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Chapter 1 Introduction 

1.1. Background 

The round contours and elegant hulls of a ship resemble a woman’s figure. That 

might be why ships have been classified as feminine objects in gender-specific 

languages since antiquity. What gives a ship its shapely exteriors are the curved 

shell plates which are made from large, thick plates of steel as shown in Figure 1-1 

and Figure 1-2, covering the entire ship from stern to bow with complex 

three-dimensional curve surfaces. 

To ensure the good watertight keeping, increase the strength of the hull and meet 

the propulsive performance of the vessel, the curved surfaces of the plates are 

always extremely complex and designed in different shapes. There are only 2 curved 

shell plates constituting the left and right side of the vessel which can have exactly 

the same shape among over 200 plates of one ship.  

 

 

 

Figure 1-1 Curved shell plates on the bow (Ikeda, Y. et al 2009) 
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Figure 1-2 Curved shell plates on the bow and stern 

(Ikeda, Y. et al 2009) 

 

 

Figure 1-3 Curved shell plates on the bow and stern 

(Ikeda, Y. et al 2009) 
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Even though the curved shell plates’ shapes are various, they can be broadly 

classified as following: 

(1) Trumpet type: No vertical bending in the plate’s width direction  

(2) Bowl Type: vertical bending, center falls  

(3) Saddle Type: vertical bending, center rises  

(4) Twist Type: diagonal areas are higher / are lower than the other diagonal 

areas 

 

In addition, in shipbuilding industry, considering the low-volume production 

caused by individual orders, it is necessary to design different bending scheme for 

the curved shell plates of every different ship. 

 

1.1.1. Two-stages manufacturing process of curved shell plate  

As a method for bending a steel plate, there is a two-stages bending process 

consisting of cold forming and heating bending. The cold forming process is to 

deform a certain bending shape of the curved shell plates by applying load using a 

press machine as shown in Figure 1-4. This cold forming process can make a large 

deformation degree in a relatively short time. However, it cannot achieve accurate 

bending requirement. Hence, after the cold forming process, the heating forming as 

shown in Figure 1-5 is processed by human using the repeated plastic deformation 

due to the cooling of the water and the heating of the gas burner.  
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Figure 1-4 Press machine for cold forming  

 

 

Figure 1-5 Heating forming with gas burner and 

water hose  
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Since the 3D shapes of the curved shell plates can be extremely arbitrary and 

considering the large size of them, they can only be plastically deformed by various 

heating patterns such as triangle heating or even grilled point bending as shown in 

Figure 1-6. The decisions (manufacturing plans) of these heating patterns and the 

locations of the heating areas are based on the wooden bending template (Kikata) 

check with human eyes (Hayashi, S. 2004). The wooden templates used in this 

process to evaluate the curved surface of a curved shell plate are made up of bottom 

line and perspective stick from the ship’s design data. As known by now, this 

process has no clear-cut methodology and carries great risks for the subsequent 

heat sealing process. 

During the processing, the parameters (e.g. the angles between wooden templates’ 

perspective sticks as shown in Figure 1-7 and Figure 1-8, the grade of the gap 

between the wooden templates’ bottom line and the curved shell plate, etc.) which 

are required for the design of processing plan based on a personal check-with-eyes 

result are quantitatively immeasurable. Individual difference is among the 

manufacturing plans designed by the workers, and the variation in after-processing 

shapes arises due to the heavy depending on the tacit knowledge, skill and 

experiences of the craftsmen during the processing. 

 

 

Figure 1-6 Patterns of the heating bending 
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Figure 1-7 Manufacturing plan’s design using 

wooden templates 

 

 

Figure 1-8 Perspective line of wooden templates 
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Before the construction of a ship, about four to eight wooden templates consisting 

of the bottom line and perspective stick are made from the ship’s design data for 

every curved shell plate (totally about 500 wooden templates per ship). This wooden 

templates’ producing process costs a lot of time and money, and may contain 

inaccuracies.  

In addition, as shown in Figure 1-9, for every step during the manufacturing 

process, to put these wooden templates on the appropriate position on the curved 

shell plates (for the perspective line’s check, etc.), a considerable amount of time 

and physical strength is required of the worker.  

 

 

Figure 1-9 Wooden template fixing and observing 
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1.1.2. Problems in traditional manufacturing process and possible approaches 

As introduced in 1.1.1, during the curved shell plates’ manufacturing process, the 

parameters (e.g. the angle between wooden templates’ perspective sticks, the grade 

of the gap between the wooden templates’ bottom lines and the curved shell plate, 

etc.), which are required for the design of the following manufacturing plan, are 

based on a manual check by eye and results are always quantitatively 

immeasurable. During the curved shell plate’s manufacturing process, problems 

listed in Table 1.1 exist. Because the observed results are always obscure, how to 

decide the heating and cooling areas of the following processing is still uncertain. 

Even if a consensus is reached on the situation of the curved shell plate, different 

workers may give totally different manufacturing plans of the next manufacturing 

step because there is a lot of tacit knowledge such as the processing rules and habits 

which are hardly discovered or educated during the processing. Thus, individual 

differences arise among the manufacturing plans designed by the worker, and also 

in the after-processing shapes, due to the heavy dependency on tacit knowledge, 

skill and experience of the craftsmen during the processing. Besides, since the 

manufacturing scene cannot be effectively reproducible by using video or paper 

record, beginning workers have to learn all of the tacit knowledge through real 

practice after they have mastered a certain degree of the manufacturing techniques. 

It usually takes about two years of training to produce one qualified worker.  

In nowadays’ shipbuilding industry, there is only a few expert workers with the 

knowledge and skills of the curved shell plate’s manufacturing serving each 

shipyard. In summer, the manufacturing spot could be over 40 degrees. The 

workers holding the water hose and gas burner have to repeat the process of 

heating and cooling until the shape corresponds with the design. Besides, they have 

to put the heavy wooden templates on the curved shell plate one by one, and then fix 

them to observe necessary parameters for designing the next-step’s manufacturing 

plans. Under this situation, saving the unnecessary time and physical effort by 

suggesting the relatively efficient manufacturing plans is of great importance for 

them. However, in reality, the manufacturing plans for every single step are 

obscure and cannot be guaranteed to be the most proper ones to optimize the 
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following manufacturing. 

 

Table 1.1 Problems existing in the manufacturing process 

stage Manufacturing content Problems 

Cold  

Forming 

1. Press operation and 

adjustment using press 

roller 

2. Perimeter check using 

tape-measure 

A) Plate’s sections without wooden 

templates cannot be evaluated. 

B) Forming quality dispersion (lead to 

in-expectable time consuming in 

the after-processing). 

C) Perimeter check cost time, 

sometimes inaccuracy 

Line 

Heating 

Bending 

1. Heating operation for 

bending 

2. Shape confirmation at 

every step of the 

manufacturing process 

using wooden templates 

A) Plate’s sections without wooden 

templates cannot be evaluated. 

B) Considerable amount of time and 

physical strength are required of 

workers. 

C) Check is based on human eyes, 

precise parameters such as the 

angles and displacement cannot be 

taken, individual differences exist. 

D) Individual differences exist in the 

manufacturing plans. 

E) A lot of tacit knowledge exist in the 

inference process from the wooden 

templates’ confirming results to 

the manufacturing plans 
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1.1.3. Problems in OJT knowledge dissemination  

In addition, because both the curved shell plates and the wooden templates have 

3D shapes, the placement angles of the wooden templates and the displacement 

between them are very difficult to be recorded and conveyed by 2D medium such as 

video or papers. As a conventional means for training the young workers, OJT (On 

The Job Training) are usually carried out in shipyard. The OJT, in which the skilled 

expert workers and the beginner workers collaborate, focus on disseminating 

knowledge during the practical manufacturing. However, in many cases errors and 

inefficiency cannot be allowed even in OJT. Hence, 3D virtualized training and even 

3D reproducible manufacturing environment are desired. Also, the demand of the 

effective knowledge elicitation and dissemination approach in the virtualized 

environment comes out. 

The possible approaches noted so far for extracting the knowledge in curved shell 

plates’ manufacturing process aim to produce appropriate manufacturing plans 

(output) for some certain situations of curved shell plate (input) like the "situation 

specific model" discussed by Clancey et al in 1985 and 1992. As of now, only some 

general introductions have been extracted by conducting interviews with the 

workers due to the lack of effective manufacturing data acquisition system. But 

once the manufacturing data and the manufacturing process itself can be effectively 

evaluated and recorded, some knowledge elicitation mechanism should be taken 

into consideration. A famous knowledge elicitation method named Ripple-Down 

Rules proposed by Compton et al in 1989 and 1992 can be used to incrementally 

build a set of appropriate and validated links between the conditions of curved shell 

plate and the manufacturing plans designed by workers instead of the basic general 

introductions. 

 On the other hand, modern engineering has begun to use non-contact 3D 

scanning technique using laser scanners. Laser scanners emit laser and receive 

reflections to collect a real-world object’s shape information. The distance between 

every point of the object and laser scanner is calculated by measuring the laser 

pulse’s travel time. By combining this distance and the radiation direction, 3D 

positional coordinates can be obtained. Measured results are formatted in point 
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cloud data which include three-dimensional coordinates representing the points of 

the measured object’s surface, the reflection intensity and color information. 

According to Kobayashi et al.(2008), door assembly in the motor vehicle industry is 

measured by a handy laser scanner to obtain point cloud data-based on the circular 

holes, elongated holes or normal vectors on the door panels, point cloud data is 

superimposed on the CAD data and the error is expressed with a color map. As an 

application of laser scanners to shipbuilding, Biskup, K. et al. calculated the surface 

displacement of a 40-meter vessel. The vessel was measured by a laser scanner from 

multiple positions. The measured multiple point clouds were registered, wrapped 

with polygonal meshes, surfaced with NURBS (Piegl, L., Tiller, W. 1996) and then 

the displacement was calculated. All of these technologies give us a chance to record 

the existing manufacturing process in the 3D virtual environment for the workers 

to observe and analyze the manufacturing efficiently not just OJT but also after the 

manufacturing.  

 

1.2. Objective 

Sun (2013) developed a virtual template prototype to virtualize the virtual 

templates and generate the manufacturing plans for the heating forming process of 

the curved shell plates in the shipyard. This prototype is a set of some classic point 

cloud processing algorithms showing the possibility of replacing the real wooden 

templates with the virtual manufacturing environment.  

However, in the research mentioned above,   

- How to introduce this system to the shipyard was not considered. The 

methods and algorithms can rarely satisfy the practical usage in shipyard 

without significant improvements and appropriate combinations.  

- Not only the heating forming process, but also the whole manufacturing 

process including the cold forming process is expected to be supported too.  
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- To support the beginner workers, the experienced workers’ knowledge 

should be elicited and disseminated in an efficient way for the supporting of 

the beginner workers.  

The aim of this research is  

1. To facilitate the whole manufacturing process of the curved shell plate by 

proposing a practical framework.  

- To propose manufacturing evaluation method for achieving high and 

stable quality of the cold forming. 

- To develop a visual environment for facilitating the heating forming 

stage by replacing the wooden templates with the virtualized 

templates of high evaluation accuracy and usability. 

- To propose knowledge models for preserving the convention in the 

curved shell plate’s manufacturing. 

2. To evaluate the proposed framework by conducting multiple manufacturing 

experiments in the shipyard.  

The manufacturing convention including the concept of how to decide the 

manufacturing areas, the way to arrange and observe the wooden templates, and 

how to choose the manufacturing technics and decide if a plate is finished or not 

based on the observation results is expected to be totally preserved in the following 

ways: 

- To manufacture and evaluate the plate based on the interfaces of proposed 

framework.  

- To store and reproduce every single step of the manufacturing process. 

- To conduct interviews based on the recorded scenarios for the knowledge 

elicitation. 
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1.3. Approach 

In this thesis, laser scanner is used for capturing the curved shell plate’s 3D 

shape before and after every manufacturing step.  

As a pre-processing of vital importance, the 3D shape of the measured plate is 

extracted efficiently from the raw measured point cloud data from laser scanner 

which contains a lot of irregular obstacles. 

The cold forming is supported by the efficient accuracy evaluation and perimeter 

measurement of the plate. The evaluation results are used to decide if the plate is 

deformed good enough to be passed to the heating forming stage to enhance the 

manufacturing efficiency.  

The heating forming is supported by virtualizing the whole manufacturing 

process on computer. The wooden templates are totally replaced by the virtualized 

templates. The necessary parameters including the displacement, angles which are 

difficult to be observed quantitatively using the real wooden templates are 

calculated automatically before each manufacturing step to help the workers make 

the manufacturing decision. 

To support the beginner workers who cannot decide the manufacturing plans 

alone, the expert workers’ knowledge is elicited by conducting interviews or data 

analysis based on the recorded 3D manufacturing scenarios. The advanced 

manufacturing suggestions including special heating technics (point heating and 

curve heating) or heating lines’ combinations are outputted by the system. 

Furthermore, through the interviews towards to the workers who used the 

framework proposed in this thesis, the virtualized manufacturing process and the 

elicited knowledge is evaluated, and the effectiveness of the proposed framework 

can be set forth. 

Specifically, by achieving the following items, the whole manufacturing process of 

curved shell plates is facilitated.  

 Common pre-processing: Efficient curved shell plate’s 3D shape extraction 

and registration 
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Redesign the classic algorithms to achieve the high processing speed and low 

failure. Develop an independent Plate Measurement System (PMS) as a 

sub-system of the manufacturing support framework which is responsible for 

extracting the plates from the raw point cloud data including obstacles. 

 Cold forming support: accuracy evaluation and perimeter measurement 

Develop a Press Support System (PSS). Locate the measured shape of the 

curved shell plates onto the press design data after cold forming. Calculate 

the displacements and virtualize the errors using color maps and histograms 

for the workers to grasp the plate’s situation during and after cold forming 

process. 

 Heating forming support: Effective manufacturing environment 

virtualization  

Develop a Virtual Template System (VTS) which is also a sub-system of the 

manufacturing support framework. Automatize the preparation of the input 

ship design data. Virtualize both the wooden templates and the 

manufacturing plan design process. Automatically calculate the necessary 

parameters for the manufacturing plan design. Develop an interface for the 

workers to observe the heating grade suggestion result more easily. 

 Knowledge elicitation and dissemination 

Develop a Knowledge Based System (KBS) including one knowledge models: 

the interview-based knowledge model for explicit knowledge elicitation. 

Capture the correlations between the 3D parameters describing the curved 

shell plate’s situations and the relevant manufacturing plans designed by the 

expert workers. Virtualize and disseminate the elicited knowledge on 

computer.  

  Evaluation of the whole manufacturing support framework 
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Conduct the case studies of each component subsystem using the real data 

measured in shipyard to verify every subsystem’s effectiveness. Manufacture 

multiple kinds of curved shell plates in practical overall evaluation 

experiments. 

At last, develop the automation engine (AE) which can be customized according to 

the environment of the shipyard and the different processing flows even when 

there are needs to control some external systems. Automatize the whole 

measurement and analysis flow of the framework. 

 

1.4. Outline 

This thesis consists of 4 parts, 13 chapters.  

The first part gives an introduction and state of this research.  

The second part proposes the framework and clarifies the contribution. 

The third part evaluates the proposed framework. 

The last part is the discussion and conclusion. 

To be specifically,  

Next chapter reviews related literature on the curved shell plates’ manufacturing. 

Originalities of this study are introduced. 

Chapter 3 introduces the component technologies which are used in this thesis. 

Part 2 is from Chapter 4 to Chapter 8. 
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Chapter 4 gives the lay-out of the whole proposed framework for facilitating the 

entire process of the curved shell plate’s manufacturing. Four systems constitute 

the proposed framework. 

Chapter 5 develops the first sub system – curved shell plate’s Measurement 

System (MS) for the pre-processing of the framework. 

Chapter 6 explicates the development of the second sub system – Press 

Supporting System (PPS) for the cold forming supporting. 

Chapter 7 develops the third sub system – Virtual Template System (VTS) for the 

heating forming supporting. 

Knowledge based system (KBS) is presented in Chapter 8.  

Part 3, Evaluation and optimization, are in Chapter 9 – Chapter 12.  The cold 

forming supporting process, the heating forming supporting process and the 

knowledge elicitation and dissemination are evaluated in the experiments. 

Part 4 is from Chapter 13 to Chapter 14. 

Some discussions are made in Chapter 13. 

This thesis is concluded in Chapter 14. Prospects for further study are also 

discussed in Chapter 14   
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Chapter 2 Related researches 

2.1. Overview 

In this chapter, the precedence researches on the curved shell plate’s 

manufacturing process are discussed. First, the working accuracy management 

system of curved shell plate based on the displacement measured by laser scanner 

is introduced. Then, the current state of researches in the world about the laser 

scanning and the curved shell plate’s manufacturing is summarized. Finally, the 

originalities of this thesis are presented.  

 

2.2. Curved shell plates’ accuracy evaluation system using laser scanners 

 Nowadays, the curved shell plate’s manufacturing still relies heavily on the 

workers’ experience and knowledge. And the accuracy evaluation can only be 

performed on the portion where the wooden templates are put; overall surface 

cannot be quantitatively evaluated. To evaluate the accuracy of the curved shell 

plate’s whole surface, the curved shell plate’s accuracy evaluation system based on 

3D measured data has been developed by Hiekata, K. et al. from The University of 

Tokyo. 

 

2.2.1. System overview  

The system calculated the surface displacement of curved shell plates. Curved 

shell plates are measured by laser scanners (Hiekata, K., Yamato et al 2011). 

Curved shell plates’ accuracy is computed by registering the measured point cloud 

data of curved shell plates and the design data in NURBS and calculating the 

displacement of these two data points. The system’s flow is as shown in Figure 2-1.  

In order to clarify the originality of this thesis, the outline of this previous system 

is discussed here. 

The input data of this accuracy evaluation system includes the curved shell 

plate’s design data representing the 3D CAD shape of the hull and the point cloud 
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data measured by laser scanners representing the shape of the real curved shell 

plate. The design data is represented by the NURBS surfaces of the ship and a 

combination of the trimmed curves for cutting out the shape of the curved shell 

plate. Because the point cloud data obtained by laser scanners includes variations 

and noise comparing with the real shape of the curved shell plate, the moving 

least-squares method is conducted to smooth the raw data, and then the outliers are 

removed based on the distances from the reference plane too. Furthermore, by 

applying the region growing method, the unnecessary parts of the ground and the 

real wooden templates are also removed. After extracting the curved shell plate 

from the raw data by applying these pre-processing above, the calculation of the 

principal axes of inertia and the center of gravity is performed towards the edge of 

the extracted curved shell plate, and then the coordinate transformation is 

performed so that they can match the design data. The signed distances between 

the transformed design data in the format of NURBS and the measured point cloud 

data are defined as the work errors. The working accuracy is defined by the 

calculation using Newton method and is outputted as histogram and color map 

(Nakagaki, N. et al 2011 and 2013). 
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Figure 2-1 Working accuracy management system 

of curved shell plate (Nakagaki, N. et al 2011) 

 

By introducing this system into shipyard, a number of problems are found. In the 

following sections, the problems existing in measurement flow and evaluation 

standard are described.  

 

2.2.2. Problems existing in measurement flow and evaluation standard 

Problems existing in the measurement flow are listed as below: 

a. The part of the component cannot be extracted efficiently due to irregular 

obstacles endogenous to manufacturing workshops and their shadows divide 

the component’s measured point cloud data into several separated domains. 

Manual extraction and integration of these separated domains waste a lot of 

time and is a barrier for practical application. The well-known methods for 

calculating smooth surfaces from noisy point cloud such as moving least 

squares (MLS) projection (Pauly et al., 2002) has the same problem that the 

whole component cannot be extracted at one time when the component is 

separated by the obstacles’ shadows. 

b. PCA registration has a lot of failure when the measured point cloud is with 
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variable density or is not complete. ICP (Iterative Closest Point) algorithm is 

expected to be used to conduct a registration between the measured point 

cloud data and the design data. However, due to the features of the ICP 

algorithm, without a clear registration direction presetting, the registration 

of the two data sets could go in the wrong direction and lead to improper 

registration results.  

c. An intolerable amount of time in shipyard (over 1 hour per plate) is cost 

during the manufacturing due to many manual processes such as extracting 

and combing the separated pars of the curved shell plate, some processing is 

so difficult even impossible for the workers to conduct on computer.  

As a result, existing point cloud processing methods (the basic region growing 

method and ICP registration method) can rarely satisfy the accuracy evaluation 

target in shipbuilding without significant improvements and appropriate 

combination (Hiekata, K., JASNAOE, 2012). 

 

Problems existing in the evaluation standard applying are listed as below: 

a. Although the displacement between curved shell plate’s surface and design 

surface as shown in Figure 2-2 can be virtualized using color maps by this 

system, the manufacturing plan (where to do the next heating) for the 

following heating step is still unclear. The principle used to bend a curved 

shell plate by line-heating is as shown in Figure 2-3, at the location where to 

apply the heat, the upper side of the plate shrinks, and the underside of the 

plate expands, while the neutral axis is assumed to be constant. Therefore, 

the heating area should be decided based on the curvature differences instead 

of the signed distance errors.  
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Figure 2-2 Error definition using signed distances 

 

 

Figure 2-3 Principle of line-heating 

 

b. This system is only designed to be used to do the final evaluation of the 

curved shell plates after they are considered to be completed. Also, each 

manufacturing step cannot be reproduced on the computer to help us do the 

knowledge elicitation. 

 

This thesis aims at reforming the prior system by solving the problems above, and 

presenting an effective curved shell plate’s manufacturing facilitating framework 

based on the reformed system. 
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2.3. Researches on curved shell plate’s manufacturing 

 Curved shell plate’s manufacturing relies heavily on the workers’ experiences 

and skills; at least 10 years could be cost to become a full-fledged expert. Even 

though over 99% of the curved shell plates in the world are still manufactured 

manually, nowadays studies to quantitatively automate the manufacturing process 

have been carried out, and among them some results were presented. In this section, 

the current state of the curved shell plate’s manufacturing automation and the 

practical application of these studies are discussed (Park, J.S, Shin, J.G, Ko, K.H. 

2007). 

 

2.3.1. Full automatic machining process of curved shell plate 

The full automatic machining of curved shell plate is based on the premise that the 

connection between the machining plans consisting of the parameters (such as the 

heating line’s location, the thickness and width of the plate and the heating velocity) 

and the plate’s target situation can be accurately determined (Okumoto, T. 2009). 

In curved shell plate’s manufacturing, as mentioned in 2.2.2, the deformation 

using the extension and contraction at the heating area is used. This process is a 

complex non-linear problem, to determine the automatic machining parameters, 

simulations and experimental methods are often used. 

In Japan, the IHI Marine United Inc. started the studies about fully automated 

machining of curved shell plates in 1990, and has developed a first unit “IHI-𝛂” 

shown in Figure 2-4 in 1997 (Fujimura, K. 2009). In 2011, they greatly improved the 

first unit, and developed the new unit “IHIMU-𝛂” which can automatically complete 

some plates’ machining process.  In order to calculate the machining plans, 

“IHIMU-𝛂” used the elasticity FEM (Finite Element Method) based on the inherent 

strain theory to output the heating position, heating order and heating rate after 

input the desired shape and the plate’s thickness. 
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Figure 2-4 IHI-𝛂 (Tango, Y. et al 2011) 

 

 

Figure 2-5 Curved surface machining robot (BUAA 2007) 

 

In Korea, Shin et al. also developed a fully automated machining system for 

curved shell plates named “iCALM”. This system can do the curved shell plate’s 

modeling for ships, provide the heating parameters and evaluate the work accuracy. 

As shown in Figure 2-5, the large complex curved surface machining robot was 

developed by the Beijing University of Aeronautics and Astronautics and Tsinghua 

University. It can predict the machining parameters based on certain situation of 

the curved shell plates, a part of this project has been introduced into the shipyard. 
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2.3.2. Problems existing in full automatic machining  

 Although, a lot of studies and experiments about the automatic machining of 

curved shell plates have been carried out, almost all of the curved shell plates in the 

world are still manufactured manually using the line-heating technique from last 

century 1960s (Wang, Z., 2007). The problems existing in the full automatic 

machining are listed as below: 

a. These studies are intended to focus on the deformation parameter 

prediction from the flat steel plate straightly to the desired shape 

(Matsuoka, K. 2004). The studies dealing with the accuracy evaluation of 

each machining step and the calculation about the secondary heating 

correction are rare. 

b. Moreover, in current state of the automatic machining for curved shell 

plates, large equipment is required, and the enormous energy consuming is 

also a remaining problem. 

c. Also, because the researches about the automatic machining tend to not 

employ the conventional way to do the manufacturing using wooden 

templates, it becomes entirely different processing technique even for an 

expert worker. That leads to the extremely difficult secondary heating 

correction once the shape of the curved shell plate being manufacturing 

goes wrong. 

 

2.4. Researches on usage of laser scanner and point cloud data 

Although not like the manufacturing process supporting in the industry, there 

are still some samples using the laser scanner in other fields too. Laser scanner 

provides a big chance for both the measurement of the existing component and the 

reverse engineering of the measured object.  

Laser scanning is also used for structural engineering (Gordon, S. 2004), mining 

industry and modelling in the shipbuilding (Gutiérrez, 2006; Arias, P. 2006).  

For reverse engineering of the building models, Pu, S., Vosselman, G. (2009) 

proposed a knowledge based reconstruction of building models from terrestrial laser 
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scanning data. While for the deformation detection, Park, H. S., Lee, H. M.(2007) 

proposed a new approach for health monitoring of structures using TLS (terrestrial 

Laser Scanning), and Monserrat, O., Crosetto, M. (2008) gave a method for the 

deformation measurement using the point cloud data obtained by laser scanner and 

the least squares 3D surface matching.  

Here some examples of the laser scanner usage are illustrated, and the problems 

existing in point cloud processing will be discussed later. 

Biskup, K. (2007) gives an example of the usage of laser scanner in shipbuilding. 

The surface displacement of a 40-meter vessel was calculated as an evaluation 

result as shown in the figures below. The vessel was measured by a laser scanner 

from multiple positions. The measured multiple point clouds were registered, 

wrapped with polygonal meshes, surfaced with NURBS and then the displacement 

was calculated. 

 

 

Figure 2-6 Waterline marked with black and white targets for registration of 

multiple laser scanners (Biskup, K. 2007) 

 

 

Figure 2-7 The standard deviation values along the deck of the ship (Biskup, K. 

2007) 
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Because the processing contains too much manual parts, time cost was pointed 

out to be a vital problem. Firstly, the measurement procedure followed for the data 

collection took approximately 7 working hours, scanning both elements of the boat, 

the hull and the deck. Even some time, the system works fine; it was 

time-consuming because of the enormous quantity of points. Sometimes the 

computer works very slowly, especially in cases of the component’s surface 

extraction. (Biskup, K. 2007) For the manual filtering process, a certain degree of 

skill and experience are needed to avoid removing too much data with the 

consequent loss of information, or too little data with the obstacles staying in the 

point cloud. 

 

2.4.1. Surface extraction from the point cloud data 

As we know, surface extraction from the point cloud is a task of vital importance 

for the reverse engineering and object measuring using laser scanner (Varady, T 

2000). The manual surface extraction from the point cloud data is considered as a 

time-consuming and risky task for the subsequent processing. Some researches 

work on the automatic and high accurate surface recognition using the 

segmentation by fitting curves or surfaces in order to extract some useful geometric 

information. Wani, M. A. (2003). developed a parallel edge region-based 

segmentation algorithm targeted at reconfigurable MultiRing network. Sithole, 

G.(2003) proposed an automatic structure detection method in a point-cloud of an 

urban landscape based on point cloud segmentation and classification. 

Current approaches for surface extraction methods mainly have two categories:  

(1) The most basic approach for surface extraction from point cloud is based on 

edge detection. Yang, M., published in Journal of CAD a computational boundary 

detection method by comparing the principal curvatures at the neighborhood points 

to facilitate the partitioning of the point cloud. The neighborhood connecting 

algorithm was used after the edge points were detected. The different kinds of 

detected edges are shown in Figure 2-8.  

As the main shortage of this edge-detection surface extraction approach, Woo, H. 

(2001) pointed out that these fitting processes take too much time and since the 
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representative edge data of the surface cannot always be extracted due to the 

irregular obstacles or discrete points in the point cloud. 

 

 

Figure 2-8 Segmentation and surface extraction of point cloud based on edge 

detection (Yang, M. 1999) 

 

(2) Region growing is another approach trying to detect the continuous surfaces 

with the word “continuous” meaning the similar geometrical properties such as the 

similar normal vector’s values between the neighborhood points. Rabbania, T. 

(2006) proposed a surface extraction method containing two steps, the normal 

estimation and the region growing as shown in Figure 2-9. The region growing step 

uses the calculated normal vectors of the points, in accordance with user specified 

parameters to group points trying to avoid over-segmentation. Two constrains are 

applied to this step: the local connectivity which is enforced by using only the 

neighborhood points in KNN, and the surface smoothness which is checked through 

a threshold on the differences between the current seed points and the points being 

evaluated. As shown in Figure 2-9 

According to the definition of region growing method, it cannot be applied to the 

measured objects which are not continuous. 
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Figure 2-9  Segmentation and surface extraction of point cloud based on region 

growing (Rabbania, T. 2006) 

 

 

Figure 2-10  Segmentation and surface extraction of point cloud based on 3D 

grids (Woo, H. 2001) 
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Some hybrid segmentation methods are also developed to solve the problems 

mentioned above. Instead of conducting curve and surface fitting directly toward 

the point cloud, as shown in Figure 2-10, Woo, H. (2001) proposed a new method for 

segmenting the point cloud data, and fitting surface after that. The normal vectors 

of the points are estimated at first. Then the 3D grids are generated towards the 

point cloud. The standard deviation σ  of points’ normal vectors in each cell 

indicates the changes in the shape within this cell. Threshold is set on σ to decide if 

the cell should be divided into more cells or not. Then the edges of the surfaces are 

detected at the highly curved areas with high densities of cells.  

 

2.4.2. Surface registration of the point cloud data 

A relatively new approach of surface registration is from Yun, D. (2015) who 

proposed an automated registration method of multi-view point clouds using sphere 

targets. From this research, they also find that in most of the existing methods for 

the accurate registration of point clouds, the overlapping regions between two point 

clouds should be detected. However, in most of the cases the overlap region and 

direction can only be detected manually, which becomes a vital problem for the 

automatic measurement using laser scanner. They proposed a method using targets 

which are put on the object manually to solve this problem. 

 

2.4.3. Problems existing in laser scanner’s practical usage in shipyard 

The researches about the point cloud processing methods introduced above show 

a lot of possibilities of the merits which the laser scanner could bring us. However, 

problems for the practical usage of laser scanner in shipyard still exist.  

a. There are a lot of irregular obstacles such as the floor, workers, water hoses 

and the wooden templates existing in the point clouds measured in the 

shipyard. 

b. The plate part in the measured point cloud is usually separated irregularly by 

the water which cannot reflect the laser and the shadows of the obstacles. 

c. The manual segmentation method cost too much time when extract the plate 
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part due to the enormous numbers of the points in the point cloud.  

d. The registration process can cost a lot of time and may give wrong results 

without presetting of the direction (the pre-overlap of the design data and the 

point cloud).  

This thesis will work on these problems’ solutions by proposing a method which 

can extract the separated plate’s surface from the point cloud with obstacles and a 

registration method with pre-settings of the registration direction. 

 

2.5. Researches on knowledge elicitation and dissemination 

A lot of researches work on the knowledge elicitation and dissemination in 

different fields. Cheung, C.F. (2011) proposed a multi-faceted and automatic 

knowledge elicitation system (MAKES) for managing unstructured information”. 

Hiekata, K., Yamato, H. (2007) developed a ship design educational framework 

using ShareFast.  

Especially with the consideration on the interfaces and progresses of the 

knowledge elicitation and dissemination, Robinson, S. (2012) focused on the effect of 

visual representation and model parameters when doing the simulation based 

knowledge elicitation, while Pu, S., Vosselman, G. (2009) proposed a knowledge 

based reconstruction method of building models using 3D laser scanner point cloud. 

In this subsection, some representative examples will be introduced, and the 

problems existing in the knowledge elicitation and dissemination during the active 

curved shell plates’ manufacturing will be clarified. 

 

2.5.1. Knowledge elicitation: progresses, interfaces 

An example for the knowledge elicitation considering the interfaces, the visual 

representation and the model parameters is from Robinson, S. (2012). This research 

proposes a visual interactive simulation (VIS) as a means for eliciting experts’ 

decision-making by getting them to interact with a visual simulation of the real 

system in which they used to work. Experiment with decision-makers in Ford Motor 

Company engine assembly plant was conducted to prove the effectiveness and 
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efficiency of the visual representation interface. 2D and 3D views and the model 

parameter settings will be provided by the system.  

 

 

Figure 2-11 Switch operators’ decision variables and decision attributes for engine 

assignment (Robinson, S. 2012) 

 

The decision attributes are in the figure above.  

 

 

Figure 2-12 Example of display view of the hot test model (Robinson, S. 2012) 

 

For each visual representation the experts first worked with the model shown in 

the figure above with unadjusted parameters and then with adjusted parameters. 

The decision variables they used were recorded in a fixed sequence.  

As pointed in this research, all the switch operators worked through the models in 

a fixed sequence which means the consequences of these decisions can be estimated 

and calculated. However, in the active curved shell plates’ manufacturing, the 

manufacturing sequence varies every time after each single manufacturing step.  
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Figure 2-13 Bridge Resource Management simulator training (Kakuta, R. 2007) 

 

Another research about the knowledge extraction and the training of the beginner 

crews on ship is provided by Kakuta, R.(2007). As shown in Figure 2-13, firstly, 

experts plan and input the scenarios into the training simulator. After that, 

visualization of scenario progression as Gannt chart and evaluation of the crew size 

change effect on watch keeping performance are conducted by the simulator. Crews 

give the feedback to the system after the training. A lot of data is inputted into the 

training system including the navigation environment, scenario event, own ship 

information and the crew team design. After the training process, the system can 

output the team performance in form of Gannt chart, and knowledge about the team 

design, scenario design can be extracted though the output information. Three 

training scenarios are used to evaluate this approach, it is confirmed that useful 

knowledge to quantify and control scenario difficulty is obtained though these 

experiments. 

 

2.5.2. Knowledge dissemination: interfaces, storages 

An example for the combination research of the knowledge base and the laser 

scanner, knowledge based reconstruction of building models from terrestrial laser 

scanning data, is from Pu, S., Vosselman, G. (2009). They present an automatic 

method for reconstruction of building facade models from terrestrial laser scanning 

data. Firstly, the point cloud of the building is obtained from the laser scanner. 

Then least squares fitting, convex hull fitting and concave polygon fitting is 

conducted toward the obtained point cloud. After the outline polygon of the features 
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is generated, the general knowledge is used to assume the occluded parts of the 

object from the polygons. Finally, a polyhedron building model can be reconstructed 

and virtualized.  

 

 

Figure 2-14 Knowledge based building reconstruction process (Pu, S., Vosselman, 

G. 2009) 

 

In Pu, S. ‘s research, the knowledge for extracting the features such as ground, 

wall and roof is stored in a formulated feature constraints base as shown in Figure 

2-15. When trying to disseminate the knowledge, each segment displayed on the 

interface shown in the figure is checked through these stored constraints to 

determine whether or not it is irrelevant, if relevant, which semantic feature it 

represents. 
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Figure 2-15 Knowledge base and dissemination interface for the feature 

extractions (Pu, S., Vosselman, G. 2009) 

 

 

Figure 2-16 RDR tree for English tagging knowledge (Nguyen, D. Q. 2015) 

 

Nguyen, D. Q. (2015) proposed a new method for constructing a transformation 

rule base for the Part-of-Speech tagging task in which the tagging knowledge is 

represented in the form of Ripple-Down Rules as shown in Figure 2-16. Bindoff, I. 

(2014) developed a ripple-down rules based clinical decision support system to 

detect drug-related problems by determine if the problems are clinically relevant or 

not according to the rule base. 
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2.5.3. Problems of knowledge elicitation and dissemination in manufacturing 

According to the researches introduced above, the knowledge elicitation and 

dissemination with the 3D virtualized environment is effective for most of the 

conditions.  

