteristics of pipes and relevant work in
cramped spaces of ships and offshore structures. As a result, an
algorithm for determining the installation sequence of a piping
system is derived. The target model is a three-dimensional
computerized model obtained from the outfitting design. In
particular, the model described by the JT format is selected ac-
cording to the current lightweight trend.

A strategy to derive the installation sequence by analyzing the
characteristics of interference between pipe parts is proposed. The
idea of reducing the number of geometric checks between pipe
parts is proposed to efficiently perform the interference calculation.
The interference is progressively performed from the part-level in
the upper structure to the polygon-level in the lower structure.
Furthermore, the efficiency of the algorithm is improved by using

techniques such as bounding box, simple interference check by
centerline, and back-face culling.

In addition to the boundary box inspection in three-dimensional
space, the screening test is applied to the projected two-
dimensional plane. The use of projection has the advantage that
it can confirm the interference to the installation direction and thus
simplify the problem of complicated spatial shape grasping as a
simple two-dimensional intersection. As a result, the execution
time is significantly reduced.

The efficiency of the developed algorithm has been verified
through the analysis of execution time. The algorithm can offer the
installation sequence by storing the mutual positional relationship
between the pipes in the form of binary interference matrix. The
positional relationship between pipes can be later used as basic
data for determining the piping installation sequence that reflects
additional variables such as stocking, transportation, and matching
rate information.

Finally, the pipe installation process is visualized in a virtual
environment. A module that can observe the real-sized pipe
installationwork at a desired time is developed. Currently applying
visualization techniques in a way that recognizes the operation
status using a camera and tablet devices is undertaken or being
seriously considered in shipyards. In the future, this experimental
approach will take advantage of emerging technologies such as
augmented reality or mixed reality.
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