However, knowledge elicitation and dissemination during the curved shell plates’ 

manufacturing should also consider the following points: 

a. To avoid the time-consuming OJT (on the job training), the manufacturing 

process should be recorded and represented in a comprehendible way. 3D 

interfaces are considered to be helpful in this case 

b. Since the manufacturing process is not fixed but active, the parameters 

representing the real time situation should be able to be calculated, 

measured and represented too. 

c. The process to elicit the knowledge based on the 3D represented interfaces 

should be defined. The knowledge is going to be stored in the format of 

Ripple-Down Rules. 

 

2.6. Originalities of this thesis 

On the basis of 2.2 2.3 2.4 and 2.5, three originalities in this thesis can be 

described as follows:  

(1) To propose and develop interfaces with high accuracy and high usability for 

facilitating the curved shell plates’ manufacturing and preserving the 

manufacturing convention.  

(2) To propose an efficient method for eliciting and disseminating the 

manufacturing knowledge existing in the manufacturing processes based on 

the data recorded by the proposed interface in (1). 

(3) To propose original point cloud processing methods supporting (1) for 

extracting the plates’ point clouds which are separated by irregular obstacles 

and for registering them with the design data. 
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The whole manufacturing framework will be constructed based on the above 

original proposals, and at the end of this thesis the effectiveness of these 

originalities will be concluded.  
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Chapter 3 Component technologies 

3.1. Overview 

In this chapter, the component technologies concerning the developed framework 

will be introduced. Specifically, there are the 3 dimensional measurement 

equipment and features, the basic point cloud processing technologies and the 

knowledge engineering technology.  

In the practice, a lot of improvements are made toward these general technologies, 

the reasons and the implementation of these improvements will be introduced in 

the later chapters. In this chapter the general technologies will be introduced. 

 

3.2. 3D measurement equipment and features 

3.2.1. Laser scanner 

Non-contact 3D scanning by laser scanner has started to spread dramatically in 

recent years and its performance has been improving immensely. The laser scanner 

measures the distance by calculating the time in which a laser pulse travels back 

and forth between the object to be measured and the light-receiving sensor. It then 

combines the distance and the direction of radiation, thus the 3D positional 

coordinates are obtained. The laser scanner is able to measure a multiple number of 

points at a time. In this study, the laser scanner is used to measure the shape of the 

curved shell plate. 

Specifically, as shown in Figure 3-1(left), the terrestrial laser scanner provides a 

3D visualization of a scene by measuring distances to object surfaces in a spherical 

coordinate system, it records two angles (horizontal angle θ and vertical angle ∅) 

of laser beams transmitted with regular vertical and horizontal increment, and a 

distance r of the measured point on the object surface as shown in Figure 3-1(right), 

regarding the laser scanner as the center of the coordinate system. By rotating the 

irradiation port, (θ , ∅ ) is changed rapidly so that a large amount of points’ 

positional information can be measured in a short time. 
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Figure 3-1 Terrestrial laser scanner FARO (FARO 

2011) 

 

3.2.2. Kinect 

Kinect (codenamed in development as Project Natal) is a line of motion sensing 

input devices by Microsoft. The main utility of Kinect is to detect the human 

motions, but it can also record a set of 3D points of the object. As shown in Figure 

3-2, the device features an "RGB vision camera, 3D depth sensor, motorized tilt and 

multi-array microphone running proprietary software", which provide full-body 3D 

motion capture, facial recognition and voice recognition capabilities.  

An IR projector and an IR camera constitute the 3D depth sensor. The IR 

projector used in Kinect is an IR laser that passes through a diffraction grating and 

turns into a lot of IR dots. Each of those points is unique and the IR camera sees 

how it distorts and the distance to that point. By combining that data with the color 

image from the camera and the transforming algorithm, the 3D point cloud data can 

be obtained. 
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Figure 3-2 Kinect structure (Microsoft 2012) 

 

3.2.3. Point cloud data 

The Coordinate system, color system, data structure and data format of point 

cloud data depend on the manufacturer of the laser scanner. The Cartesian 

coordinate system, RGB color system and text data format are used in this system. 

As shown in Figure 3-3, every row represents a point, the first 3 columns are (x, y, z) 

coordinates, the following column is the reflection intensity of each point, the last 3 

columns are (R, G, B) respectively. 

 

 

Figure 3-3 Point cloud data structure 
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3.3. Point cloud processing 

The point cloud processing technologies concerning this thesis is introduced in 

this subsection.  

 

3.3.1. Edge detection 

Edge detection in point cloud processing is the name for a set of mathematical 

methods which aim at identifying points in a point cloud at which point features 

(color, brightness or normal vector) changes sharply or, more formally, has 

discontinuities. The points at which image point features change sharply are 

typically organized into a set of curved line segments termed edges. 

In general, under successful edge detection, the relatively unimportant 

information will be eliminated, and the subsequent processing can be greatly 

simplified. In this study, in order to extract the curved shell plates’ separated 

domains divided by the shades of the obstacles, it is necessary to identify the edges 

of each domain which has been already extracted. And the edge detection is also 

used to reduce the continuous domain’s extraction time.  

 

 

Figure 3-4 Edge detection 

 

The statistical curvature evaluation technique from Kalogerakis in 2009 is used 

in this study. And as a pre-processing step to edge detection, a smoothing stage, 

typically Gaussian smoothing, is almost always applied (see also noise reduction). 

To extract the edge in this process, as shown in Figure 3-4, a plane is fitted using 

the principal component analysis. The points used to do plane fitting is the neighbor 
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points of seed point N searched by k-NN method. Then the neighbor points are 

projected to the plane. If not all of the 4 quadrants have neighbor points as shown in 

the right image of Figure 3-4, the point N is considered as the edge. 

 

Specifically, the algorithm of this method is as below: 

a. For a point 𝐍 , the neighbor points is searched, and plane fitting is 

performed to the searched neighbors.  

b. The neighbor points are projected onto the fitted plane. 

c. If not all of the 4 quadrants have neighbor points, the point N is considered 

as the edge. 

d. The above operation is performed toward every point belonging to the 

extracted domain. 

And depending on the tangible issues, the 4 quadrants can be changed into 6 or 8. 

 

3.3.2. Region growing 

As a crucial pre-process conducted toward the measured curved shell plate’s point 

cloud data, all of the noise should be removed and the separated domains belonging 

to the same component should be extracted efficiently.  

The proposed component extraction method is based on a basic point cloud 

processing method called region growing method according to Forsyth et al., which 

repeats the process of calculating the normal vector at each neighbor point of the 

seed point, extracting the neighbor point which has a similar normal vector as the 

seed point and setting the extracted neighbor point as the next seed point. Figure 

3-5 shows the main flow of the region growing method. The growing process ends 

when the normal vectors have relatively dramatic changes. 
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Figure 3-5 The basic region growing method 

 

The algorithm of the basic region growing method is as below: 

A) The seed point which belongs to the curved shell plate is selected. 

B) The neighboring points of the seed point are detected. 

C) Among the detected neighboring points, the ones satisfying certain features 

(Normal vector similarity in this case) are extracted and added to the 

domain. 

D) Step B) and C) are repeated until the growth stops. 

To make the neighbor search more efficient here, a space-partitioning data 

structure, Kd-tree (Gross et al., 2007), is constructed using the scanned point cloud 

data for organizing points in a k-dimensional space recursively. The normal vector 

at each point is first calculated using Least-squares regression (which will be 

introduced in later subsection), then normalized. And the comparison of the points’ 

features is conducted by calculating the inner product of the normal vectors. 

 

3.3.3. k-Nearest Neighbor  

In pattern recognition, the k-Nearest Neighbor algorithm (KNN) is a method for 

classifying objects based on the closest training examples in the feature space.  

KNN is a type of instance-based learning, or lazy learning where the function is 

only approximated locally and all computation is deferred until classification 

(Jeffrey S. Beis and David G. Lowe. 1997).  The KNN algorithm is amongst the 

simplest of all machine learning algorithms: an object is classified by a majority 
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vote of its neighbors, with the object being assigned to the class most common 

amongst its k nearest neighbors (k is a positive integer, typically small).  If k = 1, 

then the object is simply assigned to the class of its nearest neighbor. 

In this study, KNN is used to search the k nearest neighbor points from the point 

cloud for a certain seed point. Kd-tree is used as the basic data structure. 

Kd-tree has a similar structure to the binary tree, all nodes are divided along with 

one axis (Hill, M.1990). As a common method of generating Kd-tree, a super 

n-dimensional space containing all of the elements is prepared, and then a recursive 

2-division with respect to an axis is performed (Gross et al., 2007). During this 

process, the numbers of the elements in the two divided spaces remain the same. 

Also, as shown in Figure 3-6, instead of repeatedly division with respect to every 

axis, the division relative to the largest axis is performed.  

Once a Kd-tree is constructed, for neighbor points search, it is possible to exclude 

the majority of the tree nodes by some simple test, and result in a high speed search. 

Though Kd-tree has the disadvantage that little difference in speed comparing to all 

points search would exist, it is still fast in point cloud because the k is defined into 3 

in this case. In this study, the kNNBBF which is an efficient k-Nearest Neighbor 

search technique is used. 

 

 

Figure 3-6 Kd-tree (k = 2) 

 

3.3.4. Plane fitting 

In this study, as an important component technology, the proper plane fitting 
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method is of vital importance during the region growing introduced last subsection.  

 

3.3.4.1. Basic plane fitting 

The definition of the plane fitting in 3D point cloud is : within the points in the 

point cloud, the regression plane 𝑎𝑥 + 𝑏𝑦 + 𝑐𝑧 + 𝑑 = 0  is calculated using the 

neighbor points {𝑷𝑖}(𝑖 = 1,… , 𝑛)  of the seed point of which the normal vector 

𝒏 = (𝑎 𝑏 𝑐)𝑇 is demanded. 

 

Firstly, the condition that the regression plane should satisfy is to minimize the 

equation (3.1) . 

𝐽 = ∑(𝑎𝑥𝑖 + 𝑏𝑦𝑖 + 𝑐𝑧𝑖 + 𝑑)2

𝑖

→ 𝑚𝑖𝑛 
(3.1) 

 

The conditions to minimize equation (3.1) are equations (3.2) - (3.5). 

 

𝜕𝐽

𝜕𝑎
= ∑2𝑥𝑖(𝑎𝑥𝑖 + 𝑏𝑦𝑖 + 𝑐𝑧𝑖 + 𝑑)

𝑖

= 0 
(3.2) 

𝜕𝐽

𝜕𝑏
= ∑2𝑦𝑖(𝑎𝑥𝑖 + 𝑏𝑦𝑖 + 𝑐𝑧𝑖 + 𝑑)

𝑖

= 0 
(3.3) 

𝜕𝐽

𝜕𝑐
= ∑2𝑧𝑖(𝑎𝑥𝑖 + 𝑏𝑦𝑖 + 𝑐𝑧𝑖 + 𝑑)

𝑖

= 0 
(3.4) 

𝜕𝐽

𝜕𝑑
= ∑2(𝑎𝑥𝑖 + 𝑏𝑦𝑖 + 𝑐𝑧𝑖 + 𝑑)

𝑖

= 0 
(3.5) 

 

By dividing both sides of Equation (3.5) with n, Equation (3.6) and (3.7) are 

obtained; the regression plane passes though the center of gravity 𝑮 = (𝑥 𝑦 𝑧)𝑇 

of the points of which the regression plane is being calculated. 

 

𝑎 ∙
1

𝑛
∑𝑥𝑖

𝑖

+ 𝑏 ∙
1

𝑛
∑𝑦𝑖

𝑖

+ 𝑐 ∙
1

𝑛
∑𝑧𝑖

𝑖

+ 𝑑 ∙
1

𝑛
∑1

𝑖

= 0 
(3.6) 
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𝑎𝑥 + 𝑏𝑦 + 𝑐𝑧 + 𝑑 = 0 (3.7) 

𝑑 = −(𝑎𝑥 + 𝑏𝑦 + 𝑐𝑧) (3.8) 

 

Then by dividing both sides of Equation (3.2) with n and organizing the result 

with Equation (3.8), Equation (3.12) is obtained. 𝑆𝑝𝑞 is the covariance of 𝑝 and q. 

 

𝑎 ∙
1

𝑛
∑𝑥𝑖

2

𝑖

+ 𝑏 ∙
1

𝑛
∑𝑥𝑖𝑦𝑖

𝑖

+ 𝑐 ∙
1

𝑛
∑𝑧𝑖𝑥𝑖

𝑖

+ 𝑑 ∙
1

𝑛
∑𝑥𝑖

𝑖

= 0 
(3.9) 

𝑎𝑥2 + 𝑏𝑥𝑦 + 𝑐𝑧𝑥 − (𝑎𝑥 + 𝑏𝑦 + 𝑐𝑧)𝑥 = 0 (3.10) 

(𝑥2 − 𝑥
2
)𝑎 + (𝑥𝑦 − 𝑥 ∙ 𝑦)𝑏 + (𝑧𝑥 − 𝑧 ∙ 𝑥)𝑐 = 0 (3.11) 

𝑆𝑥𝑥𝑎 + 𝑆𝑥𝑦𝑏 + 𝑆𝑧𝑥𝑐 = 0 (3.12) 

 

Similarly, Equation (3.13) and (3.14) can be obtained from Equation (3.3) and 

(3.4) respectively. 

 

𝑆𝑥𝑦𝑎 + 𝑆𝑦𝑦𝑏 + 𝑆𝑦𝑧𝑐 = 0 (3.13) 

𝑆𝑧𝑥𝑎 + 𝑆𝑦𝑧𝑏 + 𝑆𝑧𝑧𝑐 = 0 (3.14) 

Equation (3.15) is obtained summarizing Equation (3.12) - (3.14). 

 

(

𝑆𝑥𝑥 𝑆𝑥𝑦 𝑆𝑧𝑥

𝑆𝑥𝑦 𝑆𝑦𝑦 𝑆𝑦𝑧

𝑆𝑧𝑥 𝑆𝑦𝑧 𝑆𝑧𝑧

)(
𝑎
𝑏
𝑐
) = 𝟎 (3.15) 

 

At last, the eigenvector for the smallest eigenvalue of the coefficient matrix 𝜮 of 

the Equation (3.15) coincides with the normal vector 𝒏 = (𝑎 𝑏 𝑐)𝑇. Here 𝜮 is the 

variance-covariance matrix of {𝑷𝑖}. 
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3.3.4.2. Weighted plane fitting 

Because of the problems discussed in the beginning of this subsection, in order to 

remove such high frequency noise, the regression plane is obtained toward the 

points which have already been weighted using the distances between them and the 

seed point. In this case, condition the regression plane should satisfy is to minimize 

the Equation (3.16). As shown in Equation (3.17) the weight 𝑤𝑖 is calculated for 

each point so as points closer to the point being calculated has greater influence 

when the plane is fitted. Here d is the distance between each point and the point 

being calculated and h is the average interval of the point cloud points. 

 

𝐽𝑤 = ∑𝑤𝑖(𝑎𝑥𝑖 + 𝑏𝑦𝑖 + 𝑐𝑧𝑖 + 𝑑)2

𝑖

→ 𝑚𝑖𝑛 
(3.16) 

𝑤𝑖 = 𝑒𝑥𝑝(−
𝑑2

ℎ2
) (3.17) 

 

The conditions to minimize equation (3.16) are equations (3.18) - (3.21). 

 

𝜕𝐽𝑤
𝜕𝑎

= ∑2𝑤𝑖𝑥𝑖(𝑎𝑥𝑖 + 𝑏𝑦𝑖 + 𝑐𝑧𝑖 + 𝑑)

𝑖

= 0 
(3.18) 

𝜕𝐽𝑤
𝜕𝑏

= ∑2𝑤𝑖𝑦𝑖(𝑎𝑥𝑖 + 𝑏𝑦𝑖 + 𝑐𝑧𝑖 + 𝑑)

𝑖

= 0 
(3.19) 

𝜕𝐽𝑤
𝜕𝑐

= ∑2𝑤𝑖𝑧𝑖(𝑎𝑥𝑖 + 𝑏𝑦𝑖 + 𝑐𝑧𝑖 + 𝑑)

𝑖

= 0 
(3.20) 

𝜕𝐽𝑤
𝜕𝑑

= ∑2𝑤𝑖(𝑎𝑥𝑖 + 𝑏𝑦𝑖 + 𝑐𝑧𝑖 + 𝑑)

𝑖

= 0 
(3.21) 

 

By dividing both sides of Equation (3.21) with ∑ 𝑤𝑖𝑖 , Equation (3.22) is obtained; 

the regression plane passes though the weighted center of gravity 

𝑮𝒘 = (𝑥𝑤 𝑦𝑤 𝑧𝑤)
𝑇
of the points of which the regression plane is being calculated. 
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Each coordinate of the weighted center of gravity is shown as Equation (3.25) - 

(3.27). 

 

𝑎 ∙
1

∑ 𝑤𝑖𝑖
∑𝑤𝑖𝑥𝑖

𝑖

+ 𝑏 ∙
1

∑ 𝑤𝑖𝑖
∑𝑤𝑖𝑦𝑖

𝑖

+ 𝑐 ∙
1

∑ 𝑤𝑖𝑖
∑𝑤𝑖𝑧𝑖

𝑖

+ 𝑑 ∙
1

∑ 𝑤𝑖𝑖
∑𝑤𝑖

𝑖

= 0 

(3.22) 

𝑎𝑥𝑤 + 𝑏𝑦𝑤 + 𝑐𝑧𝑤 + 𝑑 = 0 (3.23) 

𝑑 = −(𝑎𝑥𝑤 + 𝑏𝑦𝑤 + 𝑐𝑧𝑤) (3.24) 

𝑥𝑤 =
1

∑ 𝑤𝑖𝑖
∑𝑤𝑖𝑥𝑖

𝑖

 
(3.25) 

𝑦𝑤 =
1

∑ 𝑤𝑖𝑖
∑𝑤𝑖𝑦𝑖

𝑖

 
(3.26) 

𝑧𝑤 =
1

∑ 𝑤𝑖𝑖
∑𝑤𝑖𝑧𝑖

𝑖

 
(3.27) 

 

Then by dividing both sides of Equation (3.18) with ∑ 𝑤𝑖𝑖  and organizing the 

result with Equation (3.24), Equation (3.31) is obtained. 𝑆𝑝𝑞𝑤
 is the weighted 

covariance of 𝑝𝑖 and 𝑞𝑖. 

 

𝑎 ∙
1

∑ 𝑤𝑖𝑖
∑𝑤𝑖𝑥𝑖

2

𝑖

+ 𝑏 ∙
1

∑ 𝑤𝑖𝑖
∑𝑤𝑖𝑥𝑖𝑦𝑖

𝑖

+ 𝑐 ∙
1

∑ 𝑤𝑖𝑖
∑𝑤𝑖𝑧𝑖𝑥𝑖

𝑖

+ 𝑑

∙
1

∑ 𝑤𝑖𝑖
∑𝑤𝑖𝑥𝑖

𝑖

= 0 
(3.28) 

𝑎𝑥2
𝑤 + 𝑏𝑥𝑦𝑤 + 𝑐𝑧𝑥𝑤 − (𝑎𝑥𝑤 + 𝑏𝑦𝑤 + 𝑐𝑧𝑤)𝑥𝑤 = 0 (3.29) 

(𝑥2
𝑤 − 𝑥𝑤

2
)𝑎 + (𝑥𝑦𝑤 − 𝑥𝑤 ∙ 𝑦𝑤)𝑏 + (𝑧𝑥𝑤 − 𝑧𝑤 ∙ 𝑥𝑤)𝑐 = 0 (3.30) 

𝑆𝑥𝑥𝑤
𝑎 + 𝑆𝑥𝑦𝑤

𝑏 + 𝑆𝑧𝑥𝑤
𝑐 = 0 (3.31) 
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𝑆𝑝𝑞𝑤
 is the weighted covariance of 𝑝𝑖 and 𝑞𝑖. 

 

𝑆𝑝𝑞𝑤
=

1

∑ 𝑤𝑖𝑖
∑𝑤𝑖(𝑝𝑖 − 𝑝𝑤)(𝑞𝑖 − 𝑞𝑤)

𝑖

=
1

∑ 𝑤𝑖𝑖
∑(𝑤𝑖𝑝𝑖𝑞𝑖 − 𝑤𝑖𝑝𝑖𝑞𝑤 − 𝑤𝑖𝑝𝑤𝑞𝑖 + 𝑝𝑤𝑞𝑤)

𝑖

= 𝑝𝑞𝑤 − 𝑝𝑤𝑞𝑤 − 𝑝𝑤𝑞𝑤 + 𝑝𝑤𝑞𝑤 = 𝑝𝑞𝑤 − 𝑝𝑤𝑞𝑤 

(3.32) 

 

Similarly, Equation (3.33) and (3.34) can be obtained from Equation (3.19) and 

(3.20) respectively. 

 

𝑆𝑥𝑦𝑤
𝑎 + 𝑆𝑦𝑦𝑤

𝑏 + 𝑆𝑦𝑧𝑤
𝑐 = 0 (3.33) 

𝑆𝑧𝑥𝑤
𝑎 + 𝑆𝑦𝑧𝑤

𝑏 + 𝑆𝑧𝑧𝑤𝑐 = 0 (3.34) 

 

Equation (3.35) is obtained summarizing Equation (3.31), (3.33) and (3.34). 

 

(

𝑆𝑥𝑥𝑤
𝑆𝑥𝑦𝑤

𝑆𝑧𝑥𝑤

𝑆𝑥𝑦𝑤
𝑆𝑦𝑦𝑤

𝑆𝑦𝑧𝑤

𝑆𝑧𝑥𝑤
𝑆𝑦𝑧𝑤

𝑆𝑧𝑧𝑤

)(
𝑎
𝑏
𝑐
) = 0 (3.35) 

 

At last, the eigenvector for the smallest eigenvalue of the coefficient matrix 𝜮𝒘 of 

the Equation (3.35) coincides with the normal vector 𝒏 = (𝑎 𝑏 𝑐)𝑇. Here 𝜮 is the 

weighted variance-covariance matrix of {𝑷𝑖}. 

 

3.3.5. Curve fitting 

In this study, both the wooden templates’ design data and the measured curved 

shell plates are in the form of point cloud data. To do the comparison and evaluation 

of the curvatures at the position of the frames (where the templates should be put), 
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these point cloud data should be firstly fitted into curves.  

Curve fitting is the process of constructing a curve, or mathematical function that 

has the best fit to a series of data points, possibly subject to constraints. Curve 

fitting can involve either interpolation, where an exact fit to the data is required, or 

smoothing, in which a "smooth" function is constructed that approximately fits the 

data. In this subsection, Lagrange interpolation and Spline interpolation will be 

introduced. 

 

3.3.5.1. Lagrange interpolation 

In this study, Lagrange interpolation is used to generate the virtual templates’ 

bottom lines. Lagrange interpolation is one of the interpolation methods which 

make the interpolated curve pass through all of the control points (Gabriel A. et al. 

2001). 

The Lagrange interpolating polynomial in 3D point cloud processing is the 

polynomial Y(x) and Z(x) of degree ≤ (n − 1) that passes through the n points 

(𝑥1, 𝑦1, 𝑧1 ), (𝑥2, 𝑦2, 𝑧2 ), …, (𝑥𝑛, 𝑦𝑛, 𝑧𝑛 ), and is given by: 

𝑌(𝑥) = ∑𝑌𝑖(𝑥)

𝑛

𝑖=1

 (3.36) 

𝑍(𝑥) = ∑ 𝑍𝑘(𝑥)

𝑛

𝑘=1

 (3.37) 

 

where 

𝑌𝑖(𝑥) = 𝑦𝑖 ∏
𝑥 − 𝑥𝑗

𝑥𝑖 − 𝑥𝑗

𝑛

𝑖=1
𝑖≠𝑗

 
(3.38) 

𝑍𝑘(𝑦) = 𝑧𝑘 ∏
𝑥 − 𝑥𝑙

𝑥𝑘 − 𝑥𝑙

𝑛

𝑘=1
𝑘≠𝑙

 
(3.39) 

 

The formula was first published by Waring (1779), rediscovered by Euler in 1783, 
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and published by Lagrange in 1795 (Jeffreys and Jeffreys 1988). 

Lagrange interpolating polynomials are implemented in Mathematica as 

Interpolating Polynomial[data, var]. They are used, for example, in the construction 

of Newton-Cotes formulas. 

 

 

Figure 3-7 Feature points of virtual template 

 

The fitted template’s bottom lines are shown as the figure above. 

 

3.3.5.2. B-Spline interpolation 

In this study, B-Spline interpolation is used to estimate the measured curved 

shell plates’ frame lines. B-Spline curve is defined by a series of parameters 

t({𝑡0, 𝑡1, 𝑡2,∙∙∙ }). The “B” of B-Spline is the initial letter of “basis”. B-Spline does not 

have to pass through all of the control points, and is a smooth curve defined from 

the given multiple control points. Because it is expressed by the piecewise 

polynomial and generally not passes through the control point other than the end 

points, even some control points are changed, the influence on the whole curve is 

limited. Therefore, B-Spline interpolation is widely utilized in the cases that not all 

the control points represent the exact part of the expected curve. (Catmull, E. and 

Clark, J. 1978) 

 

𝐒(𝑡) = ∑ 𝑷𝒊

𝒎−𝒏−𝟐

𝒊=𝟎

𝑏𝒊,𝒏(𝑡),    𝑡 ∈ [𝑡𝑛, 𝑡𝑚−𝑛−1] (3.40) 
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𝑏𝑗,0  = 1     𝑖𝑓 𝑡𝑗 ≤ 𝑡 ≤ 𝑡𝑗+1  where j = 0,… ,m − 2 

𝑏𝑗,0  = 0    𝑖𝑓 𝑡 >  𝑡𝑗+1  𝑜𝑟  𝑡 < 𝑡𝑗     where   j = 0,… ,m − 2 

𝑏𝑗,𝑛(𝑡)  =  
𝑡 −  𝑡𝑗

𝑡𝑗+𝑛  −  𝑡𝑗
𝑏𝑗,𝑛−1(𝑡)  +  

𝑡𝑗+𝑛+1  − 𝑡

𝑡𝑗+𝑛+1  −  𝑡𝑗+1
𝑏𝑗+1,𝑛−1(𝑡)  

where   j = 0,… ,m − n − 2 

 

 

 The B-Spline curve of one segment can be expressed by Equation (3.40). ti which 

are called “knot” are a series of real numbers. Also bi,n are referred to B-Spline 

basis functions, and is defined by the recurrence formula of de Boor Cox. 

In a 2D B-Spline curve, the basis function is as below: 

 

𝑺𝒊(𝑡)  =  [𝑡2  𝑡   1]
1

2
[

1 −2 1
−2 2 0
1 1 0

] [

𝑷𝒊−𝟏

𝑷𝒊

𝑷𝒊+𝟏

]    

  t ∈ [0, 1], 𝑖 = 1,2, … ,𝑚 − 2 

(3.41) 

 

In this study, the B-Spline basis functions are as follows: 

 

𝑺𝒊(𝑡)  =  [𝑡3  𝑡2  𝑡   1]
1

6
[

−1 3
3 −6

−3 1
3 0

−3 0
1 4

3 0
1 0

] [

𝑷𝒊−𝟏

𝑷𝒊

𝑷𝒊+𝟏

𝑷𝒊+𝟐

]    

  t ∈ [0, 1], 𝑖 = 1,2, … ,𝑚 − 2 

(3.42) 

 

 

Figure 3-8 Feature points of virtual template 

 



Component technologies 

75 

 

The fitted measured frame line of the curved shell plate is shown as the figure 

above. 

 

3.3.6. Iterative closest point 

In shipbuilding, components’ design data is often expressed in SAT format, a 

standard file format of ACIS. In SAT files, surfaces and curves are expressed as 

NURBS (Non-Uniform Rational B-Spline). To evaluate the accuracy of the 

component or to provide any farther manufacturing advice, as an important 

pre-process, a registration between the design data and the extracted component’s 

point cloud data should be conducted efficiently. 

In this study, Iterative closest point algorithm is used to do the registration 

between the design data and the extracted component’s point cloud data.  

After a parallel transformation using the center of gravity, a basic ICP algorithm 

is conducted for the registration of the point cloud and the design data. The design 

curved surface S(u, v) = (x(u, v), y(u, v), z(u, v))  is a rational equation using the 

B-Spline basis functions which represent the homogeneous coordinate system 

projection results of the non-constant spacing knots (Piegl et al., 1996). 

 

𝐫(𝑢, 𝑣)  = 𝐒(𝑢, 𝑣) − 𝑷          (3.43) 

𝐫(𝑢, 𝑣) ∙ 𝑺𝑢(𝑢, 𝑣)  = 0   (3.44) 

𝐫(𝑢, 𝑣) ∙ 𝑺𝑣(𝑢, 𝑣)   = 0 (3.45) 

 

As defined in Equation (3.43), the projection vector can be obtained by subtracting 

the measured point P’s position vector from the design curve surface 𝐒(u, v) . 

Therefore, 𝐫(u, v) satisfies the Equations (3.44) and (3.45). Here, the 𝐒𝐮(u, v) and 

𝐒𝐯(u, v) are the u-direction’s and the v-direction’s partial derivatives of the designed 

curved surface respectively. Projection vector 𝐫(u, v) as shown in Figure 3-9 can be 

calculated by solving these three equations. Here Q is the projection point. 
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Figure 3-9 Projection to the designed NURBS surface 

 

Next, the coordinate transformation of the measured point cloud using the motion 

vector t and the rotation matrix R is conducted to reduce the displacement of the 

design curved surface and the measured point cloud (Okuda et al., 2004 and Besl et 

al., 1992). 𝐏′ in Equation (3.46) is the transformed measured point. To estimate R 

and t, the displacement E(𝐑, 𝐭)  expressed in Equation (3.47) is minimized 

(Cristobal et al., 2011). This process is repeated until E(𝐑, 𝐭) is smaller than the 

threshold (Zhang et al., 1994). 

 

   𝑷, = 𝑹𝑷 + 𝒕          (3.46) 

E(𝐑, 𝐭) = ∑‖𝑸𝒊 − 𝑹𝑷𝒊 − 𝒕‖

𝑛

𝑖=1

  (3.47) 

 

In this study, some improvements are made toward the basic ICP algorithm to 

solve some practical issues. The reasons and the implementation of these 

improvements will be introduced in later chapters. 

 

3.3.7. Real object’s virtualization and selection using polygons 

The wooden templates which are a set of prototypes made for the confirmation 

and evaluation of industrial products are basically made of wood. One of the reason 

why wood is chose is that wood is relatively affordable, durable and easy to be cut. 

As introduced in the first chapter, a wooden template for one frame line of the plate 
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consists of a curved bottom surface, a perspective stick and two support sticks. 

Conventionally, judgment of manufacturing accuracy of the curved shell plate is 

based on the observation on the perspective plane formed by the perspective sticks 

of wooden templates which are put on the plate. 

In this subsection, the technique for representing the wooden template on a 

computer by virtualizing it using polygons will be introduced. 

Polygon originally referred to the shape with multiple angles, in 3D computer 

science it refers to the elements when representing an object with a combination of 

triangular or rectangular (under some situations, maybe more than pentagon). 

Practically, when drawing a map with geographical information system (GIS), the 

outlines of the regions are described in the form of polygon, while a road or a 

railway is represented in the form of polyline. Objects constructed in polygons 

essentially only consists straight lines and planes, by a combination of processes 

such as smooth shading which subdivide the curve and curved surface, the curved 

surface can also be expressed (Makoto, S.,2008,2010,2012). 

In this study, the feature points of the wooden template are first defined as shown 

in Figure 3-10. These points are specified as the end points of the polygons so that 

the virtual template can be constituted 

 

 

Figure 3-10 Feature points of virtual template 

 

For one wooden template, the feature points are defined as following: 
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The points of the four base lines forming the wooden template’s bottom surface 

are obtained using Lagrange interpolation to the design point cloud of the 

frame line, and are arranged as below:  

i. (1,2,3,… , 𝑐) 

ii. (𝑐 + 1, 𝑐 + 2, 𝑐 + 3,… ,2𝑐) 

iii. (2𝑐 + 1,2𝑐 + 2,2𝑐 + 3,… ,3𝑐) 

iv. (3𝑐 + 1,3𝑐 + 2,3𝑐 + 3,… ,4𝑐) 

The end points of the perspective stick:  

i. Upper (4𝑐 + 4,4𝑐 + 5,4𝑐 + 6,4𝑐 + 7) 

ii. Bottom (4𝑐 + 1,4𝑐 + 2,4𝑐 + 3,4𝑐 + 4)  

   The end points of the support sticks:  

i. Left stick (4𝑐 + 8,4𝑐 + 9,4𝑐 + 12,4𝑐 + 13,4𝑐 + 16,4𝑐 + 17,4𝑐 + 18,4𝑐 +

19) 

ii. Right stick (4𝑐 + 10,4𝑐 + 11,4𝑐 + 14,4𝑐 + 15,4𝑐 + 20,4𝑐 + 21,4𝑐 +

22,4𝑐 + 23) 

The polygons constituting one wooden template are defined above. One side 

surface of the perspective stick is defined in four points (4c+5,4c+7,4c+1,4c+3). 

One side surface of the bottom of the template is defined by a set of four points 

{(i+k,i+k+1,c+i+k,c+i+k+1 )} (k=1,2,3,…,c   i=1,2,3,4) 

The virtualized wooden template represented by a set of polygons is shown in 

Figure 3-11. The adjacent surfaces are printed in different colors to emphasis the 

3D effect.  

 

 

Figure 3-11 Real object’s virtualization and selection using polygons 
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3.3.8. Curvature estimation 

In this study, in order to generate the proper manufacturing plans by comparing 

the curvatures at each frame point between the virtual templates bottom lines and 

the measured frame lines, it is necessary to estimate the partial curvatures at these 

points. The curvature estimation method in point cloud from Zhang et al.(2008) is 

used.  

This method employs neighbor normal vector and osculating circle. The 

advantage of this method is that it is simple enough to use and sensitive only to the 

neighbor points in the point cloud of the seed point. 

As shown in Figure 3-12, for each seed point 𝐩 at which the curvature is to be 

estimated, let N be its’ normal vector. Then only the coordinates of the neighbor 

points are enough to calculate the curvatures at point 𝐩. m points (m = 2, 3, …) in 

the neighbor are found. One of them is 𝒒𝒊. 𝐍 and 𝑴𝒊  are the normal vectors 

corresponding to 𝐩 and 𝒒𝒊 respectively. Transform the coordinates of these points 

to the local coordinates system (𝐩, 𝐗, 𝐘,𝐍), and then the 𝒒𝒊 should be (𝑥𝑖 ,   𝑦𝑖 , 𝑧𝑖), 𝑴𝒊 

should be (𝑛𝑥,𝑖 ,   𝑛𝑦,𝑖 , 𝑛𝑧,𝑖). At last, a circle passing through 𝐩 and the neighbor 

points is fitted to get the curvature at 𝐩. 

 

 

The normal curvature can be estimated with the following equations. 

𝐾𝑝 = (∑
sin𝛽

|𝒑𝒒𝒊| sin 𝛼

𝑚

𝑖=1

)/𝑚 (3.48) 

 

Figure 3-12 Chord & Normal Vector ( Zhang et al. 2008) 
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p: {0, 0, 0} 𝒒𝒊 : {𝑥𝑖, 𝑦𝑖, 𝑧𝑖} 

𝑴𝒊 : {𝑛𝑥,𝑖, 𝑛𝑦,𝑖, 𝑛𝑧}  

 

sin𝛽

|𝑝𝑞𝑖| sin 𝛼
 =

𝑥𝑖∙𝑛𝑥,𝑖+𝑦𝑖∙𝑛𝑦,𝑖

√𝑥𝑖
2+𝑦𝑖

2

√𝑛𝑥𝑦
2+𝑛𝑧

2∙√𝑥𝑖
2+𝑦𝑖

2
 (3.49) 

 

The fitted circles is shown in the following figure. 

 

Figure 3-13 Curve radius estimation 

 

3.4. Knowledge engineering 

In this sub-section, the technology used in knowledge management in this study 

will be introduced. 

 

3.4.1. Ripple down rules 

Differences between the manufacturing plan suggested by the proposed system 

and the manufacturing plan actually used by workers exist. In order to extract the 

tacit knowledge during the heating process, interview investigation about these 

differences in different cases was conducted. The knowledge in specific situations 

during the manufacturing process is extracted and represented using the RDR 

(Ripple-Down Rules) (Catlett, J. 1992).  
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Figure 3-14 Ripple-Down Rules sample (Compton, P. et al 1993) 

 

RDR, which was proposed by Compton and Jansen based on experience 

maintaining the expert system GARVAN-ES1 (Compton, P. et al 1993 and 1994; 

Gaines, B.R. 1995), is a method for extracting and representing knowledge. In the 

RDR framework, the human expert’s knowledge is acquired based on the current 

context and is added incrementally into a binary decision tree in the format of a set 

of independent rules (if .. elsif rules) as shown in Figure 3-14. In other words, RDR 

adds new rules when the existing ones cannot satisfy the situation of current 

context. The correct description of the current situation is very crucial to extract 

proper rules and avoid duplication. So it is conceivable that a lot of time and effort 

can be saved by using the virtual manufacturing plan design environment because 

more precise and recordable parameters describing curved shell plates’ situations 

become more accessible. The workers can get an immediate and visualized image 

about the curved shell plate’s situation by checking these parameters. 
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Chapter 4 Curved shell plate’s manufacturing support 

framework 

In this chapter, the design of the framework developed for facilitating curved shell 

plate’s manufacturing will be described in detail. First, based on the investigations 

performed towards the curved shell plate’s manufacturing process in 4.1, the 

necessary functions, the main possible problems on the algorithm level and the 

solutions are clarified for the proposed framework. Next, a layout of the proposed 

framework is described in 4.3, while the decided sub-systems are designed in the 

following sub sections. 

 

4.1.  Investigation and problem clarification during traditional manufacturing  

A survey about the current curved shell plate’s manufacturing problems is 

conducted in shipyard, the problems and the challenges existing in solving these 

problems are found. 

 

4.1.1. Strategy of this study 

An interview about the difficulty of the full automatic machining was conducted 

first. As introduced in Chapter 2, that all of the information not only about the plate 

but also about the manufacturing environment is extremely difficult to be obtained 

for every manufacturing step is the main difficult point for the full automatic 

machining. Therefore, the workers need to do the manufacturing with the 

inadequate information and parameters observed from the wooden templates which 

means the manufacturing relies on both the wooden template and the human 

worker. To provide the effective framework for facilitating the manufacturing and 

preserving the manufacturing knowledge, the virtualized version of the wooden 

template can be a good choice for providing more accurate evaluation results. And 

the analysis of the convention during the manufacturing should also be conducted. 

The problems existing in the traditional manufacturing process are analyzed and 
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expected to be solved in this study, too. 

 

4.1.2. Interview on the traditional manufacturing process 

Another interview on the current curved shell plate’s manufacturing process 

using the traditional wooden templates was conducted. The correlation between the 

ship’s design data and the manufacturing process using wooden templates is as 

shown in Figure 4-1. First, after the shape of each curved shell plate is designed in 

consideration of the whole ship’s performance, the wooden templates are produced 

based on each curved shell plate’s design data. During this process, a lot of money 

and time has already been consumed before the formal shipbuilding process starts. 

Next, each curved shell plate is cut from the plane steel plate and pressed into a 

shape which is close to the design shape to some extent using a press machine. Then 

the heating manufacturing process conducted by human started. During the whole 

manufacturing process, the following items are given to the workers:  

a. Plane steel plates with frame line (where to put the wooden templates) 

painted on it 

b. Wooden templates representing curved shell plate’s design shape 

c. Gas burner and water hose to bend the plates (for  heating forming 

stage) 

d. Press machine (for cold forming stage) 

The heating and pressing areas are decided by trying to deform the smooth 

curved surface which matches a and b using c and d. Specifically, workers consider 

the manufacturing plans (the heating and pressing areas) by putting and rotating b 

on a and observing the situations such as the displacement between them and the 

angles between the perspective sticks of the arranged wooden templates. After 

deciding the manufacturing plans they use the c and d to implement them. The 

experiences and intuitions of the workers are needed during this manufacturing 

process, and of course the individual differences exist. The manufacturing time and 

qualities can vary dramatically between different workers such as the experienced 

ones and the beginners. 
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Figure 4-1 Traditional manufacturing process using wooden templates 
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There are some common principles existing in the manufacturing process. 

Because the cold forming using press machine is more efficient than heating 

forming performed by human, workers usually try to bend the plates using press 

machine to minimize the heating processing time before start the heating forming 

process. Also, to form a 3D curved surface, the adjustments on vertical direction to 

correct the torsion are usually performed after the horizontal bending which is 

responsible to form a certain degree of curvature.  As shown in Figure 4-3, the 

specific process of the manufacturing is summarized as following: 

A) Deform the curved shell plate to some extent using press machine 

B) Check the perimeters and press result of the curved shell plate using 

wooden templates for press, if not a big inaccuracy exists, Go to C) 

C) Put the wooden templates for heating on predetermined location of the 

pressed plate  

D) Observe the perspective line formed by the perspective sticks’ endpoint of 

the wooden templates to grasp the situation of the curvature and torsion 

situation of the current plate 

E) Decide the heating areas (usually heating lines) based on the 

displacements of the plate and wooden templates 

F) Perform the heating forming using gas burner and water hose 

G) Repeat C) - F) until getting close enough to the design shape 

During the manufacturing, the parameters of the wooden templates and the plate 

shown in Figure 4-2 are observed for deciding the next step’s manufacturing plan 

including the heating finishing judging, the heating areas, the heating grades and 

the heating technics selecting. 

- Gaps between plate and wooden templates 

- Smoothness of the plate by touching 

- Extent of the shaking of wooden templates 

- Angles between wooden templates’ sticks 

- Distance between wooden templates tops and upper plane 

- Displacement between the ends of the wooden templates and plate 
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Figure 4-2 Convention of manufacturing plans’ design 

 

4.1.3. Problems existing in the conventional manufacturing process 

As summarized in Table 1.1 of Chapter 1, there are many problems existing in 

this manufacturing process shown in Figure 4-3 obstructing the progress of the 

efficient manufacturing and the automation.  

- The dramatic physical effort and time cost when trying to put and fix 

wooden templates onto the plate 

- The inaccurate observing results of the wooden templates’ parameters. 

- The difficulty for understanding the expert’s knowledge without real time 

specific example analysis (OJT) 

- The controversial manufacturing plans for one plate from multiple experts 

 

Especially, during the current manufacturing process, parameters such as the 

angles, locations and rotation of the wooden templates are not specified 



Curved shell plate’s manufacturing support framework 

90 

 

quantitatively. Sometime even an experienced worker cannot explain why they 

design the heating plans which are different from others. When there are multiple 

heating plans from different workers, there is not a quantitative way to determine 

which one is the best.  

Quantitative expresses of the wooden templates’ parameters become necessary to 

solve the above problems. And it is considered a desirable framework for performing 

and recording the manufacturing processes in an accurate virtual environment. 

Also, the knowledge model will be needed to support the beginner workers. 

 

 

Figure 4-3 Conventional manufacturing process 

 

4.2. Supported manufacturing process 

The manufacturing process which is expected to be supported by the proposed 

framework is illustrated in Figure 4-4.  
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Figure 4-4 Supported manufacturing process 

 

Instead of the manual evaluation of the plate during the cold forming and heating 

forming stage, the evaluation should be performed automatically on computer, and 

to conserve the conventional manufacturing habits and knowledge, the wooden 

templates are going to be totally virtualized in 3D virtual environment as well as 

the measured plate’s 3D point cloud data. The parameters needed for the 

manufacturing plan’s design for every manufacturing step are expected to be 

calculated based on the generated virtual templates and the measured plates 

automatically and provided for the workers efficiently. The knowledge elicitation 

and learning should not only be conducted during the manufacturing (OJT), but 

also after the manufacturing based on the recorded 3D manufacturing scenario. 

As shown in Figure 4-5, the supported specific process of the manufacturing is 
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summarized as following: 

A) Deform the curved shell plate to some extent using press machine 

B) Check the perimeters and press result (automatically calculated) of the 

curved shell plate, If OK then go to C) 

C) Observe the curvature evaluation view and the torsion evaluation view 

(automatically calculated) from VTS to decide the heating technics 

D) Perform the heating forming using gas burner and water hose 

E) Repeat C) – D)until getting close enough to the design shape 

 

For the knowledge elicitation from experts, the manufacturing scenarios 

including the templates’ observations and the manufacturing plans’ design are 

accumulated and analyzed based on the interviews with the expert workers after 

every manufacturing step.  

For the knowledge dissemination, the special heating technics and heating lines’ 

combinations are suggested from the KBS for the beginner workers to manufacture 

some complicated plates. 

The whole support process on computer is totally automatized. 

By facilitating the plate’s measurement, wooden template’s fixing and observing, 

the whole manufacturing process is expected to be more efficient by using this 

framework. And with the high accurate evaluation results after each manufacturing 

step, the manufacturing plans designed by the workers are more effective.  

The beginner workers are expected to be supported during the manufacturing by 

using KBS proposed in this thesis. The training of the beginner workers can be 

conducted not only on job, but also after the manufacturing because a lot of 3D 

manufacturing scenarios are going to be accumulated by using the proposed 

framework.  
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Figure 4-5 Supported manufacturing process by proposed framework 
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4.3. Layout of the proposed framework 

Based on the investigations conducted in 4.1 and the expected supported 

manufacturing process, the framework proposed in this thesis constructs 4 systems 

to support the 2 stages (Cold forming process and Heating forming process) of the 

curved shell plate’s manufacturing process and the knowledge elicitation and 

dissemination during the manufacturing process for the beginner workers. In this 

subsection, the layout of the proposed framework will be discussed.  

 

4.3.1. Requirement definition  

This thesis aimed at proposing a curved shell plate’s manufacturing support 

framework which could facilitate the manufacturing of the curved shell plate in the 

shipyard by providing the necessary manufacturing information and suggestions 

about the plate automatically and efficiently. The real tools using in the 

conventional manufacturing such as the wooden template and rulers are virtualized 

based on the ship’s design data for the automatic measurement and analysis of the 

plate before and after every manufacturing step.  

As shown in Figure 4-6, in this thesis, laser scanner is used for capturing the 

curved shell plate’s 3D shape before and after every manufacturing step.  

- As a pre-processing of vital importance, the 3D shape of the measured plate is 

extracted efficiently from the raw measured point cloud data measured by 

laser scanner and registered automatically to the design surface. 

- The cold forming is supported by the efficient accuracy evaluation and 

perimeter measurement of the plates’ point cloud. The workers decide if the 

plate reaches the press design shape according to the evaluation results and 

whether to forward it to the heating forming.  

- The heating forming is supported by virtualizing the whole manufacturing 

process on computer. The necessary parameters for the design of 

manufacturing plan are provided automatically. The workers can operate the 

virtual templates in the traditional way as they used to.  

- Furthermore, to support the beginner workers who cannot decide the 
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manufacturing plans alone, the expert workers’ knowledge is elicited by 

conducting interviews or data analysis based on the recorded 3D 

manufacturing scenarios. The advanced manufacturing suggestions including 

special heating technics (point heating and curve heating) or heating lines’ 

combinations are outputted by the system. 
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Figure 4-6 Layout of the proposed framework 
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As that will be introduced in the following sub sections, the curved shell plate’s 

support framework consists of 4 systems: Plate Measuring System (MS), Press 

Supporting System (PSS), Virtual Template System (VTS) and Knowledge Based 

System (KBS). Besides these 4 systems, there is an Automation Engine (AE) which 

is responsible to improve the usability of the 4 systems. The construction of the 

framework and how the sub systems support the whole manufacturing process are 

described as below: 

 

- Common pre-processing:  

 Plate Measuring System deals with the raw point cloud data obtained 

from laser scanner and outputs the 3D point cloud of the curved shell 

plate. It outputs the plate’s part of the point cloud even when the plate is 

divided into multiple domains. 

- Cold forming supporting:  

 Press Supporting System is responsible for providing the distance error 

and perimeter evaluation results after each press step during the 1st 

stage (cold forming process). It helps workers to know if the curved shell 

plate has reached the press design shape to reduce the time consuming in 

the after-processing. 

- Heating forming supporting: 

 Virtual Template System generates a virtual environment by virtualizing 

the wooden templates and the traditional manufacturing process. It is 

responsible to provide a totally virtualized manufacturing environment 

and give the necessary parameters for manufacturing plan’s design 

including the torsion evaluation results and curvature evaluation results 

of the plate. The experienced workers are able to work under this virtual 

environment without using the real wooden templates 

- Knowledge elicitation and dissemination: 

 Knowledge Based System elicits and disseminates the knowledge 

existing in the manufacturing process of the relatively difficult plates. It 

should be able to suggest the advanced manufacturing plans including 

the special heating technics (point heating, curve heating) and the 
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combinations of heating lines for the beginner workers. 

 

4.3.2. Problem definition for common pre-processing 

In shipbuilding, depending on the conditions in the factory, the laser scanner 

measured results of components (Figure 4-7) cannot satisfy the accuracy evaluation 

requirement due to the following factors: 

(1) The measured point cloud data always includes a lot of needless noise, such as 

the floor, the workers and some wooden templates which are necessary templates 

for the manufacturing. 

(2) The measured point cloud data are usually divided into multiple separated 

domains by these obstacles’ shadows. Manual extraction and integration of these 

separated domains wastes a lot of time.  

(3) The measured point cloud data always has a large amount of points which slow 

down the extraction process dramatically longer than the preferred time limit of 

several minutes. 

 

 

Figure 4-7 Pre-processing 

 

As a crucial pre-process, all of the noise should be removed and the separated domains 

belonging to the same component should be extracted efficiently as shown in Figure 4-7.  
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The objective of Plate Measurement System is to extract only the part of the 

curved shell plate from the 3D measured point cloud data which contain a lot of 

obstacles and are obtained from laser scanner. In this paper, the component extraction 

consists of two main processes: the continuous domain extraction which extracts the small 

separated domains from one single seed point and the separated domain recognition which 

decides if an extracted domain is from the same component (plate) as the other ones. The 

small domains divided by the obstacles should be recognized sequentially. The 

inference steps are hierarchized to accomplish the sequential recognition. 

To solve the problem (1) and (3) gaining higher extracting speed and lower 

extracting failure during the continuous domain’s recognition, the improvements 

based on the classic region growing method are made. 

 To save the normal vector calculation and comparison time for the continuous 

domain’s region growing, in this study, the point candidates for the next 

growing seed are carefully selected following the float region growing window. 

 To avoid improper growing into points that are too far from the seed such as 

the floor near the component, points which are used to do the plane fitting are 

seriously selected under certain constraints. 

 When the point cloud’s density varies dramatically, to calculate the normal 

vector of a seed point using its neighbor points, weighted plane fitting is 

applied. 

To solve the problem (2) achieving efficient plate extraction when the plate is 

divided into multiple separated domains, the following method is used. 

 For the divided domain recognition, new judgement standards of the common 

domain are discussed which is aimed to the efficient and effective recognition 

and extraction of all the domains which belong to the plate under different 

conditions. 

 

4.3.3. Problem definition for cold forming supporting 

As introduced in 1.1.2, two main problems existing in the cold forming process 

(press process) of the curved shell plates:  

a. Forming quality dispersion exists (lead to in-expectable time consuming in 
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the after-processing). 

b. Perimeter check cost time, sometimes cause inaccuracy 

To solve these problems, this paper develops a software system Press Support 

System for evaluating the curve shell plate’s shape and perimeter automatically by 

using laser scanner. The system registers pre-processed measured data and design 

data together, calculates the distance errors between them and virtualizes the 

errors into a gradation color map and histograms as shown in Figure 4-8. Besides, 

the perimeters of the measured data and design data are also calculated and 

virtualized in the 3D view for the workers to check.  

There are 2 problems should be solved on the algorithm level. 

(1) The density in both the design point cloud and measured point cloud varies 

dramatically which could lead to inaccurate registration and evaluation 

results. 

(2) Because the design data of press process is also point cloud, the distance error 

cannot be calculated directly to the two point clouds when the density of the 

point cloud is low. 

 

There are 2 originalities in the proposed algorithms solving the problems 

mentioned above respectively.   

 Due to the varying density existing in both the design point cloud and 

measured point cloud, to avoid the improper registration result, the average 

density thinning of the two data is conducted 

 In this thesis, a plane is fitted towards to the nearest points of the measured 

point cloud from the design point being evaluated using the basic plane 

fitting method. Then the distance between the design point being evaluated 

and the fitted design plane is calculated as the displacements 
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Figure 4-8 Cold forming supporting 

 

4.3.4. Problem definition for heating forming supporting 

Plastically deforming of heating and water-cooling based on the wooden template 

(Kigata) check with human eyes is used to produce these curved shell plates with 

extremely arbitrary 3D shapes. As mentioned in the first chapter, this process has 

no clear-cut methodology and carried great risks for the subsequent heat sealing 

process. About five to eight wooden templates consisting bottom line and 

perspective stick are made from curved shell plates’ design data for every curved 

shell plate before the construction of the ship. This wooden templates’ producing 

process cost a lot of time and money, and may already create inaccuracy. During the 

curved shell plates’ processing, after the wooden templates are located on the curved 

shell plates’ frame lines (the lines showing the design data), the angle between their 

perspective sticks, the grade of the gap between the wooden templates’ bottom line 
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and the curved shell plate are strictly observed by workers. Based on the 

quantitatively immeasurable check-with-eyes results, how to decide the heating 

and cooling areas of the following processing is still uncertain. Different people may 

have different answers here because a lot of tacit knowledge such as the processing 

rules and habits which are hardly discovered or educated exist. Therefore, the 

variation in after-processing shapes arises and may cause the gaps between the 

curved shell plates for the following heating sealing process, and the construction 

schedule’s extension. 

This thesis presents a software system, Virtual Template System for virtualizing 

curved shell plate’s manufacturing process using virtual templates and laser 

scanner. The system generates design data-based virtual templates which have the 

same shape as the real wooden templates, extracts curved shell plate from 3D point 

cloud data measured by laser scanner using system MS. Then the generated virtual 

templates are located onto the extracted point cloud, and finally two views including 

curvature evaluation view and torsion evaluation view which help the workers to 

decide the heating area for the following processing are provided as shown in Figure 

4-9. Besides, the whole process is automated. 
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Figure 4-9 Heating forming supporting 

 

The main difficult points in the proposed method above are as below. 

(1) During the registration process, applying ICP algorithm directly to the 

virtual templates and the measured point cloud may cause the wrong 

matching directions of the two data. 

(2) Even knowing the areas which have relatively big curvature errors, how to 

arrange the heating lines is still unknown. 

(3) It cost too much time to arrange the virtual templates onto the proper 

positions on the plate. 

(4) The heating grade at each heating area is unknown. 

(5) It is too hard for the workers to operate the virtual templates on computer. 
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There are many improvements based on the classic algorithms in the proposed 

framework solving the problems mentioned above respectively.   

 

 This research proposes a registration direction pre-setting method before 

applying the ICP registration method. 

 Since the roller lines are designed along with the torsion of the curved shell 

plate, it is effective to apply heating along with the roller lines to keep the 

right torsion. Therefore, this research matches the 2D roller lines onto the 

extracted plate’s point cloud to help the workers design the right heating 

lines. 

 This research proposes an automatic template arrangement and torsion 

evaluation method which dramatically reduces the template arrangement 

time of every manufacturing step. 

 Heating lines with heating grades (heating time of each heating line) by using 

a float points-window for the curvature error calculating of each frame is 

provided. 

 A virtual template operation interface is developed to help the workers 

operate the virtual templates as they used to do with the real wooden 

templates and observe the automatically analyzed results more easily. 

 

4.3.5. Problem definition for knowledge elicitation and dissemination 

A major problem in the curved shell plates’ manufacturing is that the design of 

the manufacturing plan heavily depends on the implicit knowledge, habits and 

experience of the workers. Manufacturing plans including different heating technics 

(point heating, curve heating, and line heating) and complicated heating 

combinations vary according to the knowledge and skills of the craftsman in charge 

of the plate even for the same design shape. In other words, the current practice 

highly depends on the individuals and there is a risk to lose the knowledge and 

skills at the time of their retirement. Also to avoid inaccurate distorted output 

shapes and troubles in the subsequent heat sealing process, the tacit knowledge and 
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skills for bending plates must be elicited, shared and reused in daily operation.  

 

 

Figure 4-10 Knowledge elicitaiton and dissemination 

 

The main problems existing in the curved shell plates’ manufacturing process can 

be divided as below: 

(1) The common guidelines such as which kind of heating technic should be 

used under certain situation.  

(2) The interviews for the knowledge elicitation cannot be conducted during 

the manufacturing for most of the times. 

This thesis developed an interview based RDR knowledge model working with the 

virtualized manufacturing scenarios solving the problems above respectively: 

It aims at capturing the correlations between the 3D parameters describing the 

curved shell plate’s situations and the relevant manufacturing plans designed by 

the expert workers. The extracted rules can be virtualized as shown in Figure 4-10.     
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4.3.6. Automation of measurement and analysis flow 

In order to make the whole framework easier to be used by workers, the 

automation engine of measurement / analysis flow sends every system operation 

command instead of manually using the function of operation system. Therefore it 

can detect and control both the system and the scanner, and makes the system 

completely automated.  

The engine’s workflow follows the setting files which are prepared by the 

shipyard’s administrator. As shown in Figure 4-11; what the workers need to do is 

just select a few items by pushing some buttons. The design and the development of 

this engine are specifically explained in the appendix of this thesis. 

 

 

4.4. Software architecture of the proposed framework 

The proposed systems are all embedded in a 3D point cloud platform called Pupulpit 

 

Figure 4-11 Automation engine 
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developed in C# provided by UNICUS Co., Ltd.. The user can explicitly change the parameters 

to adjust the balance between the processing accuracy and the efficiency.  

As shown in Figure 4-12, the Pupulpit has mainly 2 functions: 

- 3D point cloud viewer 

- 3D polygon mesh viewer 

 

The MS, PSS and VTS as well as the AE all work on the basis of Pupulpit’s 2 

viewers. They exchange the measured plate’s point cloud data and the designed 

shape’s NURBS data with the viewers provided by Pupulpit to display them. There 

are also some other plugins which do not belong to our proposed framework working 

on Pupulpit.  

 

 

AE also exchanges data and commands directly with MS, PSS and VTS to control 

them automatically.  

KBS works as an independent system but receives necessary manufacturing 

scenario data from AE. 

 

Figure 4-12 Software architecture 
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The 2 viewer are based on the library called GLsharp which is a C# version of 

OpenGL. As an out-standing platform, Pupulpit has a customizable user interface. 

Figure 4-13 illustrates the customized user interface of Pupulpit for the proposed 

framework.  

 (A) The workspace for the file list being displayed. 

 (B) The 3D view for the 3D models which can be moved and rotated on this view 

 (C) The properties of the selected model including the points’ count, visibility 

 (D) The plugin executive window 

 

 

The user interfaces of each system proposed in this thesis will be illustrated in 

later chapters respectively. 

  

 

Figure 4-13 Pupulpit user interface 
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Chapter 5 Common pre-processing 

5.1. Measured data with irregular obstacles and variable density 

When measured by laser scanners in the shipyard during the real manufacturing 

process, the 3D point clouds of the curved shell plates usually contain a lot of 

obstacles such as the shadow of wooden templates, the support wood and sometimes 

the workers who are standing on the plate while scanning.  

Within about 200 sets of the measurement results obtained in the shipyard, there 

are over 120 sets which are divided into multiple domains by the obstacles. The 

point cloud segmentation techniques such as the basic region growing method as 

introduced in 3.3.2 cannot be applied directly to these data. It is necessary to extract 

and integrate these domains one by one manually. 

The obstacles are not the only problem existing in the plate measurement process, 

due to the relative position of the plate and the laser scanner and the scan angles of 

the laser, the density could vary dramatically in the point cloud which causes the 

improper plate extraction results.  

Also, the shipyard requires high measurement and analysis speed to reduce the 

time cost during the manufacturing. However, every single shot of one curved shell 

plate including obstacles could have over 5,000,000 points, only to prepare the 

normal vectors of all the points as a pre-process of the region growing can cost a lot 

of time. 

Though as introduced in Chapter 2, different kinds of registration method of the 

point cloud and design surface is developed in the related researches. There is still 

not a fully automatic registration when there is not a clear overlap between the two 

data. 

An automatic, efficient and effective plate measurement system which can extract 

the point cloud of the plane from the measured data with obstacles, and a fully 

automatic registration method with the automatic overlap pre-setting are expected.  
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Figure 5-1 Measured data with irregular obstacles 

 

5.2. Overview of curved shell plate’s measurement 

To construct an environment which can capture and store the manufacturing 

scenarios for the subsequent manufacturing plan analysis, the optimization and 

labor saving during the measurement are required.  

As a basic image processing algorithm, the region growing method introduced in 

Chapter 3 can only extract continuous domains, and the integration of these 

separated domains is manual. It is necessary to develop a more efficient and 

effective plate extraction method which can also recognize the multiple domains of 

the curved shell plate’s point cloud data divided by the obstacles or the shades of the 

obstacles. The process should be totally automated and fast enough to support every 

manufacturing step within the workers’ toleration (1 - 3 minutes).  

In addition, the fully automatic registration method of the measured point cloud 

and the plate’s design surface is also an important pre-process of the plate’s 

measurement. 

 

5.2.1. Plate extraction prototype 

As shown in Figure 5-2, this thesis proposes a plate extraction prototype (Sun, J.Y. 

PLM2014) consisting of two main processes: the continuous domain extraction 

which extracts the small separated domains from one single seed point and the 
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separated domain recognition which decides if an extracted domain is from the 

same component as the other ones.  

 

 

Figure 5-2 Plate extraction prototype 

 

5.2.1.1. Continuous domain extraction 

The continuous regions are extracted by the region growing method introduced in 

3.3.2. Region growing method is generally executed for meshed point cloud. 

However meshing point cloud requires more computational time. So in this system, 

the method is executed directly towards point cloud data.  

The count 𝑁𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟 of the neighborhood points searched for the next growing is 

set to 20, 30 or 40. For every scan setting, 10 sets of point clouds are measured. And 

then region growing using different 𝑁𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟 is conducted. The final 𝑁𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟 is 

selected in the ones which result into the right extraction result. When there are 

two or more 𝑁𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟 qualified, the biggest one will be chosen. 

After the right 𝑁𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟 is decided, the threshold of the similarity of the normal 

vectors 𝑇𝐻𝑛𝑜𝑟𝑚𝑎𝑙 is set to 0.995, 0.996, 0.997 or 0.998. Also, for every scan setting, 
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10 sets of point clouds are measured. And region growing using different 𝑇𝐻𝑛𝑜𝑟𝑚𝑎𝑙 

is conducted. The final 𝑇𝐻𝑛𝑜𝑟𝑚𝑎𝑙 is selected in the ones which result into the right 

extraction result without failure. When multiple 𝑇𝐻𝑛𝑜𝑟𝑚𝑎𝑙 are qualified, the biggest 

one will be chosen. 

The limit of the region growing times (recursions) is set to 1000 considering the 

biggest plate under high density.  

 

5.2.1.2. Separated domain recognition 

To recognize the neighbor domain which belongs to the curved shell plate too, the 

edges of the already extracted domains are detected first. Then the neighbor points 

of these edges from the point cloud are judged under some constraints to see if they 

belong to the curved shell plate. Once a qualified neighbor point is found, the 

continuous domain extraction will be conducted toward this point. This process 

repeats itself until there is no neighbor point.  

The figure below shows the flow of the developed plate extraction engine. The 

common domain judgment is conducted here to decide if any neighbor domain is of 

the same component as the continuous domain extracted firstly. 

 The basic region growing method introduced in 3.3.2 is used to do the continuous 

domain extraction, and 4th curve surface fitting of the neighbor points is used to 

decide the right region growing seed for the next domain (Hiekata, K., Sun, J. 

JASNAOE2011) .  

Multiple problems exist in the engine mentioned above,  

- Cost too much time when the point cloud data is too big. 

- Accidently grow into wrong area which is not part of the curved shell plate. 

In this study, a lot of improvements are made to solve these problems from 

different sides. 
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Figure 5-3 Flow of developed plate extraction prototype 

 

5.2.2. Originalities for higher speed and lower failure 

In this research, a lot of improvements based on the classic region growing method and the 

curved surface common domain recognition is made to make the extraction more effective and 

fast. 

 

 

Figure 5-4 Continuous domain extraction 
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As shown in Figure 5-4, the proposed continuous domain extraction method is based on a 

basic point cloud processing method called region growing method discussed in 5.2.1, which 

repeats the process of calculating the normal vector at each neighbor point of the seed point, 

extracting the neighbor point which has a similar normal vector as the seed point and setting the 

extracted neighbor point as the next seed point. The growing process ends when the normal 

vectors have relatively dramatic changes. To make the neighbor search more efficient here, a 

space-partitioning data structure, k-d tree, is constructed using the scanned point cloud data for 

organizing points in a k-dimensional space recursively. 

As a necessary pre-process of the basic region growing method, normal vector calculation of 

every points existing in the measured point cloud was conducted. In this section, a specially 

designed float normal vector calculation window is used to shorten the calculation time. 

When the point cloud’s density varies dramatically, to calculate the normal vector of a seed 

point using its neighbor points, plane fitting method using all the neighbors equally may cause 

unrepresented results. Normal vector calculation method considering point cloud’s density is 

developed.  

Also, to avoid improper growing into points that are too far from the seed such as the floor 

near the component, points which are used to do the plane fitting have to be seriously selected 

under certain constraints.  

 

 

Figure 5-5 Separated domain judgement  
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At last, as shown in Figure 5-5, to better recognize the neighbor domain, the judgement 

standards of the separated domains are redefined into the extend curve fitting and comparison as 

an extension the 4
th
 curved surface fitting and comparison. 

 

5.3. Float region growing candidate selecting and plane fitting 

To save the normal vector calculation and comparison time for the continuous 

domain’s region growing, in this study, the point candidates for the next growing 

seed are carefully selected following the following procedure.  

As shown in the figure below, distance from the gravity center 𝑮𝒏  of the 

candidate neighbors, distance from the gravity center 𝑮𝒆 of extracted points 𝑷𝑪𝑫𝒆 

and distance from the fitted plane of 𝑷𝑪𝑫𝒆  are considered when select the 

candidate seed for the next growing step.  

 

 

Figure 5-6 Float normal vector calculation window  

 

Only the points which are relatively outside of the neighbors and relatively close to the 



Common pre-processing 

116 

 

extracted point cloud are considered to be the next growing entry candidates. Thus, as shown in 

Figure 5-6, the gravity point 𝑮𝒆 of the extracted points and the gravity point 𝑮𝒏 of the 

neighbors are calculated, and the distances 𝑑𝑖
𝑛

 , 𝑑𝑖
𝑒
 and 𝑑𝑖

𝑝
 are computed for every point 

𝑷𝒊 of the neighbors. Support there are totally m points in the neighbors and l points in the 

extracted points, only when 

𝑑𝑖
𝑛 > 𝑏 

𝑡ℎ𝑟𝑒𝑠ℎ
×  ∑ 𝑑𝑘

𝑛𝑚
1  /𝑚                     (1)  

𝑑𝑖
𝑒 < 𝑏 

𝑡ℎ𝑟𝑒𝑠ℎ
×  ∑ 𝑑𝑘

𝑒𝑙
1  /𝑙                       (2)  

𝑑𝑖
𝑝 < 𝑏 

𝑡ℎ𝑟𝑒𝑠ℎ
×  ∑ 𝑑𝑘

𝑝𝑙
1  /𝑙                       (3) 

 

is the point 𝑷𝒊 considered to be the next growing entry. 𝑏 
𝑡ℎ𝑟𝑒𝑠ℎ

 is a thresh value between 

0 and 1. In this thesis, 𝑏 
𝑡ℎ𝑟𝑒𝑠ℎ

 is set to 0.74 according to the extraction test to 3 sample data 

measured under the designed experiment condition. . 

In this research, the normal vector calculation window is floatable while the region growing, 

and only the normal vectors belong to or close to the plate are calculated, therefore, the 

calculation time is dramatically reduced than the normal region growing method. 

To avoid improper growing into points that are too far from the seed such as the 

floor near the component, points which are used to do the plane fitting have to be 

seriously selected under certain constraints. The distance d between the point being 

evaluated and the extracted points is checked to decide if this point should be 

considered to be part of the domain or not. In this paper, two planes are fitted for 

the normal vector calculation and the distance d’s calculation respectively as shown 

in Figure 5-7. The point 𝑷𝒋 is the point being evaluated. Since plane1 is used to 

calculate the normal vector of the point 𝑷𝒋, it is fitted using all the neighbor points 

𝑹𝟏  with no concern about whether they are already recognized as part of the 

domain or not. Normal vector comparison can only evaluate the direction trend here 

at 𝑷𝒋. The distance d should also be considered to avoid growing to an area not part 

of the domain but only has a slight difference in normal vector comparison result. 

plane2, which is used to evaluate the distance d, is calculated using only the points 

𝑹𝟐 which are already recognized as part of the domain. 
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Figure 5-7 Points used to do plane fitting (Sun, J.Y., IJCC, 2014) 

 

5.4. Weighted normal vector calculation considering point cloud’s density 

When the point cloud’s density varies dramatically, to calculate the normal vector 

of a seed point using its neighbor points, plane fitting method using all the 

neighbors equally may cause unrepresented results.. As shown in Figure 5-8, to 

determine whether 𝑷𝟒 belongs to the same region as 𝑷𝒊 (𝑖 = 1,2,3), normal vector 

calculation is performed on it. Since the density at 𝑷𝒊 (𝑖 = 5,6,7) is lower than that 

at 𝑷𝒊 (𝑖 = 1,2,3), the normal vector of no weighted plane (plane 3) will be outputted 

as in Fig. 3. Obviously, it cannot represent the normal vector at 𝑷𝟒 , and is 

dramatically differed from the normal vector at 𝑷𝟐 . Therefore, the growing is 

terminated without 𝑷𝟒  being included while 𝑷𝟒  actually belongs to the same 

region as 𝑷𝒊 (𝑖 = 1,2,3). 

And according to Enomoto, M. (2012), the errors of the laser scanner follow the 

Gaussian distribution. Thus, to calculate the normal vector at each neighbor point 

and the seed point, weighted plane fitting (plane 4) conducted in this paper. By 

using the weighted plane fitting, the weighted sensitivities based on the distances 

from the point being evaluated are applied to the points which are used to fit the 

plane. This subsection used both the basic plane fitting using least square 

regression discussed in 3.3.4.1 when the point cloud’s density is invariant, and the 

weighted plane fitting introduced in 3.3.4.2 when the point cloud’s density varies 

dramatically. 𝑒𝑥𝑝(−
𝑑2

ℎ2) is used to calculate the weight 𝑤𝑖. Here d is the distance 

between the point being evaluated 𝑷𝒆𝒗𝒂 and the points which used to fit the plane 

for calculate the normal vector. h is decided as the 2 to 4 times of the average 
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intervals in the point cloud. The qualified h is decided by conducting about 10 sets of 

measurement and extraction. Within the ones which can result into proper 

extraction results, the smallest one is chosen. 

 

 

Figure 5-8 Normal vector calculation considering point cloud’s density (Sun, J.Y., 

IJCC, 2014) 

 

5.5. Judgment standards of the common domain recognition 

Figure 5-9 shows the flow of the redesigned common domain judgment process. 

First, one single seed  𝐏𝐬𝐞𝐞𝐝 on the component is selected randomly, and then the 

continuous domain is computed by a region growing method illustrated above. The 

second step, highlighted in gray, has the same processing as the process discussed 

in 5.3, and 5.4. Neighbor points 𝐑𝐧𝐞𝐢𝐠𝐡𝐛𝐨𝐫𝐬 are calculated for every point of the 

extracted continuous domain’s boundary  𝐏𝐛𝐨𝐮𝐧𝐝𝐚𝐫𝐲 . Then the neighbor points 

𝐑𝐧𝐞𝐢𝐠𝐡𝐛𝐨𝐫𝐬
𝐢  are obtained for point 𝐍𝐢  in 𝐑𝐧𝐞𝐢𝐠𝐡𝐛𝐨𝐫𝐬 . For all the points 𝐃𝐣

𝐢 in 

𝐑𝐧𝐞𝐢𝐠𝐡𝐛𝐨𝐫𝐬
𝐢 , the common domain judgment, which will be introduced later, is 

performed to decide whether 𝐍𝐢 can be chosen as a seed point of another domain of 

this component. Also, this process is recursively repeated until all the points of the 

component are extracted successfully. 
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Figure 5-9 Measured data with irregular obstacles (Sun, J.Y., IJCC, 2014) 

 

Figure 5-10 illustrates how common domain judgment works. Domain A is first recognized 

by the method in 2.1. For every edge point of domain A, 4th curved surface fitting and b-Spline 

curve fitting, which is widely used in designing free-form surface of ships, are performed to 

decide if the degree of judgment Yj
i of point 𝐃𝐣

𝐢  is true (1) or false (0). Only when the sum of 

all Yj
i is greater than the threshold, is the point 𝐍𝐢 selected as a seed point to start another 

domain’s (domain B) growing process. 
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Figure 5-10 Common domain judgment (Sun, J.Y., IJCC, 2014) 

 

As shown in Figure 5-11, in this process, 4
th
 curved surface equation is used to fit the 

curved surface around the edge point of the extracted domain A. 𝐃𝐣
𝐢  is checked to see whether 

it belongs to the curved surface 𝐒𝐟𝐢𝐭𝐭𝐞𝐝 or not.  

If only 𝐃𝐣
𝐢  passes the curved surface check, the b-spline curved line check is conducted. 

Here 𝐏𝐢 is the control point.  

 

 

Figure 5-11 Fitted curve and measured curve (Sun, J.Y., IJCC, 2014) 

 

Four points (𝐃𝐣
𝐢 ,𝐏𝐞𝐝𝐠𝐞, 𝐏𝐦𝟏,𝐏𝐦𝟐 ) are taken as the control points of the b-spline line. 

𝐏𝐞𝐱𝐭𝐞𝐧𝐝𝟏 and 𝐏𝐞𝐱𝐭𝐞𝐧𝐝𝟐 are two points on the extension line of |𝐃𝐣
𝐢 𝐏𝐞𝐝𝐠𝐞|, and 𝐏𝐦𝟏,𝐏𝐦𝟐 are 
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their nearest points in domain A. After b-spline curve 𝐂𝐟𝐢𝐭𝐭𝐞𝐝 is calculated out, the nearest 

points in domain B are obtained for the points of 𝐂𝐟𝐢𝐭𝐭𝐞𝐝. The group of these nearest points is 

𝐂𝐦𝐞𝐚𝐬𝐮𝐫𝐞𝐝. Only if the average of every pair’s distance between 𝐂𝐟𝐢𝐭𝐭𝐞𝐝 and 𝐂𝐦𝐞𝐚𝐬𝐮𝐫𝐞𝐝 is 

smaller than the threshold, can the degree of judgment Yj
i of 𝐃𝐣

𝐢  be set to true. 

 

 

Figure 5-12 Extraction process of plates separated by obstacles 

 

The extraction process of the plates which are separated by obstacles is shown in Figure 

5-12. A seed point is firstly selected from a single domain of the plate so that this continuous 

separated domain can be extracted. Then the edges of this domain are detected and curves are 

extended from these edge points to their neighborhood points on the neighbor domains. Only 

when the neighbor domains pass the common domain judgement standard, the neighbor 

domains can be recognized as also parts of the plates. This loop repeats itself until all the 

domains of the plate are extracted successfully. 

The count 𝑇𝐻𝑗𝑢𝑑𝑔𝑒 of the sum of all Yj
i is set to 0.71, 0.72, 0.73, 0.74 or 0.75. For 

every scan setting, 10 sets of point clouds are measured. And then region growing 

using different 𝑇𝐻𝑗𝑢𝑑𝑔𝑒  is conducted. The final 𝑇𝐻𝑗𝑢𝑑𝑔𝑒  is selected in the ones 

which result into the right extraction result. When there are two or more 𝑇𝐻𝑗𝑢𝑑𝑔𝑒 

qualified, the smallest one will be chosen. 

 

5.6. Registration method with direction pre-setting  

As shown in Figure 5-13, this thesis proposes an efficient registration method 

involving parallel transformations using the center of gravity of the two data sets, 
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the pre-setting of the registration direction and the traditional ICP registration, an 

algorithm employed to minimize the difference between two clouds of points. 

To register the measured point cloud to the designed data, a parallel 

transformation using the center of gravity of both data sets is conducted using the 

equation below. Here the P represents the point from the measured data. 𝐆𝐝 and 

𝐆𝐦 are the centers of gravity of the designed perimeter and measured perimeter 

respectively. 

   𝑷, = 𝑷 + (𝑮𝒅 − 𝑮𝒎)                                                                         (3) 

 

 

Figure 5-13 Registration flow 

 

In practice, as shown in Figure 5-14, the registration method Iterative Closest 

Point stands a good chance of getting an obviously wrong output if the registration 
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is started from an improper direction. 

 

 

Figure 5-14 Inverted registration result (Sun, J.Y., IJCC, 2014) 

 

To solve this problem, before ICP algorithm is conducted, after three directions of 

the inertia principal axes are calculated to find the proper registration start 

direction with the minimum displacement. Firstly, the inertia tensor I is calculated. 

The three eigenvectors of I are the inertia principal axes as shown in Figure 5-15. 

As expressed in the following equation, the measured point cloud P is registered 

to the design data according to multiple ways. The registration direction with the 

minimum displacement is chosen to be the original direction to conduct the ICP 

algorithm. Here 𝑹𝒅 and 𝑹𝒎 are the eigenvectors’ set of the design data’s and the 

measured data’s inertia tensor I respectively. 
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Figure 5-15 Inertia principal axes (Sun, J.Y., IJCC, 2014) 

 

𝑷′ = 𝑹𝒅
𝑇  × 𝑹𝒎  × 𝑷                             (5) 

𝑹𝒅 = (𝒆𝒅𝟏, 𝒆𝒅𝟐,𝒆𝒅𝟑)    ,     𝑹𝒎 = (𝑎𝒆𝒎𝟏, 𝑏𝒆𝒎𝟐,𝑐𝒆𝒎𝟑)     a = {1, −1}, b = {1,−1}, 𝑐 =  {1, −1} 

 

To save the calculation time of ICP, the ICP is firstly conducted toward 100 corresponding 

points, and then 1000. At last, all the points in the point cloud are used. The corresponding 

points of the measured points are found by doing the projection of these points onto the design 

surface of the plate. 

 

5.7. Development of MS 

The parameter setting interface for the plate measurement system is as shown in Figure 

5-16. How to set these parameters are discussed in the sub-sections above. For every scan 

setting, parameters that can be customized are as below:  

- The count of the neighbor points used in the region growing method 𝑁𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟 

- The value h used to calculate the weighted plane (the Gaussian’s attenuation degree) 

- The threshold of the similarity of the normal vectors 𝑇𝐻𝑛𝑜𝑟𝑚𝑎𝑙 

- The 𝑏𝑡ℎ𝑟𝑒𝑠ℎ in 5.3 

- Whether to calculate the normal vectors  

- The limit of the region growing times 

- Whether to recognize the separated domains 

- The threshold of the sum of all Yj
i in 5.5 𝑇𝐻𝑗𝑢𝑑𝑔𝑒 

- Whether to display the progress of the separated domain recognition 
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- The start seed point of the region growing method 

  For one fixed scan spot, there is no need to change the parameters listed above every time. If 

the administrator of the shipyard relocated the scanner or the scan spot, they can just modify the 

configuration files which will be illustrated in Appendix to adapt the new environment. 

 

 

Figure 5-16 User interface of MS 

 

5.8. Summary 

In this chapter, the features of the measured curved shell plates’ point clouds and 

the problems existing in the curved shell plates’ extraction are explained at first. 

Then the developed plate extraction prototype which uses plain region growing 

method and common domain recognition is introduced. To achieve higher speed and 

reduce the failure rate during the extraction, huge improvements are made as 

below: 

For the continuous domain extraction, the float normal vector calculation 

window is used instead of calculating the normal vectors of all the points. Also the 
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region growing seed candidates are carefully selected to reduce the calculation time 

to an acceptable level in the shipyard. On the other hand, to reduce the failure rate 

during the extraction such as accidently growing into the points which do not belong 

to the plate, different points selection method are applied to the plane fitting of 

different purposes. And to avoid improper stop during the failure caused by variable 

density existing in the point cloud, the normal vector calculation in consideration of 

the point cloud’s density is introduced.  

For the separated domains recognition, the judgement standards of the common 

domain are discussed which is aimed to the efficient and effective recognition and 

extraction of all the domains which belong to the plate under different conditions.    
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Chapter 6 Cold forming supporting 

6.1. Overview of the cold forming supporting framework 

As shown in Figure 6-1, the convention method of evaluating the plate’s shape 

during the cold forming is to check the gaps between the wooden templates and the 

plate when trying to fix them on the plate. The ends’ displacements of the wooden 

templates and the plates are observed, when the sum of these displacements is 

smaller than the threshold, the plate is judged as finished and forwarded to the 

subsequent heating forming. 

 Three main problems as below exist in nowadays’ cold forming process of the 

curved shell plate.  

- The evaluation of the curved shell plate’s shape after every press step using 

wooden templates cost a lot of time and efforts. 

- Only the frame areas can be evaluated by using the wooden templates. Areas 

without frames (where wooden template is fixed) cannot be evaluated. 

- The evaluation of the curved shell plate’s perimeter may be not accurate and 

also cost time and efforts. 

 

 

Figure 6-1 Convention of cold forming evaluation using wooden template 
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Therefore, the Press Support System (PSS) cooperating with the Plate 

Measurement System (MS) is developed to solve these two problems.  

As shown in Figure 6-2, the developed PSS has two kinds of input data: 

- The extracted plate’s point cloud 

- The design target point cloud of the cold forming process 

The plate’s point cloud is firstly extracted using the MS, and the design target 

point cloud of the cold forming process represents about 70% ~ 80% curvature 

degree of the final shape of the curved shell plate (the rest 20% ~30% is supposed to 

be deformed in the heating forming process ). 

  

 

Figure 6-2 Overview of the Press Support System (PSS) 

 

PSS firstly does the registration of the two input data. Then based on the 

registered design point cloud and measured point cloud, the distance errors between 

the two data are calculated and transformed into the color map and histogram by 
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the press evaluation engine for the workers. At the same time, the perimeters of the 

measured point cloud and design point cloud are calculated by the perimeter 

evaluation engine and the errors are also displayed in the message box shown in the 

3D view of the point cloud. 

 

6.2. Pre-process and registration  

The registration of the design point cloud and the measured point cloud uses the 

ICP method introduced in 3.3.6.  

Due to the varying density existing in both the design point cloud and measured 

point cloud, to avoid the improper registration result, the average density thinning 

of the two data is conducted as a necessary pre-process as shown in the following 

figure. 

The concrete procedure of thinning is described following. 

a. Principal component of the surface part is analyzed and it is divided into 

two equal parts by a plane which is vertical to the first principal 

component vector. 

b. The operation a is repeated for the other divided parts until the number of 

points from each separated part becomes less than a fixed threshold. 

c. A set of each part’s gravity center is considered as thinned points of the 

surface part. 

 

 

Figure 6-3 Point cloud thinning 
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6.3. Press evaluation method 

The basic concept of the convention of the shape evaluation during the cold 

forming is to find out the areas with the big displacement from the design surface in 

form of wooden template. This research proposes a method to calculate these 

displacements and visualize them in the form of color maps and histograms. 

As shown in Figure 6-4 (left), the distance error 𝑑𝑒𝑟𝑟𝑜𝑟 of the design point being 

evaluated 𝑷𝒆 is found by calculating the distance between the nearest point 𝑵𝒆 of 

the measured point cloud from 𝑷𝒆. This method is only effective when the design 

point cloud and measured point cloud have the similar density, otherwise, the 

calculated 𝑑𝑒𝑟𝑟𝑜𝑟 cannot represent the distance error between the two data, and the 

result color map will be as shown in the left bottom of the following figure.  

To solve this problem, the design plane is fitted towards to the nearest points of 

the measured point cloud from the design point being evaluated 𝑷𝒆
′  using the 

basic plane fitting method introduced in 3.3.4.1. Then the distance between the 

design point being evaluated 𝑷𝒆
′  and the fitted design plane is calculated as the 

distance error of 𝑷𝒆
′ . This method can also be applied to the input data with 

different densities. 

 

 

Figure 6-4 Distance error calculation 
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The developed press evaluation engine outputs the distance color map generated 

based on the calculated distance errors between the design data and measured data, 

and the histograms about the distribution of the distance errors as shown in Figure 

6-. The color map helps workers to get an intuitive idea of the plate’s shape by 

displaying the distance errors in the gradation way. The mean μ and standard 

deviation σ are calculated, the one-dimensional gradation is implemented as that 

the points around μ are displayed in green, the points having the value over μ +  σ 

is always displayed as red, and the points having the value under μ −  σ  is 

displayed as blue. The outputted histogram helps the workers to grasp the amount 

of the errors. The horizontal axis represents the levels of the error; the vertical axis 

shows the amount of the points corresponding to this level.  

The ratio of the points with displacements smaller than the threshold set by 

workers is used to judge if a plate is finished or not after the cold forming. 

 

6.4. Perimeter evaluation method 

 

Figure 6-5 Perimeter calculation flow 
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The perimeter evaluation engine calculates and displays the perimeter values of 

the measured data and the design data. As shown in Figure 6-5, after the design 

data and measured data are registered together, the measured plate’s perimeter is 

calculated by fitting a B-Spline curve (3.3.5.2) based on the edges of the point cloud. 

Then the design shape’s perimeter is calculated by interpolating a Lagrange curve 

(3.3.5.1) based on the edges of the thinned design point cloud. 

 

6.5. Development of PSS 

The user interface of the press evaluation engine is as shown below: 

The user or the automation engine has to select  

(1) The point cloud to be moved (the design point cloud) 

(2) The point cloud staying at the original position (the measured point cloud) 

(3) The threshold of the displacement 

This manual operating can be automatized by using the automation engine 

introduced in the appendix. The evaluation result is displayed to the workers as 

shown in the figure below. 

 

 

Figure 6-6 Press evaluation user interface 
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The user interface of the perimeter evaluation engine is as shown below: 

The user has to select  

(1) The point cloud to be moved (the design point cloud) 

(2) The point cloud staying at the original position (the measured point cloud) 

This manual operating can also be automatized by using the automation engine 

introduced in the appendix. The evaluation result is displayed to the workers as 

shown in the figure below. 

 

 

Figure 6-7 Press evaluation user interface 

 

6.6. Summary 

In this chapter, the problems existing in the cold forming process (press process) 

and the expectations of the workers are explained first. Then the pre-process and 

registration of the design data and the measured data are introduced. Based on the 

registered data, the displacement errors of the two data are calculated and 

displayed in the readily comprehensible way; the perimeter values are also 
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computed and displayed after the edges of the two data are found by curve fitting 

and curve interpolation. 

 

 

Figure 6-8 Generated interfaces for observation of cold forming manufacturing 

 

By achieving the items mentioned above, the press support system meets most of 

the conditions in the shipyard’s practical way to use, and as shown in the figure 

above, the necessary parameters used in the manufacturing convention can all be 

observed on system instead of using the wooden templates. 
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Chapter 7 Heating forming supporting 

7.1. Overview of the heating forming supporting framework 

Figure 7-1 shows the convention of the decision making during the heating forming 

using the real wooden templates. To decide the heating areas and heating grades, 

the gaps between plate and wooden templates, the extent of the shaking of each 

wooden templates and the smoothness of the plate when trying to touch the surface 

are observed by human eyes. The heating technics are decided by observing the 

wooden templates which are arranged on the plate through multiple directions. The 

angles between the templates’ sticks, the distances between the tops of the 

templates and the upper representative plane, and the gaps between the template 

and the plate are observed. At last, the ends’ displacements between the templates 

and the plates (when the sticks of the templates pass a same plane) are used to 

decide if the plate is finished or not.  

 

 

Figure 7-1 Convention of the heating forming decision making using wooden templates  
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As discussed in 4.1, a lot of problems exist in the heating forming process of the 

curved shell plates. To solve these problems, this research virtualizes the heating 

forming process on computer in real time for every manufacturing step of the curved 

shell plates. As shown in Figure 7-2, there are three input data for the Virtual 

Template System:  

- Frame design point cloud 

- Raw measured point cloud of curved shell plate 

- 2D roller line design point cloud 

The frame design point cloud represents the 3D design shape of the curved shell 

plate where the wooden templates are put. The 2D roller line point cloud represents 

the lines along which the heating is usually applied to avoid destroy the right 

torsion of the curved shell plate. The frame point cloud and the 2D roller line point 

cloud are both from the ship’s design data. And another input data is the measured 

raw point cloud data which is obtained from the laser scanner.  

At first, virtual templates are generated from the frame design point cloud; the 

plate’s point cloud data is extracted from the measured raw point cloud including 

obstacles using the Plate Measurement System (MS); the 2D roller line data is 

matched to the registered virtual templates and plate’s point cloud. Then the 

system calculates the simplest manufacturing plan with the heating grade, and 

automatically arranges the virtual templates on the plate’s point cloud to detect the 

torsion situation of the curved shell plate for every manufacturing step. At last, two 

views as below are generated for the workers to grasp the situation of the curved 

shell plate and decide the manufacturing plan (heating plan) for the next 

manufacturing step. 

- Torsion evaluation view 

- Curvature evaluation view 

In this chapter, the virtual template prototype is developed first by 

implementing some classic algorithms and the problems existing in importing this 

prototype into the shipyard are introduced. Then the original points based on these 

classic methods and the new virtual templates’ operation interface will be 

discussed.  
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Figure 7-2 Overview of Virtual Template System (VTS)  

 

7.1.1. Virtual template prototype  

This thesis proposes a virtual template prototype (Sun, J.Y., ICCAS2013) to 

virtualize the wooden template on computer and calculate the curvature errors 

along each frame where the wooden templates are put.  

As shown in Figure 7-3, the system involves the extraction of curved shell plate’s 

real shape from the point cloud measured by laser scanner; the virtualization of 

curved shell plate’s wooden template and the manufacturing environment; the 

automatic suggestion of the manufacturing plan by calculating the curvature 

differences between the virtual templates’ bottom line and the measured data. 
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Figure 7-3 Virtual template prototype (Sun, J.Y., ICCAS2013) 

 

7.1.1.1. Virtual template generating 

Four to six wooden templates per plate are usually used to do the plate’s 

evaluation and the manufacturing plan’s design. Workers put them on the plate and 

observe the two planes: the plane formed by the upper points of the wooden 

templates’ sticks and the plane formed by wooden templates’ sticks themselves. If 

the plate is finished, these two planes would be perfectly fitted with no gap between 

it and the sticks. Otherwise, the gaps and angles between the sticks and the plane 

will be used to design the following manufacturing plan.  Virtual template 

prototype is designed to generate the virtual templates with the same features of 

the real ones.  

The bottom line of the virtual template is generated from the 3D coordinates of 
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the frame’s design data which is part of the ship’s design data using 3D Lagrange 

interpolation. Then the representative upper plane and the perspective plane are 

defined to determine the position of the virtual template’s perspective stick.  

The representative upper plane which all the upper endpoints of the virtual 

templates’ perspective sticks pass is firstly generated as shown in Figure 7-4. First, 

the normal vectors 𝒗𝒌 of the kth frame line’s center 𝑷𝒎𝒌 are calculated and added. 

The sum is normalized and multiplied by a fixed distance H and the result is set to 

be H𝑽′. Next, plane fitting is performed for the curved shell plate’s frame point 

group 𝑭𝑳𝒌. The representative upper plane of virtual template group is generated by 

moving the obtained plane using H𝑽′ as shown in Figure 5. 

In practice, the evaluation of the curved shell plate in manufacturing is 

performed by checking the position of the virtual templates’ perspective plane. The 

definition of the perspective plane is made for virtual templates too. The center 

point 𝒑𝒎𝟏 of 1st frame line is projected on the representative upper plane, and 

projecting point 𝒑𝒑𝒓𝒐𝒋 is obtained. Then the perspective plane is defined by 𝒑𝒎𝟏, 

𝒑𝒑𝒓𝒐𝒋  and the center point 𝒑𝒎𝟐 of the 2nd frame line. The generated virtual 

templates with the same perspective plane as a real wooden templates group are 

drawn on the computer.  

 

 

Figure 7-4 Virtual templates generating (Sun, J.Y., IJASM, 2014) 
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Finally, the generated virtual templates with the same perspective plane as a 

real wooden templates group are drawn on the computer. During the processing, 

when virtual templates are rotated respectively, the generated perspective plane is 

reconstructed. The distances between the reconstructed perspective plane and the 

virtual templates’ sticks are used to check the plate’s torsion. 

 

7.1.1.2. Registration of the virtual template and plate’s point cloud 

The registration of virtual templates and measured curved shell plate’s point 

cloud data is performed using ICP (Iterative Closest Point algorithm) introduced in 

3.3.6 which is an algorithm employed to minimize the difference between two clouds 

of points. Because the plates have been deformed by using the press machine during 

the cold forming stage, they already have certain curvatures; therefore they can be 

registered to the design data with a relatively high conformity. To solve some 

improper registration results happening when there are missing part in the 

measured plate, the densities vary dramatically, or the obvious differences exist 

between measured plate and the design shape, a registration method with the 

registering direction pre-setting will be proposed later in this thesis.  

After the generated virtual templates and the plate’s point cloud are registered 

together, the nearest neighbor points in the measured point cloud from the planes 

fitted using the design frames are extracted. Curves are fitted using the extracted 

points respectively as the measured frames. 

 

7.1.1.3. Curvature error calculation 

In practice, it is easy to understand: that heating should be applied to where the 

curvature error is relatively large should be considered to be satisfied first (Scully, 

K. et al 1987). In this paper, the heating factor (manufacturing plan) is basically 

proposed by finding these locations where have relatively big difference in 

curvature from the design data (Kevin, S. 1987 and Bisgaard, C.H. 2000). 

Curvature difference between the virtual template’s bottom line and measured 
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curved shell plate is calculated and colored as the first important output of this 

system. Since the measured frame line is a discrete point group from measured 

point cloud, curve fitting is carried out using a B-spline interpolation.  

Then, the amount of necessary contraction by heating at each frame point is 

calculated for every frame line as shown in Figure 7-5. The section of measured 

frame line and the virtual template’s bottom line are shown in Figure 7-5(left). 𝐻𝑝 

is the plate thickness at this frame line. 1/n part of the frame line is shown in 

Figure 7-5(right). During the plastic deformation, if heat is applied to point 𝑷𝒊, then 

the length 𝑙𝑖 at upper side of plate at point 𝑷𝒊 contracts while the lower side of 

plate expands. And the length 𝑙′𝑖 of the neutral axis displayed by a dotted line does 

not change. Therefore, heat is applied to point 𝑷𝒊 until it becomes design shape (i.e., 

𝑙𝑖 = 𝑙𝑜𝑖). And the necessary surface contraction by heating at each frame point 

required for correction processing is expressed as first formula. The value which 

serves as standard of the necessary thermal at each point of one frame line is 

computed using second formula (Sun, J.Y., JASNAOE2013). 

 

 

Figure 7-5 Curvature error definition (Sun, J.Y., IJASM, 2014) 

 

∆𝑙𝑖 = 𝑙𝑖 − 𝑙𝑜𝑖 =
(𝑅𝑖−𝑅𝑜𝑖)×

𝐻𝑝

2

𝑅𝑖×(𝑅𝑜𝑖+
𝐻𝑝

2
)
 × 𝑙𝑖                      (1) 
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𝜇 =
(𝑅𝑖−𝑅𝑜𝑖)×𝐻𝑝/2

𝑅𝑖×(𝑅𝑜𝑖+𝐻𝑝/2)
> 𝜀𝑡ℎ𝑟𝑒𝑠ℎ                        (2) 

 

At last, the heating line is located between the points with large curvature error 

of the adjacent frame lines (e.g. point 𝑷𝒌,𝒊 and 𝑷𝒌+𝟏,𝒋 which has μ bigger than the 

threshold) according to Wang, Z. et al 2007. 

 

7.1.2. Originalities for the practical usage in shipyard 

In this research, as shown in Figure 7-2, the Virtual Template System (VTS) 

makes a lot of original improvements based on the prototype to satisfy the practical 

use in shipyard.  

 Although the virtual template prototype provided the manual way to arrange 

the virtual templates to the right location on the measured plates. This 

manual process is too inefficient and inaccurate. This section proposes an 

automatic template arrangement and torsion evaluation method which 

dramatically reduces the template arrangement time of every manufacturing 

step. 

 Another improvement is to provide heating areas with heating grades 

(heating time of each heating line) by using a float points-window for the 

curvature error calculating of each frame. 

 During the registration process, applying ICP algorithm directly to the 

virtual templates and the measured point cloud may cause the wrong 

matching directions of the two data. Therefore, this section proposes a 

registration direction pre-setting method before applying the ICP 

registration method as introduced in Chapter 5. 

 2D roller lines’ design data is mapped to the extracted plate for helping 

decide the heating lines. When importing the developed virtual template 

prototype to the shipyards, the workers found that applying heating along 

with the heating lines connecting the points with big curvature errors of the 

adjacent frames may destroy the torsion situation of the plate. Since the 

roller lines are designed along with the torsion of the curved shell plate, it is 
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effective to apply heating along with the roller lines to keep the right torsion. 

Therefore, this section matches the 2D roller lines onto the extracted plate’s 

point cloud to help the workers design the right heating lines. 

 A virtual template operation interface is developed to help the workers 

control the virtual templates as they used to do with the wooden templates 

and observe the automatically analyzed results more easily. 

By achieving the items listed above, the Virtual Template System can meet the 

most practical requirements in shipyard.  

 

7.2. Automatic template arrangement method 

To produce a curved shell plate with exactly the same shape as design, not only is 

the curvature situation at each frame necessary, but the whole curved shell plate’s 

torsion should also be taken into serious consideration (Araki,M. et al 1973). In 

other words, workers can always change their manufacturing plans due to the 

different situations with the torsion. The correlations between the torsion situation, 

the extent of curvature error, and the manufacturing plan designed by workers 

include a lot of tacit knowledge and habits according to Masaki, N. et al (1993).  

To totally virtualize the manufacturing process of curved shell plates on 

computer, the arrangement of the templates which represents curved shell plate’s 

torsion situation should be reproduced in virtual environment as well as the 

curvature error.  

In the case of using real wooden templates, after several times of heating and 

cooling at each heating area, workers often start to care about whether or not the 

torsion goes the wrong way. They will rotate the virtual template to a proper 

position (where the rest parts of template have the minimum sum of distances from 

curved shell plate) on the frame, and check if the perspective sticks pass a same 

plane (perspective plane) as shown in Figure 7-6 (left). If the perspective sticks do 

not pass the perspective plane, it means that improper torsion exists. The improper 

torsion can be evaluated by checking the degrees of the angles between the 

perspective sticks. Also as shown in Figure 7-6 (right), the two templates are 

carefully put on the right location of the plate, then the workers check the angles 
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between the perspective stick of the virtual templates and the average perspective 

plane to check the torsion of the curved shell plates.  

 

 

Figure 7-6 Torsion observation and evaluation (Sun, J.Y., IJASM, 2014) 

 

 

Figure 7-7 Automatic virtual template arrangement 
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Figure 7-8 Part division of the virtual templates’ frames and measured frames 

 

This research developed a method to detect the torsion of the curved shell plates 

automatically which makes torsion evaluation and observation in virtual 

environment possible. As shown in Figure 7-7, firstly, virtual templates’ bottom 

lines and the measured frames of curved shell plates are divided into n parts 

{𝑺𝟏, 𝑺𝟐, … , 𝑺𝒏} and {𝑺𝒐𝟏, 𝑺𝒐𝟐, … , 𝑺𝒐𝒏} as shown in Figure 7-8. Then each part of 

the virtual templates is registered to the location of the corresponding part of the 

measured frame using ICP algorithm. The rotation matrixes {𝑹𝟏, 𝑹𝟐, … , 𝑹𝒏} and 

the transfer vectors {𝑻𝟏, 𝑻𝟐, … , 𝑻𝒏} used in ICP are also applied to the whole 

virtual template 𝐒. Therefore, the virtual templates can be rotated freely on the 

measured frames by applying the following transformed frames {𝑺𝑻
𝟏, 𝑺𝑻

𝟐, … , 𝑺𝑻
𝒏}.   

Every template is rotated on the frame until the sum of every part’s distance 𝑑𝑖 

between the measured frame and the virtual template’s bottom line reaches a 

minimum. Then the angles 𝛼𝑖  between the curved shell plate’s sticks and the 

reconstructed perspective plane are computed and outputted to make the torsion 

situation clear. Also the distances between them and the upper plane are computed 

to check the heating situation in a portrait direction. Therefore, these necessary 

data for the manufacturing plan’s design can be reproduced in the virtual 

environment in an easily understandable way. 
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Figure 7-9 Torsion detection result  

 

As shown in Figure 7-9, after the virtual templates are automatically arranged to 

the right locations on the frames of the curved shell plate, the detected location 

(contact point between virtual templates and plate’s point cloud) is shown in the 

yellow message box with a yellow line connected to the location. Also, the distance 

errors on the frame’s ends between virtual templates and plate are displayed in the 

same message box. The upper representative plane and the perspective plane are 

re-calculated based on the relocated virtual templates. The distances between the 

end points of the virtual templates’ perspective stick and these two planes are 

displayed in the view too to help the workers grasp the torsion situation of the 

curved shell plate. 

 

7.3. Curvature error based heating grade suggesting 

The virtual template prototype only provides the heating positions of every 

manufacturing step; this section provides not only the positions but also the heating 

grades by considering both the degree and distribution of the curvature errors.  

A float points-window for calculating the curvature errors is applied. Every 
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measured frame point’s curvature error is calculated and given a normalized value. 

Then the color map with one dimensional color gradation is outputted. The color 

map helps workers to get an intuitive idea of the curvature error’s degree by 

displaying the curvature errors in the gradation way. The mean μ and standard 

deviation σ are calculated, the one-dimensional gradation is implemented as that 

the points around μ are displayed in green, the points having the value over μ +  σ 

are always displayed as red, and the points having the value under μ −  σ are 

displayed as blue. 

The output is as shown in Figure 7-10. The workers are suggested to apply 

heating on the upper side of the curved shell plate with more time and temperature 

at the locations with large red area, and to apply heating on the underside of the 

curved shell plate with more time and higher temperature at the locations with 

large blue area. And if there are too many red or blue areas, the larger ones are 

going to be modified first. 

 

 

Figure 7-10 Curvature error based heating grade suggesting  

 

7.4. Development of VTS 

 

7.4.1. 2D roller line’s matching with 3D design data 

When innovating the developed virtual template prototype to the shipyards, the 
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workers found that applying heating along with the heating lines connecting the 

points with big curvature errors of the adjacent frames (Sun 2013) may destroy the 

torsion situation of the plate , and pointed out that to avoid this, the heating should 

be applied along with the roller lines because the roller lines are designed along 

with the torsion of the curved shell plate. However, unlike the frame design data, 

the roller line design data is in 2D dimension due to the design convention of the 

ship. They are usually stored in the DXF files as shown in Figure 7-11. 

 

 

Figure 7-11 Roller lines and perimeters’ vertexes information in DXF ship design 

file 

 

Therefore, this research matches the 2D roller lines onto the 3D frame design 

data to help the workers design the right heating lines along with the 3D roller 

lines. 
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Figure 7-12 2D roller line’s matching with 3D frame design data 

 

As shown in Figure 7-12, firstly, the 2D roller lines and 2D perimeters’ vertexes 

are extracted from the DXF ship design files, and then 2D roller lines and 2D 

perimeters are fitted as shown in Figure 7-13.  

 The cross points are calculated as shown in Figure 7-14. To match each 2D 

perimeter to the corresponding 3D perimeter, the length of each perimeter is 

calculated{𝑑1
2𝐷, … , 𝑑4

2𝐷} , {𝑑1
3𝐷, … , 𝑑4

3𝐷}. The 2D roller lines are matched with 

the 3D frames as shown in Figure 7-15. 

 

 

Figure 7-13 2D roller lines and 2D perimeters 
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Figure 7-14 Cross points of 2D roller lines and 2D perimeters 

 

 

Figure 7-15 Match 2D roller lines with 3D frame lines 

 

7.4.2. User interface of VTS 

In this research, a user interface specially designed for the workers in shipyard 

to operate and observe the virtual templates in 3D environment is developed as 

shown in Figure 7-16.  

There are mainly 3 functions of this user interface: 

- Rotate the virtual templates 

- Switch visible/invisible status of each virtual template 

- Display the parameters of the curved shell plate in real time 

By clicking on the side stick of each virtual template, the virtual template can be 
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rotated a little at once. By clicking on the perspective stick of each virtual template, 

it can be changed from visible to invisible (half transparent) or in contrary from 

invisible to visible.  

 

 

Figure 7-16 Virtual templates’ operation interface 

 

 

Because “click” is a mouse (or track ball) operation, it only has 2D property (X 

and Y). The virtual templates exist in the 3D environment, thus the cursor’s 

location should be translated into 3D environment with a depth Z property. And 

since the virtual templates are drawn on computer in the form of polygon, the “click” 

depth judgement follows the following algorithm:  

 

a. For every click, the area of the triangles 𝑆𝐴𝐵𝑂 , 𝑆𝐴𝐶𝑂, 𝑆𝐶𝐵𝑂, 𝑆𝐴𝐷𝑂 shown in 

Figure 7-17. 

b. If 𝑆𝐴𝐵𝑂 + 𝑆𝐴𝐶𝑂 + 𝑆𝐶𝐵𝑂 + 𝑆𝐴𝐷𝑂  = 𝑆𝐴𝐵𝐶𝐷, the cursor is considered as float on 

the polygon. 

c. If multiple polygons are judged clicked, the distances d from the projection 

point of the cursor and the 3D view camera’s position are calculated. The 

polygon with the smallest d is chosen.  



Heating forming supporting 

152 

 

 

 

Figure 7-17 Cursor position judgement 

 

 

Figure 7-18 User interface of VTS 

 

Figure 7-18 shows the user interface of the developed virtual template system. 

There are 4 steps’ panels and 1 view selection panel and 2 option preparation panels 

which can be executed from this interface. 

The 4 steps’ panels are as below:  

1. The registration of the design data and extracted measured data 
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- Frame line design PCD 

- Extracted measured plate’s PCD 

- Design model  

- Trim perimeter  

- Coordinate lines 

- Threshold of the registration  

2. The generation of the virtual templates 

- Frame line design PCD 

- Vertical direction (direction of the virtual template generation) 

- Horizontal direction (direction of the virtual template generation) 

3. The curvature error and torsion calculation 

- Registered measured plate 

- Segments’ count of the frame when calculate the curvature  

- Segments’ count of the frame when rotate the template 

- Threshold of the errors 

- Torsion calculation button 

- Curvature error calculation button 

4. The virtual template’s rotation and confirmation 

- Target virtual template No 

- Target frame segment No 

- Whether to control by Kinect 

The 1 view selection panel contains buttons as below: 

- Virtual template keyboard rotation mode selection button 

- Curvature error view selection button 

- Torsion view selection button 

The 2 option preparation panels are as below: 

- Roller line converting button (2D DXF to 3D roller line PCD) 

- Frame line converting button (DAT to 3D frame line PCD) 

 

Beside the two views, the workers can also check the displacement error of the 

plate (the displacement between the design data and the measured data) in the 

form of histograms. As shown in the following figure, the displacement errors are 
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displayed in two ways: one with absolute error threshold (5mm and 10 mm), the 

other one with the threshold of the standard deviation. The workers can have an 

intuitive image about the plate’s displacement grade and the error deviation after 

each manufacturing step.  

 

 

Figure 7-19 Displacement evaluation histograms 

 

7.5. Summary 

In this chapter, the overview of the virtual template system is introduced at first. 

The prototype is introduced firstly. Then the improvements made based on the 

prototype are illustrated. With direction pre-setting, the registration between the 

virtual templates and the measured plates are more effective and with lower failure. 

The automatic template arrangement and torsion detection save a lot of time and 

effort of the workers who used to do the template arranging manually. The heating 

lines with not only locations but also grades are suggested by implementing the 
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gradation color map of the curvature errors. To help the workers match the right 

position of each heating lines onto the real plate and design the heating line along 

with the roller lines, the 2D design roller lines are automatically matched with the 

3D frame design data. At last, a new virtual templates’ operation user interface is 

developed for the workers to operate the 3D environment more smoothly. 

 

 

Figure 7-20 Generated interfaces for observation during the manufacturing 

 

By achieving the items mentioned above, the virtual template system meets most 

of the conditions in the shipyard’s practical way to use, and as shown in Figure 7-20, 

the necessary parameters used in the manufacturing convention can all be observed 

on system instead of using the wooden templates.   
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Chapter 8 Knowledge elicitation and dissemination 

 

8.1. Overview of the manufacturing knowledge management 

A major problem in the curved shell plates’ manufacturing is that the design of 

the manufacturing plan heavily depends on the implicit knowledge, habits and 

experience of the workers. As shown in Figure 8-1, the judgement of the decision 

about how to manufacture the plate in the next step based on the observation 

results is conducted by the workers individually. Therefore, manufacturing plans 

varies according to the knowledge and skills of the craftsman who is in charge of the 

plate even for the same design shape. In other words, the current practice highly 

depends on the individuals and there is a risk to lose the knowledge and skills at the 

time of their retirement. Also to avoid inaccurate distorted output shapes and 

troubles in the subsequent heat sealing process, the tacit knowledge and skills for 

bending plates must be elicited, shared and reused in daily operation.  

 

 

Figure 8-1 Convention of deciding manufacturing plans 
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As shown in Figure 8-2, this chapter proposes a knowledge-based approach to 

capture the knowledge and skills for the curved shell plate’s manufacturing process 

based on the recorded 3D manufacturing scenarios and the interviews conducted in 

shipyard. The knowledge is articulated in NRDR (Nested Ripple Down Rules) tree 

format and a computer system is developed for facilitating the captured knowledge 

for reuse. The whole system is on the basis of the software system VTS (Virtual 

Template System) introduced in the prior chapter which can virtualize the 

manufacturing process and automatically suggest manufacturing plans.  

 

 

Figure 8-2 Knowledge elicitation and dissemination for manufacturing suggestions 

 

Because the workers always design some different manufacturing plans under 

some specific situations rather than just considering the curvature differences 

between the design data and the measured shape which the software mentioned 

above uses, an interactive system has been designed that incorporates a four 

faceted knowledge-based framework to provide beginning workers with the 

capability to quickly design a manufacturing plan about all aspects of the design 

process as the expert workers. These facets are as follows: 

 (1)  VTS (Virtual Template System) introduced in the prior chapter generates 

and record the information from the virtualized manufacturing process including 
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the curved shell plates’ curvature information, torsion information, and the 

system’s suggested basic manufacturing plan. 

(2) Raw Knowledge Interrelated Database executes the process of capturing 

information. In this process, expert analyzes the information and screen out that 

can lead better insights into the expert workers’ opinion. 

(3)  Knowledge Base software system implements the Nested Ripple-Down 

Rules to deal with the issues which lead to the special manufacturing plan design 

(not the system’s suggested basic ones). The knowledge are stored and virtualized 

as rules in this framework. 

(4) Knowledge Elicitation analyzes the correlations between the parameters 

describing the curved shell plate’s situations and the relevant manufacturing plans 

designed by the expert workers, and  then translates them into the rules; 

Knowledge Dissemination provides the relevant instructional rule from the KB 

based on the automated measurement of the curved shell plate’s situation.                                                                                                                                                       

The system which integrates the proposed approaches above is evaluated by 

conducting a series of experiments in the shipyard. The knowledge such as how to 

manufacture the curved shell plate considering multiple parameters of the plate in 

one time is elicited by evaluating a couple of parameters’ combinations. The tacit 

knowledge existent in the curved shell plate’s different situations during the 

manufacturing process is proved to be effectively elicited, represented and 

disseminated. 

The overview of the framework which implemented the proposed approach is 

illustrated in Figure 8-3. The raw knowledge interrelated database captures 

information from the virtualized manufacturing process including the curved shell 

plates’ curvature information, torsion information, and the system’s suggested 

manufacturing plan from the system VTS from the prior study.  The knowledge 

base system stores and virtualizes the knowledge. To condense the size of RDRs, 

Nested Ripple Down Rule Trees (NRDR) which is a concept hierarchy using RDR is 

implemented. A rule-based knowledge which contains a set of validated rules 

classified by the curved shell plate’s situation is constructed. Besides, the rules are 

visualized to help the workers understand the knowledge.  
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Figure 8-3 Overview of NRDR interview-based knowledge model (Sun, J.Y, 

ISPE, 2014) 

 

During the knowledge elicitation process, certain correlations between the 

parameters describing the curved shell plate’s situations and the relevant 

manufacturing plans designed by the expert workers are elicited and captured into 

a set of rules. Firstly, workers compare the two manufacturing plans: the system’s 

suggested plan (basic line heating) and the plan they actually used. If these two 

plans are not completely the same, interviews are conducted to explain the 

differences by considering the plate’s parameters. Based on the result of the 

interview, new rules are added as the captured knowledge.  

During the knowledge dissemination process, depending on the curved shell 

plate’s situation, the framework can give manufacturing samples and diagnosis 

dealt before. Firstly, after the plate’s measuring of each manufacturing step, 

whether the VTS system’s suggested basic manufacturing plan can be used or not 

are evaluated by the worker. If not, the following manufacturing decision should 

follow the rules’ tree from the constructed knowledge base until the most proper 

diagnosis is found. 
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8.2. Raw knowledge interrelated database  

As shown in Figure 8-3, the Raw Knowledge Interrelated Database consists of 

two main kinds of data screened out from the VTS (Virtual Template System): (1) 

Manufacturing Parameters such as the angles between the virtual templates’ sticks 

and the distance between the virtual templates’ bottom lines and the curved shell 

plate; (2) Manufacturing Scene which is a screenshot of the virtualized template 

and curved shell plate. These data and scenes screenshot of manufacturing can 

ensure the following knowledge base construction and knowledge elicitation to be 

efficiently carried out no matter during or after the manufacturing. The information 

about the basic manufacturing manual without considering the curved shell plate’s 

situation is stored as the ontology database. And the manufacturing parameters 

and screenshots are given metadata attributes in each rule’s xml file and could be 

searched from the knowledge base interface. 

 

8.3. Knowledge base design 

Mostly there are multiple parameters describing the curved shell plate’s 

situation used to design the next manufacturing plan at a time. With the plain 

RDRs, the parameters can only be considered one by one which will clearly cause 

the data redundancy and make the knowledge base intricate to be used. Therefore, 

the knowledge base software system in this work chooses the NRDR (Nested Ripple 

Down Rule Trees) which can efficiently represent the knowledge existing in the 

manufacturing while having a relatively condensed reasonable tree size. The 

system uses NRDR to define a conceptual hierarchy. With the proper combination of 

the parameters’ values, the system ensures the expert can introduce his/her own 

vocabulary to express him/herself more naturally. As the example shown in Figure 

8-4, the NRDR can condense the size of natural RDRs mentioned in the Chapter 3 

as the same concept defined by a lower order RDR tree (C3) may be used multiple 

times in higher order trees (where the Rule 3.33 is). Also the diagnosis which 

represents the experts decision is executed after each rule is reached. 
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Figure 8-4 Nested Ripple Down Rule Trees (Sun, J.Y, ISPE, 2014) 

 

As shown in Figure 8-4, the data structure is similar to a decision tree. Each node 

has a rule, the format of this rule is "IF cond1 AND cond2 AND ... AND condN 

THEN conclusion". Cond1 is a condition (Boolean evaluation), for example "the max 

distance D from virtual templates’ bottom line and the curved shell template > 

5mm", which could also be written in "isGreater(D,5)". Each node has exactly two 

output nodes; these output nodes are connected to another node or another decision 

tree such as C3 in Figure 8-4 by "TRUE" or "FALSE". 

 

8.4. Knowledge elicitation process 

Differences between the manufacturing plan suggested by the existing KB system 

and the manufacturing plan actually used by workers exist. In order to extract the 

tacit knowledge during the manufacturing process, interview investigation about 

these differences in different cases was conducted. The knowledge during the 

manufacturing process is elicited and disseminated based on the database and 

system introduced in 8.2 and 8.3. 

During the knowledge elicitation, as shown in Figure 8-5, the human expert’s 

knowledge is acquired based on the current context and is added incrementally into 

a binary decision tree in the format of a set of independent rules (if .. elsif rules). In 
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the NRDRs framework, the added rules could be a plain rule or contain the other 

rule’s reference. In other words, NRDR adds new rules containing or not containing 

other rule’s reference when the existing ones cannot satisfy the situation of current 

context. The knowledge elicitation process is as following. 

i. Firstly, Figure 8-5 (upper) is the original description of the 

knowledge we know before this knowledge elicitation step. The plate is 

measured and analyzed using VTS system and the knowledge related data 

(the parameters and manufacturing scenes) are stored in the database 

introduced before.  

ii. Then interviews are conducted when the VTS’s suggested plan 

cannot be used directly and the existing rule set cannot give a reasonable 

diagnosis based on the current plate’s situation. A new rule (Rule 10.101) is 

added into the tree.  

iii. As shown in this figure, some different rules (the Rule 7.77 9.91 

and 8.88) are the same patterns which need to be considered and processed 

before the new Rule 10.101 is analyzed to be necessary.  

iv. A new lower level rules’ tree C3 is created and reused in both Rule 

3.33 and Rule 10.101. The same process repeated in the following 

elicitation. 

For the second step, the current plate’s situation is all output in the proposed 

interfaces as shown in Figure 8-6. The curvature maps replace the hand-drawing 

heating areas decided by shake the wooden templates on the plate. The torsion view 

with virtual templates gives the parameters which were observed by human eyes. 

By reading these information, the workers can grasp the main situation of the 

plates, and substitute them into the existing rule base and find out if it is necessary 

to add some new rules to make it be able to output the manufacturing plans which 

the workers consider as the most proper ones based on the plate’s situation. 
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Figure 8-5 Knowledge Elicitation using Nested Ripple-Down Rules (Sun, J.Y, ISPE, 

2014) 
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Figure 8-6 Rule base modification based on observation of the interfaces 

 

8.5. Knowledge dissemination process 

During the knowledge dissemination, depending on the curved shell plate’s 

situation, the framework can give manufacturing samples (the right diagnosis) 

dealt before. The knowledge dissemination process is as following. 

i. Firstly, after the plate’s measuring of each manufacturing step, 

whether the VTS system’s suggested basic manufacturing plan (The heating 

lines connecting the red areas) can be used or not are evaluated by the 

worker.  

ii. If not, the worker starts to search the right diagnosis following the 

rules’ tree constructed during the knowledge elicitation based on the plate’s 

parameters stored in the raw knowledge interrelated database.  As show in 

the Figure above, the diagnosis 101 is reached when the judgments of Rule 

1.11, Rule3.33, Rule 4.44 and Rule 6.61are TRUE, FALSE, FALSE and 



Knowledge elicitation and dissemination 

165 

 

FALSE.  

iii. Before the diagnosis 101 is carried out, the child tree C3 which 

contains the pre-checking rules (the Rule 7.77 9.91 and 8.88) should be 

checked and executed first. 

 

The rule’s structure used in this research is as below:  

 

 

Figure 8-7Nested ripple down rule base (Sun, J.Y, ISPE2014) 

 

8.6. Development of KBS 

As shown in Figure 8-8, physically the Knowledge Base in this system is stored 

as some xml-based rules’ sets; the overview of the rules relations are represent in 

the Rules Relation View as shown in Figure 8-9 (upper) while each rule’s details are 

read from the metadata file and displayed in the Rule’s Detail View as shown in 

Figure 8-9(lower). Each rule’s details and the relations between rules are displayed, 

adjusted, modified or deleted in these visible views. Besides, by clicking the items in 

the Rules’ Tree View, the corresponding rule’s detail is displayed in the view to 

facilitating the knowledge obtaining during the curved shell plate’s manufacturing 

process. 

 



Knowledge elicitation and dissemination 

166 

 

 

Figure 8-8 The Xml-based Rule Sets (Sun, J.Y, ISPE, 2014) 

 

 

Figure 8-9 Rules Relation View and Rule’s Detail View (Sun, J.Y, ISPE, 2014) 

 

8.7. Summary 

In this chapter, the problems existing in the process of extracting the knowledge 

by interviews are introduced. To well model the extracted knowledge by interviews, 

an interview-based knowledge model is constructed using Nested Ripple Down 

Rules. Analysis for knowledge elicitation is conducted through the interviews with 

expert workers when the system-suggested manufacturing plans (heating areas) 

are found different from that actually used by workers. The parameters used in the 
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knowledge elicitation are provided in the virtualized environment instead of using 

the real wooden templates. 

 For the usage of the knowledge based system, the workers can get the common 

manufacturing guidelines such like which kind of the heating technics (point 

heating, curve heating, or straight line heating) to use from the interview-based 

NRDR knowledge model.  
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Chapter 9 Evaluation of common pre-processing 

9.1 Overview 

While efficiently evaluating the accuracy of the ship component has been 

considered important for many years as a necessary part of planning and control of 

production in shipbuilding, using point cloud data scanned by noncontact 3D laser 

scanner has only recently been taken into consideration (Biskup et al., 2007) . Most 

of the existing point cloud processing algorithms cannot be applied directly to the 

applications in shipbuilding. As discussed in Chapter 5, two vital problems exist 

here.  

(a) The part of the component cannot be extracted efficiently due to irregular 

obstacles endogenous to manufacturing workshops and their shadows divide the 

component’s measured point cloud data into several separated domains. Manual 

extraction and integration of these separated domains waste a lot of time and is a 

barrier for practical application. The well-known methods for calculating smooth 

surfaces from noisy point cloud such as moving least squares (MLS) projection 

(Pauly et al., 2002) has the same problem that the whole component cannot be 

extracted at one time when the component is separated by the obstacles’ shadows. 

(b) Some general algorithms are used to conduct the registration between the 

measured point cloud data and the design data. Due to the features of these 

registration algorithms such as the ICP algorithm, without a clear registration 

direction presetting which is usually done manually, the registration of the two data 

sets could go in the wrong direction and lead to improper registration results.  

As a result, existing point cloud processing methods (the basic region growing 

method and general registration method) can rarely satisfy the accuracy evaluation 

target in shipbuilding without significant improvements and appropriate 

combination. 

This thesis presented a reformative component extraction method solving 

problem (a) and a reformative component registration method in Chapter 5 solving 

problem (b) for the component’s accuracy evaluation in shipbuilding. First, k-d tree 

construction is performed on the scanned point cloud data to fasten the neighbor 
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searching of each point. To extract the continuous domain of the component from 

the point cloud data, a region growing method is performed on every neighbor point 

of the seed point. Then the neighbor domain, which is separated by obstacles’ 

shadows or water from the extracted domain, is recognized by conducting curved 

surface fitting and b-spline curved line fitting at each edge point of the extracted 

domain. The whole component can be extracted by repeating the above steps. Before 

registering the extracted point cloud data of the component and the designed data, 

proper registration direction is decided by performing registration direction 

analysis on the two kinds of data. And then, ICP (Iterative Closest Point) is applied 

for the following registration. 

In this chapter, the effectiveness and efficiency of the proposed improvements on 

the component extraction and component registration are evaluated. A set of 

experiments are conducted in the shipyard to evaluate the performance of the point 

cloud processing methods proposed above.  

 

9.1 Experiment configuration 

About 200 curved shell plates are measured, extracted, registered and evaluated 

after plastically deformed. In these experiments, laser scanner Faro Focus 3D is 

used. The features of the server and the scanner used are as shown in the table 

below:  

 

Table 9.1 Server features 

𝒊𝒕𝒆𝒎𝒔 𝒗𝒂𝒍𝒖𝒆𝒔 

CPU  Inter(R) Core(TM) i7 CPU 

L 640 @ 2.13GHz 2.13GHz 

OS Windows 7  64bit 

Memory 8.00 GB 

Hardware  SSD 128 GB 
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Table 9.2 Faro Focus 3D  

𝒊𝒕𝒆𝒎𝒔 𝒗𝒂𝒍𝒖𝒆𝒔 

Range Focus3D  0.6 – 120m 

Measurement speed up to 976,000 points/second 

Ranging error ± 2mm 

Integr. colour camera Up to 70 mio. pixel 

Laser class  Laser class 1 

Weight  5,2kg 

Multi-Sensor GPS, Compass, Height 

Sensor, Dual Axis 

Compensator 

Size 240 x 200 x 100mm 

Scanner control  via touchscreen display 

and WLAN 
 

 

The scanner parameters set in this experiment are summarized as below: 

 

Table 9.3 Scanner parameter setting 

𝒊𝒕𝒆𝒎𝒔 𝒗𝒂𝒍𝒖𝒆𝒔 

Horizontal angle range 97° ~ 201° 

Vertical angle range −64° ~ −17° 

Resolution 1 10⁄  ~ 1 8⁄  

Speed 122 kpt/sec 
 

 

9.2 Evaluation of component extraction 

As shown in Figure 9-1, over 62% of the measured 203 plates are separated by 

different kinds of obstacles. Even after the whole support framework is introduced 

into the shipyard and the wooden template is replaced by the virtual template, the 

separation by the workers’ shadows (10%), the water, cords and hoses (16%) could 

still happen. In this sub-section, the comparison of the proposed methods and the 

manual extraction, and the relationship between the extraction parameters and the 
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plates’ conditions will be discussed. 

 

 

Figure 9-1 Plate conditions in the shipyard 

 

And the parameters used in MS system following the parameter setting rules 

introduced in Chapter 5 are as below:  

 

Table 9.4 Parameter setting of the MS system 

𝒊𝒕𝒆𝒎𝒔 𝒗𝒂𝒍𝒖𝒆𝒔 

Count of neighbor points used in the region growing 35 

The value h used to calculate the weighted plane (the 

Gaussian’s attenuation degree) 
40mm 

The threshold of the similarity of the normal vectors 0.996 

The 𝑏𝑡ℎ𝑟𝑒𝑠ℎ in 5.3 0.74 

Whether to calculate the normal vectors following 

candidate selection 
TRUE 

The limit of the region growing times 1000 

Whether to recognize the separated domains TRUE 

The threshold of the sum of all 𝑌𝑗
𝑖 in 5.5 10 

Whether to display the progress of the separated domain 

recognition 
FALSE 

The start seed point of the region growing method Random 
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9.2.1.1. Extraction of the plates which are divided by wooden templates 

Three experiments about component extraction are given in Figure 9-2. The 

plates are measured with high solution. The Comparison between the manual 

method and new presented method is summarized in Table 9.5. Detail discussions 

are made in the following sub-sections. 

 

 

Figure 9-2 Curved shell plate extraction results separated by domains 

 

Table 9.5 Automatic extraction 

Plate Size 

(perimeter) 

Points Component 

Divided 

into 

(domains) 

Manually/ 

Automatically 

Extraction  

(with candidate 

selection) 

Extraction  

(without 

candidate 

selection) 

3.4m 
× 2.6m 

1.34 

million 

(from 

3. 64 

million) 

7 Auto 143 12m37s 

[183 times 

growing] 

[368 times 

growing] 

1.35 million 

normal vectors 

3.64 million 

normal vectors 
 

 

As shown in Figure 9-2, the curved shell plate is measured with some wooden 

templates on it. It has about 1.34 million points, and is divided into multiple 

domains due to the shadows of the wooden templates. Only one single point is 

selected previously, then according to the curved surface fitting and the B-Spline 

line fitting (shown as white lines in the figure), the multiple domains are recognized 

automatically. The time used for extraction in this case is only about 143 seconds. 

For all of these experiments, the extraction with candidate selection (5.3) and the 
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extraction with random candidate selection (general region growing) are compared. 

As shown in Table 9.5, the extraction time with candidate selection is obviously 

reduced to at least 1 10⁄  from the one with random candidate. The reason can be 

considered as following: 

a. The growing times (growing recursion levels) are reduced. For these three 

experiments, the growing times all decreased which means the selected 

candidate is more effective than the random candidates.  

b. The normal vectors’ calculation time is reduced. For the plain region growing 

method, the normal vectors of all of the points including the obstacles are 

calculated; while for the proposed extraction method with candidate selection, 

the normal vectors’ calculation is only conducted to the points around the 

selected candidates. Such like experiment (a), because the obstacles existing 

in the measured point cloud contains over 3 million points, the proposed 

method saved over 8 minutes on normal vectors’ calculation. 

 

The following sub-section will introduce some summarized extraction results of 

the plates which are divided by the other kinds of obstacles or the shadows of 

obstacles. And then the relationship between the common domain recognition 

standards’ setting and the features of the measured point cloud will be discussed. 

 

9.2.1.2. Extraction of the plates which are divided by worker’s shadow 

As shown in Figure 9-3, sometimes plates’ point clouds are divided by workers’ 

shadows. Here 5 different plates are extracted successfully from these point clouds. 

They are all larger than 4 meters × 2 meters. The details of the extraction results 

and the plates’ point clouds are as shown in Table 9.6. All of the plates are extracted 

successfully within 2 minutes. 
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Figure 9-3 Plate’s point cloud divided by worker’s shadow 

 

Table 9.6 Extraction results for plates divided by worker’ shadows 

Plate No. Points  

(with 

obstacles) 

Points 

(only plate) 

Component 

Divided into 

Max gap 

between 

domains 

(mm) 

Effective 

curve 

length 

(mm) 

Execution 

Time 

(seconds) 

1 1,530,000 180,000 2 489 1000 39 

2 2,130,000 290,000 2 570 1000 43 

3 2,300,000 300,000 4 662 1000 57 

4 1,350,000 180,000  3 695 1000 55 

5 970,000 170,000  7 (with 

other 

obstacles) 

592 1000 37 

 

 

9.2.1.3. Extraction of the plates which are divided by wires and hoses 

As shown in Figure 9-4, sometimes plates’ point clouds are divided by wires and 

hoses. Here 5 different plates are extracted successfully from these point clouds. 

They are all larger than 10 meters × 2 meters. The details of the extraction results 

and the plates’ point clouds are as shown in Table 9.7. For the plates which are 

divided into relatively less domains are extracted within 70 seconds. 
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Figure 9-4 Plate’s point cloud divided by wires and hoses 

 

Table 9.7 Extraction results for plates divided by wires and hoses 

Plate 

No. 

Points  

(with 

obstacles) 

Points 

(only plate) 

Component 

Divided into 

Max gap 

between 

domains 

(mm) 

Effective 

curve 

length 

(mm) 

Execution 

Time 

(seconds) 

1 1,340,000 310,000 5 210 400 57 

2 1,670,000 200,000 6 136 200 37 

3 1,120,000 270,000 3 177 400 32 
 

 

9.2.1.4. Extraction of the plates which are divided by water and other obstacles 

As shown in Figure 9-5, sometimes plates’ point clouds are divided by wires and 

hoses. Here 5 different plates are extracted successfully from these point clouds. 

They are all longer than 10 meters and wider than 1.5 meter. The details of the 

extraction results and the plates’ point clouds are as shown in Table 9.8.  

 

 

Figure 9-5 Plate’s point cloud divided by water 
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Table 9.8 Extraction results for plates divided by water 

Plate 

No. 

Points  

(with 

obstacles) 

Points 

(only plate) 

Component 

Divided into 

Max gap 

between 

domains 

(mm) 

Effective 

curve length 

(mm) 

Execution 

Time 

(seconds) 

1 1,740,000 200,000 4 280 400 43 

2 1,770,000 180,000 7 699 1000 58 

3 1,180,000 190,000 3 378 400 41 
 

 

9.2.1.5. Relationship between the section curves and the data 

  As shown in the tables summarized above, the fact that the effective curve 

lengths for the common domain recognition is in accordance with the gaps between 

the separated domains. For the gaps from the workers’ shadows, the plates are 

usually divided into 2 or 3 domains, but the gaps between the domains are 

relatively large. Although it partly depends on the irradiation angles of the laser 

scanner, the average gap for this kind of data is over 500mm. For this kind of data, 

the section curve used to do the common domain recognition is usually 1000mm.  

For the gaps from the wooden templates and their shadows, the plates are 

usually divided into at least 3 domains. This kind of data covers over 30% of the 

measured data. The deviation of the gaps existing in this kind of data is bigger than 

the other data, ranging from 100mm to 500mm. System uses common domain 

recognition section curves with the length 400mm and 1000mm to cover this 

deviation.  

For the small gaps from the wires, water hoses and gas burner’s cords which 

exist in more than 20% of the measured data, the effective common domain 

recognition curves are usually 200mm or 400mm. 

 At last, not only can curved shell plates be extracted from the measured point 

cloud using the proposed algorithm, other components, such as the panel or the 

block’s lateral surface (over 10,000,000 points) can use this method.  
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9.2.2. Weighted region growing evaluation 

The plate shown in Figure 9-6 is partly covered by some water which has not 

been dried completely. Due to the varying reflectivity of the laser from these areas, 

the densities of the points vary incoherently (points’ intervals from 5mm to 25mm). 

The experiment using region growing method (not weighted) and the proposed 

weighted region growing method is conducted towards this kind of data.  

The result in Table 9.9 shows that the extraction without using the weighted 

region growing causes serious data defects which can be observed in the figure; 

while the extraction using the weighted region growing maintains the plate’s 

integrity by successfully extracting all of the points belonging to the plate.  

In this case, the defects shown in Figure 9-6 happen on the frame line which 

means the measured frame line fitted using the extraction result (a) cannot 

represent the real situation of the plate here. And obvious defects can be observed 

on the perimeters in the red circle which could cause the inaccuracy perimeter 

evaluation results. 

 

 

Figure 9-6 Panel extraction result (a) region growing (b) weighted region growing 

 



Evaluation of common pre-processing 

182 

 

Table 9.9 Comparison of the extracted result with an without weighted 

region growing 

 Measured  

point cloud 

Extraction result (a) Extraction result (b) 

Points  359,529 129,306 160,930 

Data 

Integrity 

---- 

 

Defects found on 

frame and perimeter 

Good 

 
 

 

9.2.3. Extraction effectiveness and efficiency analysis 

Analysis about the extraction effectiveness and efficiency is conduct under the 

following three different conditions. 

 

(A) When the plate is separated into over 10 separated domains 

There are over 10 plates belonging to this group in the totally 200 plates. For this 

kind of plates, despite the total points’ count, it consumes over 120 seconds (max 

200 seconds) to extract these plates. The average extraction time is 103 seconds 

which is relatively long comparing to the other kinds of data. However, since the 

gaps are relatively regular, over 90% of the separated domains are extracted 

successfully only except some small domains of 10 to 100 points.  

 

(B) When the points in the measured point cloud is over two million 

There are 7 plates falling into this group (over two million points with obstacles). 

For this kind of plates, it cost about 100 seconds to 180 seconds to extract these 

plates. These plates are always with relatively high density but are rarely 

separated by the obstacles. Thus almost all of the points belonging to the plate can 

still be extracted within 3 minutes. However, from these plates, it can be seen that 

the extraction time increases along with the points’ count of the plates.  

 

(C) When the obstacles are irregular and multiple 

The plates fall into this group when the difference between the largest gap and 

the smallest gap is over 200mm. For this kind of plates, the extraction speed doesn’t 
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change so much from (B), but a considerable number of the small domains cannot be 

extracted. The plates in this group are usually required to be scanned again. 

 

9.3 Evaluation of component registration 

This sub-section evaluates the registration of the measured plates in 9.2, the 

comparison of the proposed method and the general methods, evaluation of the 

registration of the plates with different levels of defects will be conducted. 

 

9.3.1. Comparison of the proposed method and the general methods 

A curved shell plate’s registration example is given below to illustrate how the 

proposed component registration method in 5.6 works. As shown in Figure 9-7 (1), 

the measured point cloud of the curved shell plate and the design data are displayed 

on the computer. It can be seen that originally they have totally different positions 

and need to be registered. The results are summarized in Table 9.10. 

 

 

Figure 9-7 Curved shell plate registration results. (1) Measured point cloud and design data (a) 

Parallel registration (b) registration without direction presetting (c) registration with direction 

presetting 

 

Result (a). Parallel transformation using only the 3D coordinate of the center of 

gravity and the PCA axes is performed at first. Figure 9-7 (a) shows the 

transformation result of this step. As shown in Table 9.10, the displacements 

detected are over 1 meter, and the overlap of the design data and measured data is 

obviously in a wrong direction 

Result (b). Figure 9-7 (b) shows the result of conducting the ICP algorithm 

directly from the position in result (a) without direction pre-setting. It turns out 
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that the registration went into an inverse direction. Obviously, result (b) cannot 

satisfy the following component evaluation processing due to the large displacement. 

The max displacement is even over 300mm, and the ICP cost over 5 minutes but not 

converged.  

Result (c). Multiple ways of registration direction are tested before the ICP 

algorithm is performed. The registration direction with the least displacement is 

chosen to do the direction pre-setting for the ICP algorithm. As shown in Figure 9-7 

(c), with registration direction test and presetting, the registration result goes 

exactly the right way, and turns out to be capable for the following processing 

because ICP converged after 42 times of converging, and the differences of ICP 

converging errors (the sum of the squares of all the points’ displacements) between 

the last two times of converging is 3mm which is smaller than the threshold 5mm. 

Besides, the standard deviation of the displacements is 3.5mm showing the 

relatively good quality of the measured plate. 

 

 

Table 9.10 Comparison between general methods (a) (b) and new presented method 

(c) 
 ICP 

Converging 

Times 

ICP  

Error 

Converging 

Max 

Displacement 

 (+) 

Max 

Displacement  

(-) 

Standard 

deviation 

Execution 

Time 

(a) --- --- +1200mm -1032mm --- 4s 

(b) 1000 Not 

converged 

+317mm -284mm 175mm 5m43s 

(c) 42 3mm +21mm 

 

-12mm 3.5mm 30s 

 

 

9.3.2. Registration of the plate’ point cloud with defects 

As introduced before, due to the special conditions in the shipyard, a considerable 

number of plates are measured with obstacles. Therefore, there are a lot of defects 

existing in these data. For most of this kind of data in which the defects are found 

on the areas which have little influence on the evaluation results, the system still 

try to do the registration of the measured data with defects and the design surface.  
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In this sub-section, the registration of the measured plate with defect and the 

design surface will be evaluated from the following aspects: 

a. Can the area with big displacement errors be detected or not. 

b. Is the max displacement acceptable or not. 

c. Is the standard deviation of the displacement acceptable or not. 

  Two plates are measured twice with and without defect respectively. And the 

above three evaluation points are summarized at the end. 

 

9.3.2.1. Registration of plate with small defects 

Plate A is measured twice and registered with the design surface. As shown in 

Figure 9-8, measured point cloud A-2 has some defects on the right side, while point 

cloud A-1 has points covering all over the plate. The defect rate is calculated using 

the formula below:  

𝑅𝑑𝑒𝑓𝑒𝑐𝑡 = 
𝑁𝑖𝑛𝑡𝑒𝑔𝑟𝑖𝑡𝑦− 𝑁𝑑𝑒𝑓𝑒𝑐𝑡

𝑁𝑖𝑛𝑡𝑒𝑔𝑟𝑖𝑡𝑦
                          (1) 

Here Nintegrity is the number of the points in the point cloud without defect, while 

Ndefect is the number of the points in the point cloud with defects. Rdefect of point 

cloud A-2 is 10.3% which is relatively small in the 200 measured plates’ point 

clouds.  

  The registration result is virtualized by the color maps in which the points with 

the displacement smaller than 5mm are all displayed in green color. The blue and 

red areas are with displacement bigger than 5mm. As shown in the Figure 9-8, the 

blue areas of these two point clouds in the green circles are both detected 

successfully as the areas with big displacement errors.  

  Since the defects in A-2 happens at the green area comparing from the result of 

A-1, the histograms of the displacement from the design surface have no big 

difference between A-1 and A-2. 
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Figure 9-8 Registration result for plate A (defect rate 10.3%) 

 

Table 9.11 Registration results of the plate A with and without defect  
Plate Points 

On 

Plate 

ICP 

Converging 

Times 

ICP  

Error 

Converging 

Max 

Displacement 

 (+) 

Max 

Displacement  

(-) 

Standard 

Deviation 

Execution 

Time 

(A-1) 

 

57,807  42 2mm +24mm -11mm 3.6mm 50s 

(A-2) 

 

51,808 

 

35 2mm +31mm -9mm 3.4mm 48s 

 

 

The registration results of the plate A with and without defects are summarized in 

Table 9.11. The differences of ICP converging errors (the sum of the squares of all 

the points’ displacements) between the last two times of converging are 2mm, which 

means that both of these two point clouds are registered well with the design 

surface. And standard deviations are 3.6mm and 3.4mm respectively showing no big 

difference from each other. The reason of the differences of the max displacements 

could be considered as that the defect of A-2 happens on the edge of the plate which 

caused the slight overlap differences during the registration. 

  No big difference on the execution time is detected between A-1 and A-2.  

 

9.3.2.2. Registration of plate with big defects 

Plate B is also measured twice and registered with the design surface. As shown in 

Figure 9-9, measured point cloud B-2 has obvious defects on all over the plate, while 

point cloud B-1 has the points covering all over the plate.  
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Figure 9-9 Registration result for plate B (defect rate 52.5%) 

 

𝑅𝑑𝑒𝑓𝑒𝑐𝑡 of point cloud B-2 is 52.5% which is relatively high in the 200 plates’ point 

clouds. Usually, this kind of data will be required to be scanned once more with 

fewer obstacles. However, sometimes, especially close to the end of the 

manufacturing of a plate, workers usually have no time to remove all of the 

obstacles not only on the plate but also close to the plate. And when it is close to the 

end of the manufacturing, the displacement color maps are more expected than the 

frame’s evaluation, so this kind of plates with big defects are still expected to be 

evaluated.  

  The registration result is virtualized by the color maps in which the points with 

the displacement smaller than 15mm are all shown in green color. The blue and red 

areas are with displacement bigger than 15mm. As shown in Figure 9-9, the red and 

blue areas of these two point clouds in the green circles are both detected 

successfully as the area with big displacement errors. The reason why the blue area 

in red circle is not detected on B-2 is considered as that large defects area on the 

edges which caused the overlap difference between these two data. 

  Due to the high defect rate of B-2, the distribution of the displacements after the 

registration has a big difference from the one of B-1, which can be observed from the 

histograms of the displacement from the design surface. 

  As summarized in Table 9.12, the differences of ICP converging errors (the sum of 

the squares of all the points’ displacements) between the last two times of 

converging are 2mm and 1mm, which means that both of these two point clouds are 

registered well with the design surface. The standard deviations are 6.6mm and 

5.4mm respectively showing no big difference from each other considering the high 
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defect rate in B-2.  

  The execution time of B-2 is 5 seconds shorter than B-1. This is because the points 

in B-2 are much less than that in B-1.  

 

Table 9.12 Registration results of the plate B with and without defect 
Plate Points 

On 

Plate 

ICP 

Converging 

Times 

ICP  

Error 

Converging 

Max 

Displacement 

 (+) 

Max 

Displacement  

(-) 

Standard 

Deviation 

Execution 

Time 

(B-1) 23,336 43 2mm +19mm -15mm 6.6mm 41s 

(B-2) 11,073 37 1mm +23mm -18mm 5.4mm 36s 

 

 

9.4 Summary  

This thesis presented a set of efficient point cloud processing methods in 

shipbuilding including the reformative component extraction method and the 

component registration method. These methods solved two common problems which 

arose when using the existing general methods including basic region growing 

method and ICP method directly in point cloud processing at shipyard, and are 

proved to be efficient according to experiments conducted in shipyard.  

The proposed common domain recognition method is proved to be effective by 

successfully extracting a series of plates’ point clouds which are divided by different 

kinds of obstacles. The section curves used in common domain recognition are 

discussed under different situations. The region growing candidate selecting is 

confirmed to be effective and efficient by comparing the growing time between the 

general region growing and the one with the proposed candidate selecting method. 

That some plates can only be extracted with high integrity using the proposed 

weighted region growing shows the effectiveness of the weighted region growing 

when dealing with the point clouds with varying densities.  

The proposed registration method is proved to be effective by comparing the 

registration result of the same plate using the proposed method and the general 

method respectively. The experiment results show that not only the point clouds 

with high integrity, but also the point clouds with different levels of defects can be 
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registered with the design CAD surfaces using the proposed registration methods. 

The accuracies of the registration results are calculated and evaluated using the 

converging situation of ICP, the standard deviation of the displacements and the 

registration time.  
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Chapter 10 Cold forming support experiment 

10.1. Overview of cold forming support experiment 

In this chapter, the cold forming support experiments conducted in the shipyard 

will be illustrated. Plate Measurement System (MS) and Press Support System 

(PSS) are introduced with the Automation Engine (AE) into a shipyard S for the 

workers to grasp the manufacturing results of every manufacturing step. Multiple 

plates are evaluated in these experiments. After the cold forming manufacturing 

environment of the shipyard is introduced, the following items will be evaluated.  

a. Automation engine configuration 

b. Plate extraction 

c. Press evaluation  

d. Perimeter evaluation 

The main objective of this experiment is to make sure that:  

1. The evaluation process is efficient. 

2. The evaluation results are effective. 

3. All of the setting ups and customization according to the manufacturing 

environment are conducted by the administrators of the shipyards.  

4. The measurement and analysis flow is completely automatized. The 

workers only need to select minimum information. 

In this chapter, 2 plates, Plate “Regular 1” and Plate “Large 1” will be used as 

evaluation targets of the experiments. Laser scanner, server, input interface and 

display screen are set at the cold forming spot. The automation engine’s 4 

configuration files are customized by the administrator in the shipyard according to 

the practical environment. Then the plate extraction results, evaluation results and 

perimeter measuring results are calculated automatically and displayed to the 

workers in the shipyard to help them recognize the situations of the plate during or 

after cold forming manufacturing.  

At last the evaluation results will be summarized, and the supported cold 

forming manufacturing process will be reviewed by the selected experienced 

workers in the shipyard.  
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In this experiment, laser scanner Faro Focus 3D is used. The features are listed 

as below:  

 

Table 10.1 Faro Focus 3D X series 

𝒊𝒕𝒆𝒎𝒔 𝒗𝒂𝒍𝒖𝒆𝒔 

Range Focus3D  0.6 – 130m 

Measurement speed up to 976,000 points/second 

Ranging error ± 2mm 

Integr. colour camera Up to 70 mio. pixel 

Laser class  Laser class 1 

Weight  5,2kg 

Multi-Sensor GPS, Compass, Height 

Sensor, Dual Axis 

Compensator 

Size 240 x 200 x 100mm 

Scanner control  via touchscreen display 

and WLAN 
 

 

The features of the server used in this experiment are as shown in the table 

below:  

 

Table 10.2 Server features 

𝒊𝒕𝒆𝒎𝒔 𝒗𝒂𝒍𝒖𝒆𝒔 

CPU  Inter(R) Celeron CPU 

2.16GHz 

OS Windows 7  64bit 

Memory 4.00 GB 

Hardware  500GB Hard disk 
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10.2. Experiment design 

  After the experiment environment is configured in the shipyard, the experiment 

is conducted following the flow shown in Figure 10-1. The workers select the design 

information of the plate being evaluated. Then the scan parameters are set 

according to the selected scan spot and the automation engine (introduced in 

appendix) sends the scan command to the scanner. After the scan, the scan results 

are sent to the server for analyzing. The plate’s displacement errors and perimeters 

are calculated and used to judge if the plate reaches the designed press shape or not 

and if it has to be cut or not. 

 

 

Figure 10-1 Cold forming experiment flow 

 

The following aspects are checked during the experiment. 

 

(1) Plate Extraction 

When trying to introduce the cold forming support framework (MS + PSS + AE) 

into the cold forming manufacturing at the shipyard, at least 7 plates are scanned 

during or after the cold forming process. The main features of scanned plates during 

the cold forming process are as below:  

- A lot of obstacles exist but the plates remain integrated because there are 

no obstacles on the plates. 

- The density of the scanned point cloud is relatively high because the 
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scanner is located close to the plates.  

Therefore, the Plate Measurement System (MS) is configured without common 

domain recognition (discussed in 5.5) to save the calculation time. Also, since the 

density of the scanned point cloud is high, so the configuration discussed in 5.3 - 5.4 

is set to high sensitivity.  

As the pre-process of the evaluation of the press and perimeter, in this sub 

section, the 2 kinds of plates “Bowl 1” and “Large 1” are extracted from the scanned 

raw point cloud during and after the cold forming process.  

 

(2) Press Evaluation 

As a conventional way to evaluate the plate during the cold forming process, 

workers put the wooden templates made for cold forming checking on the plates 

after each manufacturing step. The evaluation is not quantitative and has great 

individual differences. The cold forming manufacturing, as a critical 

pre-manufacturing of the heating forming manufacturing, is expected to be 

quantitatively evaluated and virtualized for the workers to grasp the shape of the 

plate after each manufacturing step.  

  In this sub section, the effectiveness of the Press Evaluation Engine discussed in 

6.3 will be verified by conducting the evaluation towards the extracted 2 kinds of 

plates “Bowl 1” and “Large 1”. The design data and the extracted measured plate 

are registered together and the distance errors are calculated and visualized in the 

forms of color map, histograms.  

In this experiment, the design data of the cold forming process is the DAT file 

which contains the 3D coordinates of the points representing the design shape of the 

cold forming target. Since the DAT file cannot be recognized directly by the 3D view 

system, it is converted to point cloud data before the analysis process.  

  The main objectives of this sub section are as below: 

- Evaluate the plates’ shapes without using the real templates 

- Visualize the evaluation results in a comprehendible way 

- Decide if the plate can be passed to the subsequent heating forming 

manufacturing 
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(3) Perimeter Evaluation 

After the cold forming process and before the welding process, the perimeters are 

measured by measuring tape. However, since in this framework, the plate’s point 

cloud has been scanned when evaluating the plate’s shape, the method evaluating 

the plate’s perimeters is also developed.  

In this sub section, the effectiveness of the Perimeter Evaluation Engine 

discussed in 6.4 will be verified by conducting the evaluation towards the extracted 

2 kinds of plates “Bowl 1” and “Large 1”. The design data and the extracted 

measured plate are registered together and the lengths are calculated and 

visualized in the 3D view. 

The main objectives of this sub section are as below: 

- Evaluate the plates’ perimeters without using the measuring tape 

- Visualize the evaluation results in a comprehendible way 

 

10.3. Experiment configuration in shipyard 

The introducing layout of the cold forming support framework (MS, PSS and AE) 

in the shipyard S is as shown in Figure 10-2. One laser scanner (FARO) is installed 

beside the press machine (750 ton) and connected with the server though LAN. 

There are two scan spots of the cold forming manufacturing. Scan spot A is located 

just under the press machine which make sure that the curved shell plates can be 

evaluated during the manufacturing. Scan spot B is located beside the press 

machine where the finished curved shell plates are placed.  

The pictures of these two scan spots taken by laser scanner are shown in Figure 

10-3 and Figure 10-4. When switching from one scan spot to another, the scan scope 

parameters are automatically set by automation engine. 
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Figure 10-2 Layout of the experiment in the shipyard 

 

 

Figure 10-3 Scan spot A (Press machine) 
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Figure 10-4 Scan spot B (After every press step) 

 

In the case of cold forming supporting, the laser scanner is fixed at one location. 

So the targets that are controlled by automation engine (AE) are as below: 

- Laser scanner’s scan scope 

- Laser scanner’s scan command 

- Press design data’s selection 

- Press evaluation flow 

- Perimeter evaluation flow 

 

 

Figure 10-5 Scanner parameter setting 
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In practical use, the scan spot B is divided into 3 spots for different kinds of 

curved shell plates. The scanner parameter settings for the different scan spots are 

listed in Figure 10-5.  

 

The experiment scenario of the cold forming support framework is illustrated in 

Table 10.3. After the automation configuration files are composed by the 

administrator of the cold forming in shipyard, as the operator of the framework, an 

experienced worker W operated the automatized framework by using the numeric 

keyboard as the curved shell plate’s information selecting interface. The executed 

items and the average executing time of each item are also listed in the table.  

The customized numeric keyboard used to control the automatic engine and the 

laser scanner located at the cold forming spot are as shown in the figures above. 
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Table 10.3 Experiment scenario of the cold forming support framework 

Automatized cold forming support experiment 

Operator Experienced worker W of the shipyard S 

Objective Evaluation of the cold forming support framework (MS + PSS + AE) 

Interface Customized numeric keyboard with buttons :  

“UP” “DOWN” “LEFT” “RIGHT” for scan spot and plate selecting 

“ENTER” “BACK” for confirmation or cancellation of the selection 

“ZOOM” “ROTATE” “MOVE” for result view operation 

Experiment 

Targets 

Multiple curved shell plates which are manufacturing or manufactured 

in shipyard.  

Automation 

configuration 

files’ composing 

- Person in charge: Administrator of the cold forming in shipyard  

- Contents: scan spot, scan scope of each scan spot, region growing seed 

coordinates, ship number, block number, curved shell plate number, 

tolarance value etc… 

Result display Display screen connected with the server 

Period From 2014.3 

Automatic 

executed items 

and executing 

time 

Executed items Interface  Executing time 

Scan spot selecting Numeric 

Keyboard  

(Manual) 

5 seconds 

Ship selecting 

Block selecting 

Curved shell plate 

selecting 

Scan scope setting AE (Automatic) 2 seconds 

Scan command sending AE (Automatic) 1 seconds 

Scan AE (Automatic) 50 seconds ave 

Design file loading AE (Automatic) 5 seconds 

Press evaluation AE (Automatic) 20 seconds ave 

Perimter evaluation  AE (Automatic) 12 seconds ave 

Result display AE (Automatic) -  
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The user interfaces of the cold forming support framework are generated based 

on the UI configuration files composed by the administrators in the shipyard. Not 

only are the items shown in the user interfaces but also the other necessary 

configuration features as below are set in the configuration file. Details are in the 

appendix. 

For UI configuration “ui.conf”: 

- Scan scope of each scan spot 

- Region growing seed’s coordinates of each scan spot 

- Tolerance value of every curved shell plate 

For operation configuration “op.conf”: 

- Normal vector similarity value 

- Nearest neighbors’ count 

In this sub-section, the following features of the Automation Engine (AE) when 

introduced into the cold forming manufacturing process are verified:  

a. The effectiveness of the automation engine  

The measurement flow of Measurement System (MS) and the analysis flow 

of Press Support System (PSS) are well automatized from the plate selection to 

the evaluation result displaying within a relatively acceptable time cost.  

b. The flexibility of the automation engine  

The parameters such as the scan scope, the tolerance values for evaluation, 

and the normal vector similarity values for analysis which are necessary for 

both the MS and PSS can be all pre-set by modifying the configuration files of 

automation engine.  

 

10.4. Experiment 1 : Plate “Regular 1” 

10.4.1. Plate measurement 

As shown in Figure 10-6, the scanned raw point cloud data of the Plate “Regular 

1” contains over 0.5 million points, the density of the points is less than 5 mm. The 

main obstacles of the scanned point cloud are the floors and the cranes’ shadows.  
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The extraction result of Plate “Regular 1” is as shown in Figure 10-6 (right). The 

points constituting the plate are about 0.2 million. The time used to extract the 

plate is 26 seconds which decreased substantially from over 12 minutes (the plain 

region growing method).  

 

 

Figure 10-6 Measurement of Plate “Regular 1” 

 

10.4.2. Press Evaluation Result 

The converted design data of Plate “Regular 1” is as shown in Figure 10-7. The 

density of the design data is lower (about 100mm) than the measured data, thus the 

design data is configured as the moving point cloud and the measured data stays at 

the same position when doing the registration of these two data to save the 

calculation time.  

 

 

Figure 10-7 Press design data of Plate “Regular 1” 
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10.4.2.1. Plate 1 

The evaluated distance errors between the design data and the measured data 

are visualized in form of color maps as shown in Figure 10-8. The red area is in the 

middle while the blue areas are distributed at both sides of the plate which means 

the plate has lower curvatures when compared with the design shape. 

 

 

Figure 10-8 Evaluation result of Plate “Regular 1” (plate 1) 

 

To make the errors more easily to be understood, the distance errors are 

magnified as shown in Figure 10-9. The blue areas (design data) are above the 

measured data while the red area (design data) is below the measured data. To 

achieve the final design shape, more press manufacturing steps are needed. 

However, this plate was still forwarded to the heating forming in this experiment. 
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Figure 10-9 Exaggerative evaluation result of Plate “Regular 1”  (plate 

1) 

 

 

Figure 10-10 Evaluation histogram of Plate “Regular 1” (plate 1) 

 

The histograms are as shown above. There is about 58% of the design points 

which are beyond the tolerance 10mm, thus the plate should be judged unfinished 

and deserving more manufacturing before being passed to the heating forming 

process. However, in this case, this plate was still passed to the heating forming 

stage. 

For this plate, to achieve the final design shape, there were totally over 10 

manufacturing steps for the heating forming, costing over 7 hours. 
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10.4.2.2. Plate 2 

Another plate having the same design shape of plate “Regular 1” was measured 

after the cold forming. The evaluation results are as shown below:  

 

 

Figure 10-11 Evaluation result of Plate “Regular 1” (plate 2) 

 

 

Figure 10-12 Exaggerative evaluation result of Plate “Regular 1”  (plate 

2) 

 

According to the evaluation color map shown in Figure 10-11 and the 

exaggerative displayed color map shown in Figure 10-12, the points in green color 

increased and are distributed unsymmetrically to the wooden template’s 

perspective sticks.  
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Figure 10-13 Evaluation histogram of Plate “Regular 1” (plate 2) 

 

According to the histogram shown in Figure 10-13, there are about 60% of the 

design points which are within the tolerance 10mm, thus the plate should be judged 

finished can be passed to the heating forming process.  

For this plate, to achieve the final design shape, there were totally 7 

manufacturing steps for the heating forming, costing only 4.5 hours. 

 

10.4.3. Perimeter Evaluation Result 

The perimeter evaluation results of Plate “Regular 1” are shown in Figure 10-14 

and Table 10.4. There are 3 perimeters have measured length bigger than the 

design length, therefore the plate need to be cut before the welding process.  

However, the system measured lengths are all smaller than the real value 

measured by ruler; the biggest difference is over 6mm. The reason can be considered 

for this inaccurate result: 

- The density of the point cloud is too low, that there are no points on the edges 

of the plate.  

The solution for these problems is discussed in the discussion chapter. 
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Figure 10-14 Perimeter evaluation result of Plate “Regular 1” 

 

Table 10.4 Perimeters of Plate “Regular 1” 

 𝑫𝒆𝒔𝒊𝒈𝒏 

(mm) 

𝑺𝒚𝒔𝒕𝒆𝒎 𝑴𝒆𝒂𝒔𝒖𝒓𝒆𝒅 

(mm) 

Manually 

Measured (mm) 

Edge 1 1727 1722 1727 

Edge 2 2524 2532 2533 

Edge 3 2723 2766 2765 

Edge 4 2852 2894 2896 

Total 9829 9914 9921 
 

 

10.5. Experiment 2 : Plate “Large 1” 

10.5.1. Plate measurement 

As shown in Figure 10-15, the scanned raw point cloud data of the Plate “Large 1” 

contains over 1.2 million points, the density of the points is less than 10 mm. The 

main obstacles of the scanned point cloud are the floors and the shadow of the 

worker and the pipes located close to the plate.  
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Figure 10-15 Measurement of Plate “Large 1” 

 

The extraction result of Plate “Large 1” is as shown in Figure 10-15 (lower). The 

points constituting the plate are about 0.3 million. The time used to extract the 

plate is 34 seconds which decreased substantially from over 13 minutes (the plain 

region growing method). 

  

10.5.2. Press Evaluation Result 

The converted design data of Plate “Large 1” is as shown in Figure 10-16. The 

density of the design data is lower (about 100mm) than the measured data, thus the 

design data is configured as the moving point cloud and the measured data stays at 

the same position when doing the registration of these two data to save the 

calculation time. 

 

 

Figure 10-16 Press design data of Plate “Large 1” 
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10.5.2.1. 1st scan 

The evaluated distance errors (during manufacturing) between the design data 

and the measured data are visualized in form of color maps as shown in Figure 

10-17. The red area is in the middle while the blue areas are distributed at both 

sides of the plate which means the plate has lower curvatures when compared with 

the design shape.  

 

 

Figure 10-17 Evaluation result of Plate “Large 1” during manufacturing 

 

10.5.2.2. 2nd scan 

The evaluated distance errors (after manufacturing) between the design data 

and the measured data are visualized in form of color maps as shown in Figure 

10-18. The distributions of the red areas and blue area changed in an irregular way. 

Besides, the histograms shown in Figure 10-19 show that over 75% of the design 

points are with the tolerance 10mm. Therefore, this plate is judged as a finished 

plate which can be passed to the following heating forming process. 
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Figure 10-18 Evaluation result of Plate “Large 1” after cold forming 

 

 

Figure 10-19 Evaluation histogram of Plate “Large 1” after cold forming 

 

10.5.3. Perimeter Evaluation Result 

The perimeter evaluation results of Plate “Large 1” are shown in Figure 10-20 

and Table 10.5 Perimeters of Plate “Large 1” The measured length is larger than the 

design length, therefore the plate need to be cut before the welding process. Because 

the density of this point cloud is high enough, there are points laying on the edges of 

the plate. So the differences between the value measured by system and the 

manually measured value are all within 2mm which is permitted in the shipyard 
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daily usage.  

 

 

Figure 10-20 Perimeter evaluation result of Plate “Large 1” 

 

Table 10.5 Perimeters of Plate “Large 1” 

 𝑫𝒆𝒔𝒊𝒈𝒏 

(mm) 

𝑺𝒚𝒔𝒕𝒆𝒎 𝑴𝒆𝒂𝒔𝒖𝒓𝒆𝒅 

(mm) 

Manually 

Measured (mm) 

Edge 1 1710 1736 1738 

Edge 2 3220 3217 3218 

Edge 3 8375 8395 8396 

Edge 4 8541 8547 8550 

Total 21846 21895 21902 
 

 

10.6. Summary 

In this chapter, 2 plates are evaluated during the cold forming process by using 

the proposed cold forming support framework. The features are verified as below:  

 The effectiveness of the plate extraction  

The plates are successfully extracted from the measured raw point cloud 

data which contains relatively less obstacles on the plate within less than 1 

minute which is a comparatively short time to the plain region growing 

method.  

 The effectiveness of the plate evaluation 
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  The effectiveness of the plate evaluation color map and histograms are 

verified. The plates with distance errors larger than the tolerance are judged 

as unfinished. The magnifying color maps tell the workers the relative 

position of the design data and measured data. 2 plates of the same design 

shape are passed to the heating forming stage with different evaluation 

results. According to Table 10.6, the following heating forming steps tell the 

plate should be evaluated first after the cold forming stage to enhance the 

heating forming efficiency.  

 

Table 10.6 Cold forming support experiment result summary  

 Plate type “Regular 1” Plate type “Large 1” 

𝒊𝒕𝒆𝒎𝒔 General  

 

Proposed 

Case (1) 

Proposed 

Case (2) 

General 

 

Proposed 

Case (1) 

Perimeter within 

tolerance 8mm? 

 

--- 

 

 

YES 

 

YES 

 

 

--- 

 

 

YES 

 

Displacement over 

10mm 

 

--- 

 

 

58% 

 

40% 

 

 

--- 

 

 

25% 

Heating forming 

manufacturing time 

5 hours 

 

7 

hours 

4.5 

hours 

  

11 

hours 

8 

hours 

 

 

 The effectiveness of the perimeter evaluation 

  The perimeters are evaluated and visualized in the 3D view as well to help 

workers grasp the situation of the plate. For the point cloud of low density 

the system measured perimeters may be smaller than the real values. The 

solutions are discussed in the following chapter. 

  The executive time of the automation engine for both the 2 plates is less than 30 

seconds which is within the tolerance of the worker in shipyard.   
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Chapter 11 Heating forming support experiment 

11.1. Overview of heating forming support experiment 

In this chapter, the heating forming support experiments conducted in the 

shipyard will be illustrated. Plate Measurement System (MS) and Virtual Template 

System (VTS) are introduced with the Automation Engine (AE) into a shipyard S for 

the workers to grasp the manufacturing results of every heating forming step and 

design the next manufacturing plans (heating lines for next step). Multiple plates 

are manufactured without using the real wooden templates in these experiments. 

After the heating forming manufacturing environment of the shipyard is introduced, 

the following items will be evaluated.  

- Automation engine configuration for heating forming environment 

- Plate extraction 

- Curvature error view  

- Torsion evaluation view 

- Heating plan suggestion (along with the roller lines) 

The main objective of this experiment is to make sure that:  

 The 2 views generated by the framework automatically are effective for 

the manufacturing plans’ design. 

 The manufacturing plans from the framework are effective. 

 No real wooden template is used. 

 All of the setting ups and customization according to the manufacturing 

environment are configured by the administrators of the shipyards.  

 The measurement and analysis flow is completely automatized. The 

workers only need to select the minimum information. 

In this chapter, 3 plates, Plate “Bowl 1” Plate “Bowl 2” and Plate “Hybrid 1” will 

be used as evaluation targets of the experiments. Server, input interface and display 

screen are set at the heating forming spot, and the laser scanner is located on a 

movable crane. The automation engine’s 4 configuration files are customized by the 

administrator in the shipyard according to the practical environment. Then the 

curvature error view and the torsion evaluation view are calculated automatically 

and displayed to the workers in the shipyard to help them grasp the situations of 
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the plate and design the manufacturing plan for every manufacturing step.  

At last the manufacturing results will be summarized, and the supported heating 

forming manufacturing process will be reviewed by the selected experienced 

workers in the shipyard.  

 

In this experiment, laser scanner Faro Focus 3D is used. The features are listed as 

below:  

 

Table 11.1 Faro Focus 3D 120 series 

𝒊𝒕𝒆𝒎𝒔 𝒗𝒂𝒍𝒖𝒆𝒔 

Range Focus3D  0.6 – 130m 

Measurement speed up to 976,000 points/second 

Ranging error ± 2mm 

Integr. colour camera Up to 70 mio. pixel 

Laser class  Laser class 1 

Weight  5,2kg 

Multi-Sensor GPS, Compass, Height Sensor, 

Dual Axis Compensator 

Size 240 x 200 x 100mm 

Scanner control  via touchscreen display and 

WLAN 
 

 

The features of the server used in this experiment are as shown in the table below:  

 

Table 11.2 Server features 

𝒊𝒕𝒆𝒎𝒔 𝒗𝒂𝒍𝒖𝒆𝒔 

CPU  Inter(R) Celeron CPU 

2.16GHz 

OS Windows 7  64bit 

Memory 4.00 GB 

Hardware  500GB Hard disk 
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11.2. Experiment design 

  After the experiment environment is configured in the shipyard, the experiment 

is conducted following the flow shown in Figure 11-1. The workers select the design 

information of the plate being evaluated. Then the scan parameters are set 

according to the selected scan spot and the automation engine (introduced in 

appendix) sends the scan command to the scanner. After the scan, the scan results 

are sent to the server for analyzing. The plate’s displacement errors and curvature 

errors at each frame and the automatically arranged virtual templates are provided 

to the workers for designing the manufacturing plan of the next manufacturing step. 

This loop repeats itself until the plate passes the finishing check by the system 

(Over 90% of the point are with the displacement error smaller than 5mm). 

 

 

Figure 11-1 Heating forming experiment flow 

 

11.3. Experiment configuration in shipyard 

The introducing layout of the heating forming support framework (MS, VTS and 

AE) in the shipyard S is as shown in Figure 11-2. One laser scanner (FARO) is 

installed on the rail and connected with the server through LAN. The scanner can 
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be moved through the rail control system so that plates located in different spots 

can be scanned by only one scanner. And a big display consisting of 9 displays is 

used to display the analysis results of the framework as shown in Figure 11-3.  

 

 
Figure 11-2 Heating forming support framework layout in shipyard 
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Figure 11-3 Heating forming process support scene in shipyard 

 

 

Figure 11-4 Scanner setting with motor and gear 
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Figure 11-5 Scanner setting with crane (height 4650mm) 

 

  The scanner is fixed by the administrator in the shipyard with a motor that can 

move the scanner on the crane’s rail as shown in the figures above. 

As shown in Figure 11-6, there are totally 7 scan spots of the heating forming 

manufacturing area. 4 of them are located close to the rail with relatively small scan 

scope. The other 3 scan spots are located far away from the rail with large scan 

scope.  

The pictures of these 7 scan spots taken by laser scanner are shown in Figure 

11-7 ~ Figure 11-13. When switching from one scan spot to another, the scan scope 

parameters shown in these figures are automatically set by automation engine. 

 

 
Figure 11-6 Scan spots at the heating forming area 
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Figure 11-7 Scan spot 1 

 

 
Figure 11-8 Scan spot 2 
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Figure 11-9 Scan spot 3 

 

 

Figure 11-10 Scan spot 4 
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Figure 11-11 Scan spot 5 

 

 
Figure 11-12 Scan spot 6 
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Figure 11-13 Scan spot 7 

 

In the case of heating forming supporting, the laser scanner is located on the rail. 

So the targets that are controlled by automation engine (AE) are as below: 

- Laser scanner stop location 

- Laser scanner’s scan scope 

- Laser scanner’s scan command 

- Heating forming design data’s selection 

- Plate evaluation flow 

- Curvature error view generation 

- Torsion evaluation view generation 

 

The experiment scenario of the heating forming support framework is illustrated 

in Table 11.3. After the automation configuration files are composed by the 

administrator of the cold forming in shipyard, as the operator of the framework, an 

experienced worker I operated the automatized framework by using the numeric 

keyboard as the curved shell plate’s information selecting interface. The executed 

items and the average executing time of each item are also listed in the table.  
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Table 11.3 Experiment scenario of the heating forming support framework 

Automatized heating forming support experiment 

Operator Experienced worker W of the shipyard S 

Objective Evaluation of the heating forming support framework (MS + 

VTS + AE) 

Interface Customized numeric keyboard with buttons :  

“UP” “DOWN” “LEFT” “RIGHT” for scan spot and plate 

selecting “ENTER” “BACK” for confirmation or cancellation of 

the selection 

“ZOOM” “ROTATE” “MOVE” for result view operation 

Experiment 

Targets 

Multiple curved shell plates which are manufacturing in 

shipyard.  

Automation 

configuration 

files’ composing 

- Person in charge: Administrator of the cold forming in 

shipyard  

- Contents: scanner location, scan spot, scan scope of each 

scan spot, region growing seed coordinates, ship number, 

block number, plate number, tolerance value etc… 

Result display Display screen connected with the server 

Automatic 

executed items 

and executing 

time 

Executed items Interface  Executing time 

Scan spot selecting Numeric 

Keyboard  

(Manual) 

5 seconds 

Ship selecting 

Block selecting 

Curved shell plate 

selecting 

Scanner moving AE (Automatic) 10 seconds 

Scanner scope setting AE (Automatic) 2 seconds 

Scan command sending AE (Automatic) 1 seconds 

Scan AE (Automatic) 50 seconds ave 

Design file loading AE (Automatic) 5 seconds 

Plate evaluation AE (Automatic) 25 seconds ave 

Views’ generation  AE (Automatic) 10 seconds ave 

Views’ display and 

operation 

AE (Automatic) -  
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Figure 11-14 Generated UI of the heating forming support framework 

 

Figure 11-14 shows the generated user interfaces of the heating forming support 

framework which are generated based on the UI configuration files composed by the 

administrators in the shipyard. Not only are the items shown in the user interfaces 

but also the other necessary configuration features as below are set in the 

configuration file as shown in Figure a1-13.  

For UI configuration “ui.conf”: 

- Scan scope of each scan spot 

- Region growing seed’s coordinates of each scan spot 

- Tolerance value of every curved shell plate 

For operation configuration “op.conf”: 

- Normal vector similarity value 

- Nearest neighbors’ count 

For control configuration of the rail system “color.conf”: 

- Spot button color RGB 

- Spot button area 

 

In this sub-section, the following features of the Automation Engine (AE) when 

introduced into the heating forming manufacturing process are verified:  
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a. The effectiveness of the automation engine  

The measurement flow of Measurement System (MS) and the analysis flow of 

Virtual Template System (VTS) are well automatized from the plate selection to the 

evaluation result displaying within a relatively acceptable time cost.  

b. The flexibility of the automation engine  

The parameters such as the scan scope, the tolerance values for evaluation, and 

the normal vector similarity values for analysis which are necessary for both the 

MS and VTS can be all pre-set by modifying the configuration files of automation 

engine. Besides, to control the rail where the laser scanner is located, the buttons 

detection information of the external system (rail control system) is also configured.  

 

11.4. Design data used in the experiment 

  In this experiment, there are 3 different kinds of design data which are used for 

different evaluation purpose. 

- SAT curved surface design data (3D) 

- DXF roller line design data (2D) 

- DAT frame line design data (3D) 

  The SAT (Standard ACIS Text) file is a kind of CAD files representing the shape 

of the curved shell plate in the form of NURBS (Non-Uniform Rational Basis Spline) 

curved surface. In the proposed framework, the SAT file is used to calculate the 

distance errors between the design surface and the measured surface after the 

registration of the design data and the measured data.  

  The DXF (Drawing Exchange Format File) file is also a kind of CAD files 

representing the relative locations of the designed roller lines. The DXF files used in 

this framework is in 2D (x, y, 0) by defining the Z coordinate as 0. The 2D roller lines 

have to be matched to the 3D SAT data to make them easier to be observed.  

  The DAT (Data File) is a generic data file created by a specific application; 

typically accessed only by the application that created the file; may contain data in 

text or binary format; text-based DAT files can be viewed in a text editor. The 

proposed framework uses DAT file to store the curved shell plate’s designed frame 

line’s points in 3D (x, y, z) and also the names of different frame lines. The DAT file 

has to be converted into the normal point cloud data format for the system to read.  

In the following subsections, these design data and the converted input data of 
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the 3 plates, Plate “Bowl 1” Plate “Bowl 2” and Plate “Hybrid 1”, will be illustrated.  

 

11.5. Preliminary experiment 

The preliminary experiment validates the plate’s point cloud extraction in the 

shipyard, the basic performance of the VTS system by measuring two curved shell 

plates during manufacturing, and compares the system suggested heating areas 

and the heating areas actually used by the workers according to the check results of 

the real wooden templates at each manufacturing step. After that, the relations 

between the heating conditions and the consequent contractions of the plate are 

evaluated for both the point heating and line heating technics. At last the heating 

and refrigeration conditions are decided for the following general experiment to 

manufacturing the plate “Bowl 1”, “Bowl 2” and “Hybrid 1”. 

 

11.5.1. Curved shell plate extraction 

Two curved shell plates are extracted successfully using the proposed approach. 

Figure 11-15(left lower) shows the extracted point cloud data of curved shell plate A 

consisting of 119,431 points. While Figure 11-15(right lower) is the extracted results 

of curved shell plate B consisting of 231,321 points. Unlike curved shell plate A, 

curved shell plate B’s scan result is divided into many separate domains by 

obstacles’ shade. The proposed separated region recognition method extracted all of 

the divided regions and integrated them together into one curved shell plate. 

In addition, the time to extract the separate domains like that of curved shell 

plate B increases with the separate domains’ number. But the total time of 

extraction in this case study is under 1 minute. When curved shell plate A is 

compared with curved shell plate B, an obvious decrease in extraction time cannot 

be seen for its larger point cloud’s density. In other words, by reducing the scan 

density to a proper degree and avoiding obstacles’ shade, the curved shell plate’s 

extraction time can be shortened. 

 



Heating forming support experiment 

225 

 

 
Figure 11-15 curved shell plate extraction in preliminary experiment 

 

11.5.2. Evaluation results’ comparison of one single processing step 

The heating standard 𝜇  proposed in this thesis which shows the relative 

curvature errors of the 5 frames of curved shell plate A is calculated. As shown in 

Figure 11-16, if 𝜇 at a point has a value of 0.5 or more, the bending at this segment 

is insufficient and additional heating is required.  

 

 

Figure 11-16 Curvature evaluation view and torsion evaluation view in 

preliminary experiment 

 

Figure 11-16(upper) also gives the colour map results of the curvature error by 

this system. Six big solid circles show the positions having insufficient bending. As 

shown in the figure, the heating areas for the following manufacturing were also 
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shown as 3 lines combining the points with insufficient heating where the bending 

is insufficient and along with the parallel roller lines. The roller lines are also 

registered to the measured point cloud from the roller line design data as the 

parallel lines show in the figure. The workers provided the same heating lines 

exactly at the same areas as these 3 heating lines. 

 

Table 11.4 Torsion evaluation for curved shell plate A 

Torsion values measured by system 𝑣𝑠𝑦𝑠𝑡𝑒𝑚 and (values measured by wooden 

template 𝑣𝑤𝑜𝑜𝑑𝑒𝑛) 

 

Contact location 

No. 

Distance 𝐷𝑢𝑝𝑝𝑒𝑟 

(mm) 

Angle 

( ) 

𝑣𝑠𝑦𝑠𝑡𝑒𝑚 𝑣𝑤𝑜𝑜𝑑𝑒𝑛 𝑣𝑠𝑦𝑠𝑡𝑒𝑚 𝑣𝑤𝑜𝑜𝑑𝑒𝑛 𝑣𝑠𝑦𝑠𝑡𝑒𝑚 𝑣𝑤𝑜𝑜𝑑𝑒𝑛 

Virtual 

template 1 
@4  @4 

+2.21 (+3) -4.08 

 

Middle 

Virtual 

template 2 
@2  @2 

+4.02 

 

(+5) +4.2 

 

Middle 

Virtual 

template 3 
@3  @3 

-10.01 

 

(-8) +4.01 

 

Middle 

Virtual 

template 4 
@4  @4 

-2.24 

 

(-2) +4.17 

 

Middle 

Virtual 

template 5 
@6  @5 

+6.03 

 

(+7) -4.26 

 

Middle 

 

 

Figure 11-16(lower) shows the torsion evaluation view of curved shell plate A. 

Every frame is equally divided into 10 parts. The templates are rotated to every 

part on the measured frame, and the sums of the ends’ distances between virtual 

templates and curved shell plate are calculated. Then the virtual templates are 

located at the positions as shown in Figure 11-16(lower) and the torsion evaluation 

result is shown in Table 11.4. It can be seen that the contact locations measured by 

the system and the ones measured by the wooden templates do not have big 

differences from each other. For the frame 5 though slight difference happens, the 

workers confirmed that the contact location measured by system could also be 
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considered effective because the shake extents of the wooden template from these 

two locations are the same. 

It can be seen here the torsion almost complies the design because the angles 

between the perspective plane and the perspective sticks are all in 5 , but the big 

distance between upper plane and the endpoint of virtual template 3 shows that the 

heating along the portrait direction is insufficient. By using the wooden templates, 

the angles are not detected, while the differences between 𝐷𝑢𝑝𝑝𝑒𝑟 measured by 

system and 𝐷𝑢𝑝𝑝𝑒𝑟  measured by wooden templates are within 2mm which is 

considered acceptable. 

From this preliminary experiment, the traditional way of deciding manufacturing 

plans were reproduced well in virtual environment though the torsion evaluation 

view. Besides, the basic performance of the proposed software system is evaluated 

by comparing the system suggested processing plans and the actually used 

processing plans. Strong correlation of these two plans confirmed the feasibility of 

the system. Some slight differences manifested the existing knowledge during 

processing which will be discussed in the following chapters. 

 

Table 11.5 Experiment conditions in the general experiments 

Experiment conditions for point heating (refrigeration from upper side) 

Items Plate 

Thickness 

(mm) 

Refrigeration 

Method 

Heating 

Time 

(s) 

Heating 

Radius 

(mm) 

Expected Contraction 

(mm) 

Value 14 By water 60 70 2.2 (upper heating) 

1.6 (under heating) 

Experiment conditions for line heating (water refrigeration) 

Items Plate 

Thickness 

(mm) 

Refrigeration 

Method 

Heating 

speed 

(mm/min) 

Expected Contraction with 

heating line of 300mm  

(°) 

Value 14 By water 170 -0.5 (upper refrigeration) 

1.5 (under refrigeration) 

260 1.5 (upper refrigeration) 
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From the preliminary experiments in appendix for analyzing the relations 

between the heating conditions and the plate contraction, the manufacturing 

conditions for the following general experiment 1, 2 and 3 are decided as above.  

 

11.6. Experiment 1 : Plate “Bowl 1”  

11.6.1. Objective 

 In this experiment, a relatively small but complicated plate, Plate “Bowl 1”, is 

manufactured based on the analysis results of the proposed heating forming 

framework. The plate is scanned for 7 times before every manufacturing step 

including the final evaluation after the manufacturing. For every manufacturing 

step, the plate is scanned and registered to the design data, and the curvature 

errors and torsions are evaluated automatically. The worker W conducts the 

manufacturing based on the generated curvature error view and the torsion 

evaluation view. Another experiment assistant records the manufacturing plans 

(heating line set) for all the manufacturing steps.  

 

11.6.2. Design data reforming and loading  

  The 3 different kinds of design data which is used for different evaluation purpose 

are listed as below. 

- SAT curved surface design data (3D) 

- DXF roller line design data (2D) 

- DAT frame line design data (3D) 

  Figure 11-17 shows the SAT curved surface design data of the plate “Bowl 1”. As 

shown in this figure, the plate can be seen as a bowl type plate, and there are 190 

points on the perimeter curve. The perimeters are designed as (1727mm, 2524mm, 

2723mm, 2852mm). 
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Figure 11-17 SAT design data of Plate “Bowl 1” 

 

Figure 11-18 (left) shows the DXF file containing the 2D roller line design data of 

the plate “Bowl 1”. As shown in this figure, the 2D points existing on the roller lines 

are listed in the file and have to be extracted and matched to the 3D SAT files.  

 

 
Figure 11-18 DXF file containing 2D roller line data of Plate “Bowl 1” 

 

Figure 11-18 (right) shows the reformed roller lines in 3D. As shown in this figure, 

there are totally 18 different roller lines for this plate to help the workers keep the 

attention on the right torsion directions of the plate.  

As shown in Figure 11-19, the 3D coordinates of the representative frame points 

of Plate “Bowl 1” are extracted from the DAT file which also containing the frames’ 

names such as “S4” and “S10”. The extracted 3D points are displayed in the 3D 
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virtual environment as shown in Figure 11-19 (right). There are totally 5 frames, 95 

points representing the surface of plate “Bowl 1”. The average interval of the 

neighbor points is about 480mm.  

 

 

Figure 11-19 DAT file containing frame design data of Plate “Bowl 1” 

 

 
Figure 11-20 Registered design data of Plate “Bowl 1” 

 

The roller lines’ point cloud, the CAD surface and the frame lines’ point cloud of 

the plate “Bowl 1” are all registered together as shown in Figure 11-20.  
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Figure 11-21 Virtual template generation of Plate “Bowl 1”  

 

Figure 11-21 shows the generated virtual templates of the plate “Bowl 1”. The 

virtual templates are generated following the conventional wooden template’s 

producing tradition. The bottom lines of the generated virtual templates pass all of 

the frame design points. And the representative planes, perspective plane which 

passes all the wooden templates’ sticks and upper plane which passes all the upper 

points of the wooden templates are also painted as shown in Figure 11-21 (right). 

 

11.6.3. Analysis results for one manufacturing step 

The workers totally run the automation engine and manufactured plate “Bowl 1” for 

6 times. For every manufacturing step, the plate is extracted from the measured 

data automatically and registered to the design data prepared in 11.6.2 for the 

following analysis. 

 The sample plate analysis result of plate “Bowl 1” (for the first manufacturing 

step) is illustrated in this subsection. The executive time and the manufacturing 

plan suggested by the proposed framework are explained too. 

 

11.6.3.1. Plate measurement 

As shown in Figure 11-22, the plate is measured with the obstacles including the 

floor, the shadows of the wooden templates and water. The plate is extracted from 

these obstacles by the reformed region growing method.  

  There are totally 350 thousand points existing in the raw measured point cloud. 

The average interval between the points is about 5mm.  
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Figure 11-22 Extraction of Plate “Bowl 1” (Step1) 

 

Figure 11-22 (right) shows the extraction result of plate “Bowl 1”. 50 thousand 

points representing the measured shape of plate are extracted within 50 seconds.  

After plate “Bowl 1” is extracted from the raw measured point cloud, it is 

registered to the design data prepared in 11.6.2 for the following analysis. Figure 

11-23 (left) illustrates the registration result of the virtual templates and the 

extracted plate. All of the relative data are registered together for the curvature 

comparison and virtual template rotation. On this occasion, the virtual templates 

still keep the designed locations without being rotated respectively. This process 

cost only 18 seconds.  

 

 

Figure 11-23 Registration result of Plate “Bowl 1” (Step1) 

 

After all of the measured data and the designed data of plate “Bowl 1” are registered 

together, just as the conventional way to use wooden template, the corresponding 

frame line of each virtual template on the measured plate are calculated and 

painted on the plate as shown in Figure 11-23 (right). This process cost only 10 

seconds. 
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11.6.3.2. Plate analysis 

Figure 11-24 shows the distance error analysis result of Plate “Bowl 1”. The 

threshold is set to 5mm. As shown in the figure, there are over 50% of the points out 

of the threshold range which means the plate has to be deformed to achieve the 

design shape. Moreover, since the blue areas where the measured points are below 

the designed surface are at the two sides of the plate, the curvatures of the 3 frames 

in the middle of the plate are smaller than the designed curvatures. The red areas 

where the measured points are above the designed surface are on the two sides of 

the plate (vertical direction).  

 

 

Figure 11-24 Distance error analysis result of Plate “Bowl 1” (Step1) 

 

Then the torsion situation of the plate is evaluated as shown in Figure 11-25. The 

virtual templates are rotated automatically to the proper locations to help the 

worker check the plate’s torsion. The angles between the virtual templates’ sticks 

and the perspective plane are calculated and displayed in the half-transparent 

message box. The angles are (0, 0, 0, 0, 0) which means there are not yet improper 

torsions in this occasion, while the distance between the endpoints of the virtual 

templates’ sticks and the upper plane are (10, -7, -7 -3, 7) (mm) which means the 

vertical curvatures should be changed too to achieve the designed shape. The 

distances between the ends of the virtual templates’ bottom lines and the measured 

plate are {(13, 20), (8, 16), (20, 12), (20, 1), (9, 12)} (mm).  
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Figure 11-25 Torsion analysis results of Plate “Bowl 1” (Step1) 

 

 

Figure 11-26 Curvature error analysis results of Plate “Bowl 1” (Step1) 

 

The curvature errors at the frame points are calculated and displayed as shown in 

Figure 11-26. The red areas are that have smaller curvatures and have to be applied 

deforming on the upper side of the plate. In this case, because the torsion of the 

plate is still normal, the heating lines can be applied along with the roller lines 

passing the red areas.  

 

11.6.3.3. Manufacturing plan design and manufacturing 
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Figure 11-27 Designed manufacturing plan for “Bowl 1” (Step1) 

 

The manufacturing plan designed for this step is as shown in Figure 11-27. There 

are totally 7 heating lines designed for this manufacturing step. These heating lines 

are all applied along with the roller lines passing the red areas (the areas with 

insufficient curvatures). In this experiment, the plate is manufactured without 

considering the heating grades which lead to the over bending at the last 2 steps.  

 

 
Figure 11-28 Displacement color map before and after this manufacturing 

step (“Bowl 1”) 

 

The plate’s displacement color map’s change is as shown in Figure 11-28, the blue 

areas are reduced by applying the heating lines along with the roller lines; while the 

plate’s displacement error histogram before and after this manufacturing step is as 

below. It can be seen that the displacement error decreased after this 

manufacturing step. The points with displacement within 5mm increased from 47% 

to 63%. And the standard deviation σ also decreased from 8.9mm to 6.2mm. 
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Table 11.6 Plate evaluation results before and after this manufacturing step (A1*S) 

𝑺𝒕𝒆𝒑   Ratio of the points with 

(𝐝𝐢𝐬𝐩𝐥𝐚𝐜𝐞𝐦𝐞𝐧𝐭 < 𝟓𝐦𝐦) 

Standard deviation 

Before 

Step 1 

47% 8.9mm 

 

After  

Step 1 

63% 6.2mm 

 
 

 

11.6.4. Manufacturing plans for all the steps 

The manufacturing plans used to manufacture plate “Bowl 1” is as shown in Figure 

11-29. All of the heating lines in this figure are based on the analysis results 

generated by the proposed framework. In this case, for the last 1 step, the blue 

heating points in this figure are applied because the right part of the plate is found 

over bended. The manufacturing process cost totally 3.5 hours including the 

scanning, measurement, analysis and manufacturing. The average manufacturing 

time of this plate using the real wooden template (expert workers) is about 5 hours. 

Here some heating steps are applied on points; the point heating plan’s design will 
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be discussed in the discussion chapter.  

 

 
Figure 11-29 Manufacturing actions of Plate “Bowl 1” (all the steps) 

 

 

11.6.5. Manufacturing results 

The manufacturing results (the distance errors between the measured plate and the 

design surface) of all the manufacturing steps are as shown in Figure 11-30. The 

green areas are that have the error within 5mm. At last over 90% points are within 

the threshold.  

  Unlike plate “Bowl 2” and “Hybrid 1”, this plate is just test piece so that it was not 

passed to the heat sealing process. The final shape was checked by the expert 

workers using the real wooden templates. 
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Figure 11-30 Manufacturing result of Plate “Bowl 1” (all the steps) 

 

Specifically, the distance error histograms from the 1st manufacturing step till the 

last one are as shown in the following table.  
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Table 11.7 Plate evaluation results after each manufacturing step (“Bowl 1”) 

𝑺𝒕𝒆𝒑   Ratio of the points with 

(𝐝𝐢𝐬𝐩𝐥𝐚𝐜𝐞𝐦𝐞𝐧𝐭 < 𝟓𝐦𝐦) 

Standard deviation 

After  

Step 2 

61% 5.9mm 

 

After  

Step 3 

76% 4.8mm 

 

After 

Step 4 

86% 4.3mm 
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After 

Step 5 

(final) 

92% 3.4mm 

 
 

 

As shown in Figure 11-31, the ratio of points with displacement smaller than 

5mm increases after most of the manufacturing steps; while the points’ 

displacement standard deviation decreased after every manufacturing step. This 

proved that the manufacturing plans designed based on the proposed framework 

are effective.  

 

 

Figure 11-31 Plate’s evaluation results for all the manufacturing steps (“Bowl 

1”) 
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11.7. Experiment 2 : Plate “Bowl 2” 

11.7.1. Objective 

In this experiment, a relatively small but complicated plate, Plate “Bowl 2” which 

is the symmetrical side plate of the Plate “Bowl 1”, is manufactured based on the 

analysis results of the proposed heating forming framework. The plate is scanned 

for 10 times before every manufacturing step including the final evaluation after 

the manufacturing. For every manufacturing step, the plate is scanned and 

registered to the design data, and the curvature errors and torsions are evaluated 

automatically. The worker W conducts the manufacturing based on the generated 

curvature error view and the torsion evaluation view. Another experiment assistant 

records the manufacturing plans (heating line set) for all the manufacturing steps.  

 

11.7.2. Design data reforming and loading 

The 3 different kinds of design data which is used for different evaluation purpose 

are listed as below.    

- SAT curved surface design data (3D) 

- DXF roller line design data (2D) 

- DAT frame line design data (3D) 

  Figure 11-32 shows the SAT curved surface design data of the plate “Bowl 2”. As 

shown in this figure, the plate can be seen as a bowl type plate, and there are 190 

points on the perimeter curve. 

Since plate “Bowl 2” is symmetrical of plate “Bowl 1”, so they share the DXF file 

containing the 2D roller line design data with the plate “Bowl 1”. As shown in this 

figure, there are totally 18 different roller lines for this plate to help the workers 

keep the attention on the right torsion directions of the plate.  

The 3D coordinates of the representative frame points of Plate “Bowl 2” are 

extracted from the DAT file which also containing the frames’ names such as “S4” 

and “S10”. The extracted 3D points are displayed in the 3D virtual environment. 

There are totally 5 frames, 95 points representing the surface of plate “Bowl 2”. The 

average interval of the neighbor points is about 480mm.  
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Figure 11-32 design data of Plate “Bowl 2” 

 

As the last step of the preparation of the design data, the roller lines’ point cloud, 

the CAD surface and the frame lines’ point cloud of the plate “Bowl 2” are all 

registered together.  

Figure 11-33 shows the generated virtual templates of the plate “Bowl 2”. The 

virtual templates are generated following the conventional wooden template’s 

producing tradition. The bottom lines of the generated virtual templates pass all of 

the frame design points. And the representative planes, perspective plane which 

passes all the wooden templates’ sticks and upper plane which passes all the upper 

points of the wooden templates are also painted on computer. As shown in this 

figure, this plate is symmetrical with the plate “Bowl 1” used in prior experiment 1.  
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Figure 11-33 Virtual template generation of Plate “Bowl 2”  

 

11.7.3. Analysis results for one manufacturing step 

The workers totally run the automation engine and manufactured plate “Bowl 2” 

for 8 times. For every manufacturing step, the plate is extracted from the measured 

data automatically and registered to the design data prepared in 11.7.2 for the 

following analysis. 

 The sample plate analysis result of plate “Bowl 2” (for the first manufacturing 

step) is illustrated in this subsection. The executive time and the manufacturing 

plan suggested by the proposed framework are explained too. 

 

11.7.3.1. Plate measurement 

As shown in Figure 11-34 (left), the plate is measured with the obstacles 

including the floor, the support wood, the shadows of the wooden templates and 

water. The plate is extracted from these obstacles by the reformed region growing 

method.  

  There are totally 215 thousand points existing in the raw measured point cloud. 

The average interval between the points is about 6mm. 
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Figure 11-34 Extraction of Plate “Bowl 2” (Step1) 

 

Figure 11-34 (right) shows the extraction result of plate “Bowl 2”. 53 thousand 

points representing the measured shape of plate are extracted within 52 seconds.  

After plate “Bowl 2” is extracted from the raw measured point cloud, it is 

registered to the design data prepared in 11.7.2 for the following analysis. Figure 

11-35 (left) illustrates the registration result of the virtual templates and the 

extracted plate. All of the relative data are registered together for the curvature 

comparison and virtual template rotation. On this occasion, the virtual templates 

still keep the designed locations without being rotated respectively. This process 

cost only 20 seconds.  

 

 
Figure 11-35 Registration result of Plate “Bowl 2” (Step1) 

 

After all of the measured data and the designed data of plate “Bowl 2” are registered 

together, just as the conventional way to use wooden template, the corresponding 

frame line of each virtual template on the measured plate are calculated and 

painted on the plate as shown in Figure 11-35 (right). This process cost only 9 

seconds. 
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11.7.3.2. Plate analysis 

Figure 11-36 shows the distance error analysis result of Plate “Bowl 2”. The 

threshold is set to 5mm. As shown in the figure, there are over 60% of the points out 

of the threshold range which means the plate has to be deformed to achieve the 

design shape. Moreover, since the blue areas where the measured points are below 

the designed surface are at the two sides of the plate, the curvatures of the 3 frames 

in the middle of the plate are smaller than the designed curvatures. The red areas 

where the measured points are above the designed surface are on the two sides of 

the plate (vertical direction) and spread to the middle of the plate.  

 

 

Figure 11-36 Distance error analysis results of Plate “Bowl 2” (Step1) 

 

Then the torsion situation of the plate is evaluated as shown in Figure 11-37. The 

virtual templates are rotated automatically to the proper locations to help the 

worker check the plate’s torsion. The angles between the virtual templates’ sticks 

and the perspective plane are calculated and displayed in the half-transparent 

message box. Since the threshold of the angles are set to 5°. The calculated angles 

are (0, 0, 1, 1, -2) which means there are not yet improper torsions in this occasion. 

The distance between the endpoints of the virtual templates’ sticks and the upper 

plane are (4, -3, -1, -2, 3) (mm) which means the vertical curvatures should be 

changed too to achieve the designed shape. The distances between the ends of the 
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virtual templates’ bottom lines and the measured plate are {(12, 24), (31, 5), (34, 16), 

(50, 15), (26, 13)} (mm). 

 

 
Figure 11-37 Torsion analysis results of Plate “Bowl 2” (Step1) 

 

 

Figure 11-38 Curvature error analysis results of Plate “Bowl 2” (Step1) 

 

The curvature errors at the frame points are calculated and displayed as shown in 

Figure 11-38. The red areas are that have smaller curvatures and have to be applied 

deforming on the upper side of the plate. In this case, because the torsion of the 

plate is still normal, the heating lines can be applied along with the roller lines 

passing the red areas.  

 

11.7.3.3. Manufacturing plan design and manufacturing 
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Figure 11-39 Designed manufacturing plan for “Bowl 2” (Step1) 

 

The manufacturing plan designed for this step is as shown in Figure 11-39. There 

are totally 8 heating lines designed for this manufacturing step. These heating lines 

are all applied along with the roller lines passing the red areas (the areas with 

insufficient curvatures). In this experiment, the plate is manufactured considering 

the 3 heating grades (H, M, L).  

 

 
Figure 11-40 Displacement color map before and after this manufacturing 

step (“Bowl 2”) 

 

The plate’s displacement color map’s change is as shown in Figure 11-40; while the 

plate’s displacement error histogram before and after this manufacturing step is as 

below. It can be seen that the displacement error decreased after this 

manufacturing step. The points with displacement within 5mm increased from 38% 

to 48%. And the standard deviation σ also decreased from 10mm to 7.9mm. 
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Table 11.8 Plate evaluation results before and after this manufacturing step (“Bowl 2”) 

𝑺𝒕𝒆𝒑   Ratio of the points with 

(𝐝𝐢𝐬𝐩𝐥𝐚𝐜𝐞𝐦𝐞𝐧𝐭 < 𝟓𝐦𝐦) 

Standard deviation 

Before 

Step 1 

38% 10.0mm 

 

After  

Step 1 

48% 7.9mm 

 

 

 

11.7.4. Manufacturing plans for all the steps 

The manufacturing plans used to manufacture plate “Bowl 2” is as shown in Figure 

11-41. All of the heating lines in this figure are based on the analysis results 

generated by the proposed framework. In this case, no over bending is found, thus 

all of the heating lines and heating points are applied from the upper side of the 

plate. The manufacturing process cost totally 4.5 hours including the scanning, 

measurement, analysis and manufacturing. The average manufacturing time of this 

plate using the real wooden template (expert workers) is about 5 hours.  
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Figure 11-41 Manufacturing actions of Plate “Bowl 2” (all the steps) 

 

11.7.5. Manufacturing results 

The manufacturing results (the distance errors between the measured plate and the 

design surface) of all the manufacturing steps are as shown in Figure 11-30. The 

green areas are that have the error within 5mm. At last over 90% points are within 

the threshold.  

  This plate is a real plate which is supposed to be used on the ship. Before being 

passed to the heat sealing process, the final shape was checked by the expert 

workers using the real wooden templates. 
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Figure 11-42 Manufacturing result of Plate “Bowl 2” (all the steps) 

 

Specifically, the distance error histograms from the 1st manufacturing step till the 

last one are as below.  
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Table 11.9 Plate evaluation results after each manufacturing step (A1*P) 

𝑺𝒕𝒆𝒑   Ratio of the points with 

(𝐝𝐢𝐬𝐩𝐥𝐚𝐜𝐞𝐦𝐞𝐧𝐭 < 𝟓𝐦𝐦) 

Standard deviation 

After  

Step 2 

59% 6.9mm 

 

After  

Step 3 

59% 6.3mm 

 

After 

Step 4 

67% 5.4mm 
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After 

Step 6 

75% 4.9mm 

 

After 

Step 7 

81% 4.0mm 

 

After 

Step 8 

83% 3.7mm 
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After 

Step 9 

86% 3.6mm 

 

After 

Step 10 

(final) 

90% 3.2mm 

 
 

 

As shown in Figure 11-43, the ratio of points with displacement smaller than 

5mm increases after most of the manufacturing steps; while the points’ 

displacement standard deviation decreased after every manufacturing step. This 

proved that the manufacturing plans designed based on the proposed framework 

are effective.  
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Figure 11-43 Plate’s evaluation results for all the manufacturing steps 

(“Bowl 2”) 

 

11.8. Experiment 3 : Plate “Hybrid 1” 

11.8.1. Objective 

In this experiment, a relatively small but very complicated plate with both the 

features of the bowl type plate and the saddle type plate, Plate “Hybrid 1”, is 

manufactured based on the analysis results of the proposed heating forming 

framework. The plate is scanned for 8 times before every manufacturing step 

including the final evaluation after the manufacturing. For every manufacturing 

step, the plate is scanned and registered to the design data, and the curvature 

errors and torsions are evaluated automatically. The worker W conducts the 

manufacturing based on the generated curvature error view and the torsion 

evaluation view. Another experiment assistant records the manufacturing plans 

(heating line set) for all the manufacturing steps.  
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11.8.2. Design data reforming and loading 

The 3 different kinds of design data which is used for different evaluation purpose 

are listed as below. 

- SAT curved surface design data (3D) 

- DXF roller line design data (2D) 

- DAT frame line design data (3D) 

Figure 11-44 shows the SAT curved surface design data of the plate “Hybrid 1”. 

As shown in this figure, the plate can be seen as a bowl type plate, and there are 190 

points on the perimeter curve. The size of this plate is about 1750mm × 1420mm 

(adjacent edges). The relative positions of this plate and the plates used in 

experiment 1 and 2 are also shown in the figure. It is close to the starboard of the 

ship and with great importance to have the high accuracy. The average 

manufacturing time for this plate is about 11 hours. 

 

 

Figure 11-44 NURBS design data of Plate “Hybrid 1” 

 

Figure 11-45 shows the DXF file containing the 2D roller line design data of the 

plate “Hybrid 1”. As shown in this figure, the 2D points existing on the roller lines 

are listed in the file and have to be extracted and matched to the 3D SAT files.  
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Figure 11-45 Design data of Plate “Hybrid 1” 

 

According to the reformed roller lines in 3D shown in this figure, there are totally 

16 different roller lines for this plate to help the workers keep the attention on the 

right torsion directions of the plate.  

The 3D coordinates of the representative frame points of Plate “Hybrid 1” are 

also extracted from the DAT file. There are totally 4 frames, 69 points representing 

the surface of plate “Hybrid 1”. The average interval of the neighbor points is about 

520mm. The roller lines’ point cloud, the CAD surface and the frame lines’ point 

cloud of the plate “Hybrid 1” are all registered together.  

Figure 11-46 shows the generated virtual templates of the plate “Hybrid 1”. The 

virtual templates are generated following the conventional wooden template’s 

producing tradition. The bottom lines of the generated virtual templates pass all of 

the frame design points.  
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Figure 11-46 Virtual template generation results of Plate “Hybrid 1”  

 

11.8.3. Analysis results for one manufacturing step 

The workers totally run the automation engine and manufactured plate “Hybrid 1” 

for 10 times. For every manufacturing step, the plate is extracted from the 

measured data automatically and registered to the design data prepared in 11.8.2 

for the following analysis. 

 The sample plate analysis result of plate “Hybrid 1” (for the first manufacturing 

step) is illustrated in this subsection. The executive time and the manufacturing 

plan suggested by the proposed framework are explained too. 

 

11.8.3.1. Plate measurement 

As shown in Figure 11-47 (left), the plate is measured with the obstacles including 

the floor, the support wood, the shadows of the crane and the water. The plate is 

extracted from these obstacles by the reformed region growing method.  

There are totally 950 thousand points existing in the raw measured point cloud. 

The average interval between the points is about 5mm. 

 

 

Figure 11-47 Extraction of Plate “Hybrid 1” (Step1) 
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Figure 11-47 (right) shows the extraction result of plate “Bowl 2”. 28 thousand 

points representing the measured shape of plate are extracted within 49 seconds.  

After plate “Hybrid 1” is extracted from the raw measured point cloud, it is 

registered to the design data prepared in 11.8.2 for the following analysis. Figure 

11-48 (left) illustrates the registration result of the virtual templates and the 

extracted plate. All of the relative data are registered together for the curvature 

comparison and virtual template rotation. On this occasion, the virtual templates 

still keep the designed locations without being rotated respectively. This process 

cost only 21 seconds.  

 

 

Figure 11-48 Registration result of Plate “Hybrid 1” (Step1) 

 

After all of the measured data and the designed data of plate “Hybrid 1” are 

registered together, just as the conventional way to use wooden template, the 

corresponding frame line of each virtual template on the measured plate are 

calculated and painted on the plate as shown in Figure 11-48 (right). This process 

cost only 9 seconds. 

 

11.8.3.2. Plate analysis 

Figure 11-49 shows the distance error analysis result of Plate “Hybrid 1”. The 

threshold is set to 4mm. As shown in the figure, there are over 62% of the points out 

of the threshold range which means the plate has to be deformed to achieve the 

design shape. Moreover, since the blue areas where the measured points are below 

the designed surface are at the two sides of the plate, the curvatures of the 5 frames 
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in the middle of the plate are smaller than the designed curvatures. The red areas 

where the measured points are above the designed surface are distributed 

irregularly on the plate. 

 

 

Figure 11-49 Distance error analysis results of Plate “Hybrid 1” (Step1) 

 

Then the torsion situation of the plate is evaluated as shown in Figure 11-50. The 

virtual templates are rotated automatically to the proper locations to help the 

worker check the plate’s torsion. The angles between the virtual templates’ sticks 

and the perspective plane are calculated and displayed in the half-transparent 

message box. The angles are (1, 1, 0, 0) which means there are not yet improper 

torsions in this occasion, while the distance between the endpoints of the virtual 

templates’ sticks and the upper plane are (4, -4, -3, 4) (mm) which means the 

vertical curvatures should be changed too to achieve the designed shape. The 

distances between the ends of the virtual templates’ bottom lines and the measured 

plate are {(23, 21), (25, 7), (9, 5), (4, 14)} (mm). 

 

 

Figure 11-50 Torsion analysis results of Plate “Hybrid 1” (Step1) 
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Figure 11-51 Curvature error analysis results of Plate “Hybrid 1” (Step1) 

 

The curvature errors at the frame points are calculated and displayed as shown in 

Figure 11-51. The red areas are that have smaller curvatures and have to be applied 

deforming on the upper side of the plate. In this case, because the torsion of the 

plate is still normal, the heating lines can be applied along with the roller lines 

passing the red areas.  

 

11.8.3.3. Manufacturing plan and manufacturing results of this step 

 

 

Figure 11-52 Designed manufacturing plan for “Hybrid 1” (Step1) 
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The manufacturing plan designed for this step is as shown in Figure 11-52. There 

are totally 7 heating lines designed for this manufacturing step. These heating lines 

are all applied along with the roller lines passing the red areas (the areas with 

insufficient curvatures). In this experiment, the plate is manufactured considering 

the 3 heating grades (H, M, L).  

 

 

Figure 11-53 Displacement color map before and after this manufacturing 

step (“Hybrid 1”) 

 

The plate’s displacement color map’s change is as shown in Figure 11-40; while the 

plate’s displacement error histogram before and after this manufacturing step is as 

below. It can be seen that the displacement error decreased after this 

manufacturing step. The points with displacement within 5mm increased from 50% 

to 58%. And the standard deviation σ also decreased from 8.3mm to 6.2mm. 
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Table 11.10 Plate evaluation results before and after this manufacturing step (“Hybrid 1”) 

𝑺𝒕𝒆𝒑   Ratio of the points with 

(𝐝𝐢𝐬𝐩𝐥𝐚𝐜𝐞𝐦𝐞𝐧𝐭 < 𝟓𝐦𝐦) 

Standard deviation 

Before 

Step 1 

50% 8.3mm 

 

After  

Step 1 

58% 6.2mm 

 

 

 

11.8.4. Manufacturing plans for all the steps 

The manufacturing plans used to manufacture plate “Hybrid 1” is as shown in 

Figure 11-54. All of the heating lines in this figure are based on the analysis results 

generated by the proposed framework. The manufacturing time of each heating line 

is recorded in the figure. Except for the last two heating lines in blue, all of the 

heating lines and heating points are applied from the upper side of the plate. The 

manufacturing process cost totally 5.5 hours including the scanning, measurement, 

analysis and manufacturing. The average manufacturing time of this plate using 

the real wooden template (expert workers) is about 11 hours. 
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Figure 11-54 Manufacturing actions of Plate “Hybrid 1” (all the steps) 

 

11.8.5. Manufacturing results 

 

The manufacturing results (the distance errors between the measured plate and the 

design surface) of all the manufacturing steps are as shown in Figure 11-55. The 

green areas are that have the error within 5mm. At last over 90% points are within 

the threshold.  

 

 

Figure 11-55 Final manufacturing result of Plate “Hybrid 1” (checked by 

system) 
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Figure 11-56 Manufacturing result of Plate “Hybrid 1” after every step 

 

Specifically, the distance error histograms from the 1st manufacturing step till the 

last one are as shown in below.  
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Table 11.11 Plate evaluation results after each manufacturing step (“Hybrid 1”) 

𝑺𝒕𝒆𝒑   Ratio of the points with 

(𝐝𝐢𝐬𝐩𝐥𝐚𝐜𝐞𝐦𝐞𝐧𝐭 < 𝟓𝐦𝐦) 

Standard deviation 

After  

Step 2 

61% 6.6mm 

 

After  

Step 3 

61% 6.1mm 

 

After 

Step 4 

67% 6.2mm 
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After 

Step 5 

78% 4.6mm 

 

After 

Step 6 

(final) 

90% 3.3mm 

      

 

 

As shown in Figure 11-57, the ratio of points with displacement smaller than 

5mm increases after most of the manufacturing steps; while the points’ 

displacement standard deviation decreased after every manufacturing step. This 

proved that the manufacturing plans designed based on the proposed framework 

are effective.  
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Figure 11-57 Plate’s evaluation results for all the manufacturing steps 

(“Hybrid 1”) 

 

 

 

Figure 11-58 Final manufacturing result of Plate “Hybrid 1” (checked by real 

wooden template) 
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This plate is a real plate which is supposed to be used on the ship. Before being 

passed to the heat sealing process, the final shape was checked by the expert 

workers using the real wooden templates. The result is as shown in Figure 11-58. 

After the real wooden templates are located at the proper positions on the plate, the 

biggest gap between the bottom lines of the wooden templates and the plate is about 

5mm which is much smaller than the error threshold 10mm of the heating forming. 

 

11.9. Summary 

In this chapter, the heating forming support experiments conducted in the 

shipyard are illustrated. Plate Measurement System (MS) and Virtual Template 

System (VTS) are introduced with the Automation Engine (AE) into a shipyard S for 

the workers to grasp the manufacturing results of every heating forming step and 

design the next manufacturing plans (heating lines for next step). Multiple plates 

are manufactured without using the real wooden templates in these experiments.  

 

The following items are evaluated.  

- Plate extraction 

- Curvature error view  

- Torsion evaluation view 

- Heating plan suggestion (along with the roller lines) 

 

Though these experiments, the following items are verified:  

 The 2 views generated by the framework automatically are efficient. 

 The manufacturing plans from the framework are effective. 

 No real wooden template is used. 

 All of the setting ups and customization according to the manufacturing 

environment are configured by the administrators of the shipyards.  

 The measurement and analysis flow is completely automatized. The 

workers only need to select the minimum information. 

 

Three plates, Plate “Bowl 1” Plate “Bowl 2” and Plate “Hybrid 1” are 

manufactured using the proposed framework. The manufacturing results are 

summarized as below, and the supported heating forming manufacturing process is 



Heating forming support experiment 

269 

 

reviewed by the selected experienced workers in the shipyard.  

 

 

Figure 11-59 Manufacturing steps and count of heating actions under real wooden 

templates and the proposed framework 

 

The manufacturing steps’ change from the manufacturing with real wooden 

templates to the manufacturing with the proposed framework is shown in Figure 

11-59 (left). The manufacturing steps decreased almost to 50% averagely by using 

the proposed framework. Besides the average wooden template fixing and observing 

time for each step is about 7 - 12 minutes depending on the manufacturing difficulty 

of each plate. However, with the proposed framework, the evaluation result with the 

virtual templates is outputted within 2 - 3 minutes in average.  

Besides, as shown in Figure 11-59 (right), with the accurate evaluation results 

from the proposed framework, the total count of the heating actions (lines or points) 

also decreased, which means not only the evaluation time but also the 

manufacturing time itself is reduced.  
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Table 11.12 Heating forming experiment result summary (Sun, J.Y., JASNAOE, 

2014) 

𝒊𝒕𝒆𝒎𝒔 “Bowl 1” “Bowl 2” “Hybrid 1” 

Manufacturing time 

when using real wooden 

templates 

 

5 hours 

 

 

5 hours 

 

 

11 hours 

 

Manufacturing time 

when using heating 

forming support 

framework 

 

3.5 hours 

 

 

4.5 hours 

 

 

5.5 hours 

 

Modification 

manufacturing? 

Yes (last 6 

heating lines) 

 

 

No 

 

 

No 

 

Fitness with the design 

shape 

good 

 

good 

 

good 

 
 

 

 According to the table summarized above and the interviews with the workers 

who actually used the proposed framework to manufacture the plates, the 

framework is proved to be both effective and efficient comparing with the 

manufacturing process which uses the real wooden templates. Considerable time 

and physical effort are saved and the manufacturing results are beyond the 

expectations with the real wooden templates.   
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Chapter 12 Evaluation of knowledge elicitation and 

dissemination  

12.1. Overview of knowledge based system evaluation 

This thesis proposed an interview based NRDR knowledge model to deal with the 

explicit knowledge and the implicit knowledge existing in the curved shell plate’s 

manufacturing process. 

 

The objective of this chapter is as below:  

 To elicit rules for the knowledge models based on the interviews or recorded 

data referring to the manufactured plates. 

 To confirm if the rule set is correct or not by the interviews with the expert 

workers after the rule set is constructed. 

 To use the generated rule set to provide the common manufacturing 

guidelines based on the plate’s shape information or to provide the detailed 

instructions based on the plate’s full situation. 

  

In this chapter, all the evaluation and demonstration are based on the 

experiments from the interviews conducted towards the expert workers or the 

recorded 3D manufacturing data. 

 

12.2. Line heating analysis with curvature error view 

The trace experiments which includes approximately 27 times of bending heating 

are conducted during a curved shell plate’s whole manufacturing cycle for 

constructing the basic guidelines’ rule base. The main steps are shown in Figure 

12-1. Every time distinction between the manufacturing plan suggested by system 

and the actually used manufacturing plan is discovered and the distinction could 

not be explained by the existing rules’ set, the parameters representing the plate’s 

situation are calculated and analyzed in a virtual environment and the exclusive 
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features of the plate’s situation are coded as a new rule which is added into the 

existing KB. 

 

 

Figure 12-1 Manufacturing steps of the curved shell plate 

 

12.2.1.  Original rule base 

  The original knowledge base is initialized as shown in Figure 12-2. If the 

curved shell plate belongs to the types the system can deal with, the heating should 

be conducted along with the lines which connect the adjacent frame’s points which 

have big curvature errors. This rule is also representing how the proposed VTS 

makes the suggestion automatically for the manufacturing plans. 

 

 

Figure 12-2 The original rule base 
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12.2.2.  Knowledge elicitation process and results 

The manufacturing plan (left) automatically generated by the proposed system 

and the manufacturing plan (right) which the worker actually used are shown in 

Figure 12-3 (only the step where expert’s knowledge appeared). It can be seen that 

the arrangement of the heating line are mostly the same except some slight 

differences including the heating line 1, 4, 5, 20 and 21, which were also verified as 

appropriate heating lines by workers using the output analysis result of VTS. In 

addition, the distinction existing in step 3 and step 7 are also successfully classified 

by adding new rules. 

 

 
Figure 12-3 Plan comparison 

 

In this case study, the knowledge during this curved shell plate’s manufacturing 

process is extracted and represented by adding rules into a set of independent rules.  

Based on the interview after step 2, when the generated heating line intersects 

the roller line which is decided based on the curvature distribution at the beginning 

of the heating processing, the heating line is usually located along with the roller 

line in order to avoid improper torsion (Rule 5.51 in Figure 12-4).  
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For example, correction heating was performed at the heating lines 1, 4, and 5 in 

two straight parallel lines(along with the roller lines) as shown in Figure 12-3 

(center) instead of single lines connecting the points with big error as shown in 

Figure 12-3 (left). 

 

 

Figure 12-4 Knowledge base after step 2 

 

Based on the interview, after step 3 and step 7, when the error’s region is not 

symmetrical relative to the torsion, the heat can also be applied symmetrically 

relative to the torsion as shown in Figure 12-5. 

 

 

Figure 12-5 Knowledge base after step 3 
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Based on the interview after the step 5, when a nub (relatively small region) 

occurs because of improper heating, correction heating is needed for the same 

position from the opposite of the curved shell plate (Rule 7.71 in Figure 12-6). 

For example, at the step of back heating after reversal, in order to correct the 

place of the nub, the line heating was performed between the points which have no 

obvious curvature errors in large region (heating lines 20 and 21 in Figure 12-3). 

 

 
Figure 12-6 Knowledge base after step 5 

 

In this experiment, the measured data facilitate the rule base to elicit the 

general basic knowledge in the curved shell plate’s manufacturing process. The 

ripple down rule is proved to be a good approach for perfectly describing the 

situations in which the basic rules that heating should be applied to where the 

curvature error is relatively large are not applicable. All of the experimental data 

can be recorded automatically for the following analysis. With interview based on 

the accurate data stored, the expert’s knowledge can be extracted efficiently and 

revised properly. 

 

 



Evaluation of knowledge elicitation and dissemination 

276 

 

12.3. Complicated heating technic analysis with torsion evaluation view 

This experiment is the subsequent experiment of that from the prior RDRs model 

as shown in Figure 12-8 which is constructed from the common guidelines in the 

curved shell plates’ manufacturing. By the manufacturing using the generated 

RDRs rule set, 85% points of the curved shell plate’s measured point cloud were 

within 5mm from the design shape; and the distance between each virtual 

template’s bottom line (the endpoint) and the curved shell plate is within 15mm. 

However, when the workers continued trying to minimize the error, new knowledge 

turn out which means new rules had to be added; within them, some duplicated and 

difficult rules existed and caused the inefficiency of both the knowledge base’s 

construction and the knowledge dissemination.  

The main objective of the experiment in this sub-section is to evaluate the 

proposed knowledge elicitation approach for the complicated heating technic’s 

analysis based on NRDRs that it can better capture the manufacturing knowledge 

during the knowledge elicitation and make the knowledge base easier to 

understand during knowledge dissemination.   

 

12.3.1. Plate analysis 

The bending situation on both the horizontal frame and the vertical frame are 

measured, evaluated and stored as shown in Figure 12-7 (left and middle). As 

shown in the right of Figure 12-7, the 2 straight lines are the manufacturing areas 

suggested by the system, but as the result, neither the errors on the horizontal 

frame on the upper area nor the ones on the vertical frames in the middle of the 

plate reduced.  The expert suggested doing the manufacturing along with the 

rounded areas shown in the middle of the plate after checked the plate’s vertical 

frame and horizontal frame. Result proved this theory. The idea that both the errors 

on the horizontal frames and the ones on the vertical frames should be considered 

together was taken into the knowledge base as the rules C6 and C101 in the Figure 

12-8(right).  
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Figure 12-7 The Situation and Manufacturing Area of the Curved Shell 

Plate 

 

12.3.2. Elicited rules 

Also, before and after this manufacturing step, the errors’ region distribution and 

the errors’ radius should be taken into consideration which means the rules in the 

dashed lines in Figure 12-8 should be executed. Therefore, these rules which is 

considered to be reused in the following knowledge elicitation are arranged into a 

new lower level RDRs tree C3, and be referred from the Rule3.33 and Rule 10.101. 

 

 

Figure 12-8 Rule base for line heating  (Sun, J.Y, ISPE2013) 
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Figure 12-9 Nested ripple down rule base  (Sun, J.Y, ISPE2014) 

 

The rules in Figure 12-9 is illustrated as below. 

- C3: Same as the rule set in dashed lines of Figure 12-8 (left) reused twice 

(rule 3.33 and 11.111). 

- C1: Can the curved shell plate be processed by this system or not. 

- C33: Is the errors’ region symmetrical relative to the view or not. 

- C5: Can the heating line be arranged symmetrically to the torsion 

(physically).  

- C4: Is here no multiple errors (insufficient/over relative to the design) 

existed both in the horizontal and vertical directions.  

- C2: Can the adjacent frames’ points which have relatively big error be 

connected physically. 

- C6: Can point/line heating arranged along with the single frame’s points 

which have relatively big curvature error cause extra errors belonging to 

other frames.  

- C101: Would the point/line heating mentioned in C6 overcorrect the 
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errors existing. 

- C11:  Is the point/line heating executable physically.  

 

12.3.3. Elicited rules’ adaption 

In this experiment, another curved shell plate’s manufacturing step is analyzed 

using the constructed Knowledge Base above.   

The plate analysis result is as below: 

 

 

Figure 12-10 Manufacturing based on constructed Knowledge Base 

 

As shown in Figure 12-10(upper), the situation of the plate is similar as the one 

from experiment A. The bending on the horizontal frame is inefficient while the one 

on the vertical frame is over.  

 

The rule set constructed in experiment A is searched as below:  

- C1: TRUE (Plate type can be processed)  

- C3: TRUE (the errors’ region distribution and the errors’ radius checked) 

- C33: FALSE (the errors’ region is not symmetrical) 

- C4: FALSE (errors of multiple types exist) 

- C6: FALSE (point heating arranged along with single frame’s points 
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causes no extra error) 

- C3: TRUE (the errors’ region distribution and the errors’ radius are 

checked again) 

- C101: FALSE (Point heating mentioned in C6 would not overcorrect the 

errors existing) 

- C11:  TRUE (Point heating is executable physically)  

- Diagnosis: do point heating between the single frame’s points which has 

relatively big error 

After this manufacturing step, as shown in Figure 12-10 (below), the areas of 

error (the red and blue areas) reduced. Also, with the virtualized environment, the 

details of the plate’s information is more clear and specific to help the worker make 

decision, and with the constructed knowledge base in experiment A, even a beginner 

worker can do make the correct manufacturing decision following the rules’ set 

introduction. 

 

12.4. Knowledge model with different views 

In this sub-section, the examples about the usage of the proposed knowledge 

models and the Virtual Template System are introduced. The effectiveness of these 

models is proved though these examples.  

 

12.4.1. Usage of knowledge model with curvature evaluation view  

When trying to decide the manufacturing plan for a plate, the first thing comes to 

the workers is which area has relatively bigger curvature errors because they want 

to do the heating along with these areas to reduce the curvature errors at these 

areas. However, the method they used to find these areas are too inefficiency: 

- By touching the plate to find the areas with obvious insufficient curvatures 

- By comparing the plate and the wooden templates to find the positions 

which cannot match each other. 

The procedures above for only one plate (about 2 frames at once) could cost over 5 

minutes.  

  The curvature evaluation view outputted by VTS is here to solve this problem. 
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The curvature errors as shown in Figure 12-11 is automatically calculated within 

only 2 minutes, and the red areas means where more heating is needed, while the 

blue areas means there are already over bending. It cost much less time by using 

the virtual template to evaluate the curvatures rather than the real ones. And the 

evaluation results are more intuitionistic and comprehendible.  

 

 

Figure 12-11 Curvature evaluation view for one manufacturing step 

 

 When the workers design the heating lines based on the known areas with big 

curvature errors, they just need to arrange the heating lines passing the red areas 

and along with the roller lines shown as the white lines in Figure 12-12.  

Here different combinations and precise locations exist in the heating lines from 

different workers. worker can design the heating lines as shown in Figure 12-12, 

while another worker can connect the heating line (a) (b) and (c) (d) as shown in 

Figure 12-13.  

It is hard to decide which one would be better without a quantitative evaluation of 

the subsequent manufacturing of these 2 kinds of manufacturing plans. The 

data-based knowledge model introduced in Chapter 16 can give answer to this 

question by comparing the subsequent manufacturing steps of these different 

heating lines’ design quantitatively.  

  Two different manufacturing plans (one with the separated heating lines and 

the other with the connected heating lines) are evaluated by taking the subsequent 

manufacturing as the evaluation standards. It tells that if possible the heating 

should be applied depressive instead of joint heating of multiple heating lines in a 
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torture direction even the torture degree is only small.  

 

 

Figure 12-12 Heating lines’ designed by a worker 

 

 

Figure 12-13 Heating lines’ designed by another worker 

 

12.4.2. Usage of knowledge model with torsion evaluation view  

In some case, the curvature errors of all the frames seems to be all right, however 

the displacements between the plate and the NURBS design surface are still 

observable as shown in Figure 12-14. The workers start to consider about other 

heating technics such like the point heating.  

In the experiment 11.6.4, from the heating action 26 to 30 marked in Figure 11-29, 

the workers did the heating at 5 points instead of any heating lines. Here we are 

going to discuss how he designed these 5 heating points based on the torsion 
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evaluation view. Also the design process of these heating points follows the elicited 

rules of the interview-based knowledge model too.  

  That has to be mentioned is this manufacturing design process was of great 

difficulty when the workers try to do it using the real wooden templates because the 

perspective sticks’ observation is too inaccurate and time cost. Sometimes, after 

they found the curvatures at each frames are good (the wooden templates matches 

well at the plate’s frames), they declare the plate is finished, however a lot of 

problems are found and the plate can be sent back to the heating forming stage 

again after it is forwarded to the subsequent stage like the heating sealing stage. 

Only some expert workers insist that the curvatures at the vertical direction should 

be check again, and if it does not matches with the design shape, some special 

heating technics such as the point heating or curve heating should be applied. 

 

(1) Rule C1   

 

 

Figure 12-14 Displacement color map 

 

When the workers try to use the torsion evaluation view to design the heating 

plans, they first need to check “if the curved shell plate can be processed by this 

framework or not “(Rule C1 in Figure 12-9), as mentioned before, this framework 

can only deal with the first three types in the list below:  

[1] Trumpet type: No vertical bending in the plate’s width direction  

[2] Bowl Type: vertical bending, center falls  
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[3] Saddle Type: vertical bending, center rises  

[4] Twist Type: diagonal areas are higher / are lower than the other diagonal 

area 

 

(2) Rule C3 and Rule C33   

Then whether “the straight line heating is not available” (Joint Rule set C3 in 

Figure 12-9) should be asked. Here the obvious curvature errors cannot be found on 

the frames according to the curvature color map in Figure 12-15, thus the heating 

technics besides line heating should be considered.  

According to the displacement color map shown in Figure 12-14, the region of the 

errors (red area) is not symmetrical to the torsion direction (Rule C33 in Figure 

12-9); otherwise some heating lines (curve) may be arranged symmetrically to the 

torsion without destroying the torsion situation.  

 

 

Figure 12-15 Horizontal virtual templates (plate view) 

 

 

 

 

(3) Rule C4  
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Figure 12-16 Horizontal virtual templates (perspective view) 

 

Obviously, Rule C4 in Figure 12-9 is false for there are 2 kinds of errors exist on 

this plate according to Figure 12-16, (insufficient bending at horizontal frame) and 

Figure 12-17 (over bending at vertical frame). The displacements between the 

horizontal virtual templates’ ends and the plate are (30mm, 5mm) and (7mm, 

16mm); while the displacements between the vertical virtual templates’ ends and 

the plate are (-11mm, -3mm), (-6mm, -3mm) and (-3mm, -12mm). The 2 horizontal 

virtual templates in the middle of the plate are “below 0mm and 1mm” from the 

calculated upper plane; while the 1 vertical virtual template is “above 4mm” from 

the calculated upper plane.  

   

 

Figure 12-17 Vertical virtual templates (plate view) 

 

(4) Rule C6 and Rule C101 
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Then because the areas around the red area in Figure 12-14 are blue or light blue, 

means the displacement direction of these areas are opposite. When the red area 

goes downward in the horizontal direction, the blue area will goes upward relatively. 

Therefore, applying point heating at the red area will cause no extra errors or over 

correct the errors existing here (Rule C6 and Rule C101 in Figure 12-9). 

 

 

 Figure 12-18 Horizontal virtual templates (side view) 

 

(5) Rule C11 

At last, physically, since the plate is relatively thick, self-weight is also considered 

in this case, so that the point heating is judged physically effective in this case (Rule 

C11 in Figure 12-9). The expected plate deformation is as shown in Figure 12-19 

(the blue arrows go downward due to the self-weight, and the green arrows go 

upward relatively). Eventually, the workers designed the heating action at the 5 

points in the figure.  
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Figure 12-19 Horizontal virtual templates (perspective view) 

 

(6) Manufacturing result 

The result of this manufacturing action is as shown in Figure 12-20. Comparing 

with the displacement evaluation result before this action in Figure 12-14, the red 

area dramatically decreased; the plate become much closer to the designed shape 

which proved this manufacturing action is effective. 

 

 

Figure 12-20 Result of the designed manufacturing action 

 

12.5. Views for different observation purposes 

According to the results of the multiple experiments and the analysis after 

manufacturing, the degrees of views for different observation purposes are shown in 

Table 12.1.  
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Table 12.1 Importance of views for different purposes 

 Observations Purposes 

Heating 

Areas 

Heating 

Technics 

Heating 

Grade 

Heating  

Finishing 

Curvature 

Evaluation 

View 

Horizontal 

 

High Low High Low 

Vertical 

 

Low Low Low Low 

Torsion 

Evaluation 

View 

Perspective 

 

Medium High Medium Medium 

Side 

 

Low High Low Low 

Displacement 

Color Map 

View 

 

Low Medium Low High 

 

 

For deciding where to do the heating, the heating areas, the horizontal curvature 
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evaluation views are usually observed first, and then the displacements of the 

virtual templates and the plate showing in the perspective torsion view are used to 

confirm the decisions. For deciding the heating technics, the torsion situations of 

the plate are observed as well as the displacement color maps. As introduced before, 

the curvature evaluation view is used to decide the heating grade. At last, to check if 

a plate is finished or not, the displacement color map and the histogram showing 

the percentage of the points with different displacements is usually used first, and 

then the perspective plane showing the torsion situation of the plate is checked.  

 

12.6. Summary 

This thesis proposed an interview based NRDR knowledge model to deal with the 

explicit knowledge and the implicit knowledge existing in the curved shell plate’s 

manufacturing process respectively. 

In this experiment, the knowledge was articulated in NRDR (Nested Ripple Down 

Rules) tree format and a software system was developed for facilitating the 

captured knowledge for reuse. The virtualized environment by the VTS system 

provided information about the plate efficiently. The interview-based knowledge 

model proposed in this paper was evaluated by conducting a series of experiments 

in the shipyard. The common guidelines such as which heating technic should be 

selected is elicited based on the level separated Nested Ripple Down Rules by 

evaluating a couple of parameters’ combination. Also the experiment showed that 

the knowledge base can help workers make decision during the knowledge 

dissemination. 
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Chapter 13 Discussion  

13.1. Overview 

  In this chapter, the problems existing in the proposed curved shell plate’s 

framework and the possible solutions, and the innovations of the proposed curved 

shell plate’s manufacturing process are discussed.  

 

13.2. Problems existing in the proposed framework 

Two problems exist in the proposed framework when we try to introduce it into the 

shipyard.  

- When the density of the point cloud is low (intervals are larger than 10mm), 

the perimeters measured by the system is not precise enough. 

- In summer when the temperature around the scanner is too high (over 40 

degrees), the scanner failure may happen and cause the imprecise measured 

results. 

In this sub-section, the possible solutions of these two problems will be discussed.  

 

13.2.1. Imprecise perimeter evaluation with low density 

In this existing method introduced in 6.4, the points of edges are directly 

extracted from point cloud data based on the distance from a curved shell plate. 

However, it is difficult to obtain the accurate shape and the length of edges from the 

measured point cloud due to intervals existing especially in low density point cloud 

data of the large component. 

As a possible solution for this problem, a high accuracy edge measurement 

method of components using 3D laser scanner could be applied (Hiekata, K., Yamato, 

H., Sun, J., Matsubara, H., Toki, N 2014). Concretely, the method for edge’s shape 

measurement using the point cloud of the component’s side face and the method for 

edge’s length measurement using the feature points of the 3D targets are explained. 

First, the component is measured by 3D laser scanner and point cloud data 

including the surface part and the side faces of the component are obtained. An 
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arbitrary point on the surface of the component is selected from the measured data 

and only the points of surface part are extracted by region growing method. The 

point cloud except for the extracted surface part including the component’s side face 

is detected at following process. 

In order to reduce computational complexity in the following process, the point 

cloud of the surface part is thinned. The concrete procedure of thinning is described 

following. 

1. Principal component of the surface part is analyzed and it is divided into two 

equal parts by a plane which is vertical to the first principal component vector. 

2. The operation 1 is repeated for the other divided parts until the number of 

points from each separated part becomes less than a fixed threshold. 

3. A set of each part’s gravity center is considered as thinned points of the 

surface part. 

Next, the points on the boundary are detected from the thinned point cloud of the 

surface using edge detecting method from Kalogerakis (2009).  

Using the points on boundary (E), the shape of edges is acquired. Figure 

13- illustrates how points of edges are fitted. The procedure of edge fitting is 

described as following. 

1. The neighborhood of E ({𝑷𝑠𝑢𝑟𝑓}) is searched by k-NN BBF method from the 

point cloud of the surface part. 

2. The gravity center of {𝑷𝑠𝑢𝑟𝑓} (G) is calculated and an approximate plane α 

is fitted to {𝑷𝑠𝑢𝑟𝑓}. 

3. The projection point of E to plane α (𝐄𝑝𝑟𝑜𝑗) is calculated. The line segment 

GEproj is extended toward 𝐄proj and a point on the line (𝐄′) is obtained. The 

neighborhood of 𝐄′ ({𝑷𝑠𝑖𝑑𝑒}) is searched from the points except the surface in the 

same way as step 1. 

4. An approximate plane β is fitted to {𝑷𝑠𝑖𝑑𝑒} and the intersection of the line 

GE′ and plane β is calculated. It is one of the points describing the edge. 

The above procedure is conducted for each point on the boundary and the shape 

of the edge is obtained. 
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Figure 13-1 Procedure of edge fitting (Hiekata, K., Yamato, H., Sun, J., 

Matsubara 2014) 

 

As an example of this solution, a panel’s perimeter is measured as shown in 

Figure 13-2 

The length of the edge 1 was calculated ten times. The result is shown in Table 

13.2. The average of error is -0.15mm compared with the measured value by tape 

measure and standard deviation is 0.56mm. Two-sigma range is included from 

-1.27mm to 0.97mm. The accuracy of the error of length measured by the proposed 

method is less than 2mm. 

 

 

Figure 13-2 Result of measurement of edge shape in an experiment with a 

surface plate 
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Table 13.2 Result of measurement of edge length in an experiment with a surface 

plate (mm) 

Average value by 

proposed method 

Standard  

deviation 

Value by 

tape measure 

Average of 

error 

1501.85 0.56 1502.0 -0.15 
 

 

13.2.2. Scanner failure under high temperature 

Considering the practical manufacturing environment in the shipyard, especially 

around the heating forming spot, in summer, the temperature could be over 40 

degrees when doing the heating. And because the scanner is set on the crane about 

5 meters above the heating forming spot where the cooling spray cannot reach, the 

temperature around the scanner can be kept about 50 degrees.  

Because the scanner is not designed for long use under this serious situation, 

there is a high possibility for the scanner failure. Here gives some samples scan 

results when facing a scanner failure. These samples are scanned under about 48 

degrees.  

 

 

Figure 13-3 Scanner failure example (a) 
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Figure 13-4 Scanner failure example (b) 

 

As shown in Figure 13-3, there are some obvious flabellate noises distributed on 

the plate, and the measured length shown in the figure is about 50 mm shorter than 

the real length. Figure 13-4 illustrates another example about the scanner failure 

under high temperature, the undulated noise existing on the perimeters of the plate 

can be observed.  

  As a possible solution of this problem, the administrator of the shipyard is 

advised to set a fan under the scanner even there is already one built inside of the 

scanner. And to reduce the temperature of the scanner during the manufacturing, it 

is suggested that the workers can take a 10 minutes rest between two 

manufacturing steps to give the scanner enough time to cool off when the outdoor 

temperature is over 30 degrees.  

 

13.3. Innovations in the proposed framework 

In this sub-section, the innovation points of the proposed framework and the new 

manufacturing environment are discussed, and then the discussion about the 

proposed framework and the renovated manufacturing process will be summarized. 

    

13.3.1. Manufacturing on vertical direction 

 Another difference between the conventional manufacturing process and the 

renovated manufacturing process is that the vertical templates are also no longer 

needed. Conventionally, the vertical templates have to be produced too before the 
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manufacturing of the plate. In this thesis, the vertical virtual templates can be 

generated at the same time from the same design data as the horizontal virtual 

templates. An example is the last manufacturing step of the plate “Hybrid 1”. As 

shown in Figure 13-5, the virtual templates are located on the plate automatically, 

and the gaps between the templates and the plate are also calculated and displayed 

on computer. Based on the vertical curvature analysis result from the system, the 

workers applied several heating lines to the plate as shown in Figure 13-6.  

   

 

Figure 13-5 Vertical curvature evaluation using the vertical virtual templates 

 

 

Figure 13-6 Heating lines on the vertical directions 
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13.3.2. Knowledge dissemination’s innovation 

A major problem in the curved shell plates’ manufacturing is that the design of 

the manufacturing plan heavily depends on the implicit knowledge, habits and 

experience of the workers. Manufacturing plans varies according to the knowledge 

and skills of the craftsman in charge of the plate even for the same design shape. In 

other words, the current practice highly depends on the individuals and there is a 

risk to lose the knowledge and skills at the time of their retirement. Also to avoid 

inaccurate distorted output shapes and troubles in the subsequent heat sealing 

process, the tacit knowledge and skills for bending plates must be elicited, shared 

and reused in daily operation. 

A conventional way to disseminate the knowledge existing in curved shell plates’ 

manufacturing process is to make some introductions consisting of some 

independent rules based on the interviews with the expert workers.  

However, some points making the conventional introduction manual ineffective 

and inefficient exist:  

- The rules are all independent without considering the relationships with 

the former situations of the plate and the connections with the other rules.  

- Some of the knowledge is tacit and unexplainable without the examples in 

the real practical environment.  

The two knowledge models proposed in this thesis solved the problems above 

respectively. The interview-based NRDR knowledge model makes the relationships 

and the context of the independent rules clear enough for the beginner workers to 

follow step by step. On the other hand, the data-based knowledge model facilitates 

the elicitation of the tacit knowledge which can only be disseminated OJB.  

Because all of the manufacturing data and the manufacturing scenario can be 

recorded on computer, the knowledge elicitation and dissemination can be done 

whenever the expert workers are available. And by using the virtualized rule base, 

the elicited knowledge is more comprehendible and easier to be modified when the 

new rules are found.  
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13.3.3. Discussions on the proposed framework and the renovated manufacturing 

process 

The perspective plane and the contact points of the wooden templates and the 

plate are observed as shown in Figure 13-7 when trying to manufacturing the plates 

using the wooden templates. Specifically, in the conventional way of designing the 

heating lines, firstly, the wooden template A and wooden template B are put on the 

frame lines of the plate respectively. Then if the perspective plane cannot be 

confirmed (with strong angles between the two perspective sticks), the heating will 

be applied along with the vertical direction of the plate (the frame line’s direction). 

The strength of the heating and the density of the heating lines are designed based 

on the angles between the wooden templates’ sticks.  

On the other hand, when trying to design the heating lines in the horizontal 

direction (crossing the frame lines), the steps below are followed to find out the 

points which need more heating:  

- The degrees of the distances beside the contact points a and b. 

- How much the wooden templates A and B can be swayed around the 

contact points. 

Then the heating will be applied along with the roller lines painted on the plane 

and passing the points a and b.  

Therefore, a lot of time and physical effort are cost in this process when trying to 

fix the wooden templates on the plate and observe the results. And because the 

observed results cannot be quantitative precise, the designed heating lines are 

usually different due to the different individual decisions.  
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Figure 13-7 Conventional manufacturing method (Tanaka, Y., 2004) 

 

According to this thesis, as shown in Figure 13-8, the conventional manufacturing 

process is renovated as follows: 

A) The production of the real wooden templates is no longer required. 

B) The completion judgment and the evaluation are performed on computer. 

C) The basic design of the manufacturing plans for every manufacturing step 

is performed on computer automatically. 

D) The advanced design of the manufacturing plans for some difficult 

manufacturing steps can be made by the expert workers based on the 

control and observation of the automatically arranged virtual templates.  

E) During D), the knowledge is elicited and modeled to facilitate the 

manufacturing by beginner workers. 

F) All of the measurement and analysis are performed automatically. 

G) Not only the horizontal curvature can be evaluated, but also the vertical 

virtual templates can be generated from the design data too.  

 In summary, both the manufacturing time and the physical effort can be saved to 

some extent by using the proposed framework.  
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Figure 13-8 Renovated manufacturing process and the effects 

 

The effects by introducing the proposed framework into the shipyard are 

evaluated as below:  

Effect 1. Economic and environmental effect:  

 The wooden templates (one set for about 1 million Yen) are no longer needed 

for most of the plates. The money can be saved for the new ship’s design and 

the automation research of the curved shell plates. Besides, the production of 

wooden templates cost too much wood, about 5kg for one wooden template, 

and 4 – 8 wooden templates for 1 plate, and then about 200 plates for one ship. 

The proposed framework can also be considered as environment conscious.  
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Effect 2. Decrease of the setback on cold forming 

 The experiments conducted to the plates with the same design shape proved 

that with the support of the proposed framework on the cold forming stage, the 

plates are seriously evaluated and judged if can be forwarded to the 

subsequent processing or not. This contributes to the decrease of the 

subsequent manufacturing time and the setback on cold forming. As shown in 

Figure 13-9, the plates passed the PSS check averagely are manufactured 2.5 

hours less than which didn’t. This is also because the press machine has the 

high deformation effect than the heating forming, thus the workers should try 

their best to achieve the press design shape during the cold forming instead of 

passing them to the heating forming stage regardless of their press accuracy. 

 

 

Figure 13-9 Decrease of the setback (long heating manufacturing time) on cold forming 

 

Effect 3. Decrease of time cost and physical effort on heating forming   
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 The experiments conducted in the shipyard using the proposed VTS instead of 

the real wooden templates shows that the manufacturing time is dramatically 

reduced averagely 30% from the one under conventional manufacturing as 

shown in Figure 13-10. This is partly because the workers do not need to put 

the wooden templates on the plate for every manufacturing step any more, and 

the plate is evaluated more accurately. Also, instead of just evaluating 2 or 3 

frames one time during the conventional manufacturing, VTS can evaluate all 

the frames at one time which are also considered an important reason for the 

decrease of the time cost. 

 The physical effort is proved to be reduced, too. This is partly because the 

effort for putting and fixing the wooden templates are saved, as well as the 

total manufacturing time decreased. 

 

 

Figure 13-10 Decrease of time cost and physical effort on heating forming 

 

Effect 4. Decrease of the failures and setback on heating forming   

 The effectiveness of the developed automatic accuracy evaluation part of the 

proposed framework became clear in 5 months after introduction to shipyard. 

After each manufacturing step, the accuracy is evaluated using the system. 

Judging from the evaluation result, the workers decide whether to do the 
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modification manufacturing or pass the plate to subsequent heat sealing 

process. The result is shown in Figure 13-11 and Figure 13-12.  

 By adopting the developed system, as shown in Figure 13-11, the rate of the 

finished plates which fell out of the fixed accuracy’s tolerance rage decreased 

from 75% to 45% within just 5 months. And as shown in Figure 13-12, the 

range of error (the distances from design data and measured data) decreased 

dramatically too. 

 

 

Figure 13-11 Rate of failure (%) on heating forming 
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Figure 13-12 Change of accuracy distribution on heating forming 
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13.4. Values of this work 

13.4.1. Cost impact 

Based on the interview with the shipyard’s administrator, a 10 years’ scenario on 

the curved shell plates’ manufacturing in shipyard S can be summarized as below:  

 

Table 13.3 Curved shell plates’ manufacturing scenario in shipyard S 

No items value 

(1) Wooden templates’ producing money 

per ship  

5,000,000 ~ 8,000,000 JPY 

(average 6,500,000 JPY) 

(2) Life of wooden templates about 2.5 years 

(3) Produced ship types at the same time 2 different types 

(4) Produced ships per year 4 ships 

(5) New ship type every 4~6 years 

(average 5 years) 

(6) Curved shell plates per ship   about 180 plates per ship 

(7) Manufacturing time 7 hours / plate 

(8) Readjustment due to poor quality 200 hours / ship 

(9) Labor cost per hour 5500 JPY/ hour 
 

 

Therefore, for the next 10 years, under current situation, the cost of the wooden 

template’s producing should be around 𝐶𝑊𝑜𝑜𝑑 = (1)  × (3) ×  10  / (2) .The cost for 

the normal manufacturing for this 10 years should be about 𝐶𝑀𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔 = (6)  ×

(7) × (9)  × (4)  × 10. And the readjustment cost due to the poor manufacturing 

quality should be about 𝐶𝑟𝑒𝑎𝑑𝑗𝑢𝑠𝑡𝑚𝑒𝑛𝑡 = (8)  × (9) × (4)  × 10 .  

The impact of this work is evaluated based on the scenario above. The only extra 

cost for introducing the proposed framework is the cost of buying laser scanner 

which is about 5,000,000 JPY. Dramatic support effects have been observed in the 

experiments conducted in the shipyard. The evaluation and the measurement 
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during the whole manufacturing process of curved shell plate are totally 

automatically performed on computer. Real wooden templates are no longer needed; 

the time cost and physical effort on using them are also saved. What the workers 

need to do is just push some buttons to select the plate they want to evaluate, and 

then just wait no longer than 3 minutes for the analysis result. 

The high accurate evaluation results after the cold forming and heating forming 

manufacturing tell the workers if the plate is ready for the subsequent processing or 

not. The cold forming and the heating forming repeat themselves until the plate 

passes the system check which contributes to the decrease of the setbacks from the 

subsequent processing.  

The computer-calculated parameters for the manufacturing plan design help the 

workers design more effective and efficient heating actions. The high measurement 

and calculation speed and the accurate virtual templates’ parameters contribute to 

the decrease of the manufacturing time comparing to the conventional 

manufacturing. Knowledge learning is no longer restricted to OJT. Since the 3D 

manufacturing scenarios are recorded by the proposed framework, the knowledge 

elicitation and dissemination for the beginner workers can be conducted at any time 

they want. The knowledge is no longer a set of independent obscure introductions, 

but a series of well-constructed rules which can facilitate the beginner worker’s 

manufacturing.  

Based on the experiments’ results, the heating manufacturing time is averagely 

reduced to about 70% by introducing the proposed framework. The readjustment 

time due to poor quality is also reduced to about 55%. 

Therefore, the manufacturing cost, the readjustment cost, as well as the 

hardware cost can all be reduced dramatically by introducing the proposed 

framework into shipyard during this 10 years’ scenario.  

 

13.4.2. Academic values 

The academic values of this work can be demonstrated from two aspects: the 

point cloud processing when facing data with irregular obstacles and the knowledge 

engineering during the active manufacturing process. 
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For the point cloud processing of the data containing irregular obstacles which is 

obviously not only an identical problem in shipyard, the pre-processing methods 

proposed in Chapter 5 can give chances to remove these obstacles and register them 

with the design data.  

Not only can curved shell plates be extracted from the measured point cloud 

using the proposed algorithm, other components, such as the panel or the block’s 

lateral surface can use the proposed method. Figure 13-13 shows the extraction 

results of a panel component. 

 

 

Figure 13-13 Panel extraction result 

 

For the knowledge engineering during the active manufacturing processes, this 

work firstly proposed a framework which can record every single manufacturing 

step and suggest the manufacturing plans in real time.  

The figure below shows the values of the proposed framework comparing doing 

the interviews during the manufacturing for knowledge extraction. The 

reproducibility of the manufacturing process enables the interviews after a plate is 

finished. More accuracy of the evaluation results leads to the identical answer even 

from multiple experts. Rules and guidelines can be obtained by comparing multiple 

plates under the similar situation. 

Thanks to this framework, it becomes easier to do the interview with existing 

rule base. And the rules can be confirmed after being extracted.  
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Figure 13-14 Improvement in knowledge engineering 
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Chapter 14 Conclusion  

14.1. Conclusion  

A practical framework for facilitating the whole manufacturing process of the 

curved shell plate was proposed. Necessary original innovations for realizing the 

proposed framework were introduced: 

 

(1) Interfaces for facilitating the curved shell plates’ manufacturing and preserving 

the manufacturing convention were proposed and developed with high accuracy 

and high usability. Efficient method for eliciting and disseminating the 

knowledge existing in the manufacturing processes based on the data recorded 

by the proposed interfaces was proposed. 

(2) Original point cloud processing methods supporting (1) for extracting the plates’ 

point clouds which are separated by irregular obstacles and for registering 

them with the design data were developed. 

  

Multiple experiments evaluating and manufacturing the curved shell plates were 

conducted in the shipyard S to verify the methods proposed in the framework. The 

conclusions can be summarized as below: 

 

(A)  The manufacturing convention preserving interfaces and knowledge elicitation 

and dissemination methods 

 

The cold manufacturing support interface was generated by comparing the 

press design data and the measured point cloud of the plate to calculate and 

virtualize the distance errors and the perimeters of the plate. The plate’s areas 

which the real wooden templates cannot check were also evaluated and 

visualized by the proposed color map interface. The heating forming support 

interface was generated by virtualizing the conventional manufacturing 

process in which the wooden template was used. The wooden templates were 

virtualized and the manufacturing parameters supporting the conventional 
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manufacturing are calculated on computer. The workers could operate and 

observe the virtual template in the conventional way to reserve the 

conventional manufacturing skills and habits.  

The knowledge elicitation and dissemination method using Nested 

Ripple-Down-Rules was proposed. By updating the existing rule base according 

to the differences between the system-suggested manufacturing plan shown on 

the proposed interfaces and the worker-used manufacturing plan, the 

knowledge elicitation process from the expert workers was introduced. By 

visualizing both the existing rule base and the details of the plate’s information, 

the knowledge can be efficiently disseminated to the beginner workers.  

According to the experiments eliciting knowledge using 3 different kinds of 

plate during totally over 20 manufacturing steps, it showed that the knowledge 

about the line heating and point heating was successfully elicited. These two 

can be used to manufacture over 90% of the plates in the shipyard. The elicited 

rule base was verified though the interviews with the expert workers. The 

beginner worker successfully manufactured 2 plates using the manufacturing 

plans suggested by the system in the dissemination experiment. The 

effectiveness of the proposed method is confirmed. 

 

(B)  The point cloud processing methods 

 

As common pre-processing for both the cold forming and the heating forming 

supporting, the general region growing method was redesigned for achieving 

high extraction speed and reducing the extraction errors. The method for 

recognizing the separated parts of the plates’ point clouds caused by the 

obstacles existing in the raw data was developed by proposing the common 

domain judging standard based on the edges of the extracted domains. The 

registration method of the measured data and the design data was proposed by 

pre-setting the registration directions. 

In the preliminary experiments conducted in the shipyard, over 200 plates 

were extracted and registered using the proposed methods. The average 

extraction time (about 38 seconds per million points without separations) 
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showed that the reformed extraction method can satisfy the practical usage in 

the shipyard. Besides, about 120 plates separated by different kinds of 

obstacles were also extracted successfully which demonstrated the effectiveness 

of the common domain recognition standard. Finally, all of these 200 plates 

were successfully registered with design data automatically, and the calculated 

displacement color maps were verified by using the real wooden templates at 

the end of the manufacturing.  

 

According to the experiment results of the whole framework, the high and stable 

quality of the cold forming was achieved. The contribution of the cold forming 

support system for the decrease (average 1.5 hours per plate) of the subsequent 

manufacturing time and the setback on cold forming was confirmed.  

With the proposed interface for heating forming, the manufacturing time was 

dramatically reduced averagely 30% from that under conventional manufacturing. 

The interviews with the workers who used the proposed virtual template interface 

showed that the physical effort was reduced, too. The heating manufacturing time 

was averagely reduced to about 70% by introducing the proposed framework. The 

readjustment time due to poor quality was also reduced to about 55%. That the 

interface outputted by the proposed system can facilitate different kinds of curved 

shell plate’s manufacturing following the conventional manufacturing technics was 

confirmed.  
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14.2. Future work 

The automation of the curved shell plate’s manufacturing is always a dream of 

not only the workers but also the whole shipbuilding industry.  

 

(1) In the future, experiments about other types of curved shell plates will be 

carried out, and a complete knowledge database is to be constructed. Based on a 

complete knowledge database, the virtualized manufacturing process proposed in 

this paper can be expected to be optimized, more and more knowledge will be 

elicited from the experts not only for the beginners but also for our future 

automation machine. 

 

(2) After about several years manufacturing plates using the proposed 

framework, the different ideas between multiple expert workers can be compared, 

evaluated and scored by using the recorded subsequent manufacturing processes. 

The possible usage of the accumulated data in the future is discussed in the 

Appendix A.2.  

 

Finally, the design of the manufacturing plan can be standardized and the 

automatic machining technic is becoming mature which will absolutely give all of us 

an adequate ground to continue aiming higher, and higher. 
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APPENDIX 

A.1 Automation engine and configurations in shipyard 

A1.1 Overview of the automation engine 

Systems for supporting both the cold forming process and the heating forming 

process are introduced. However, when trying to introduce these systems into the 

shipyard, it is almost impossible to have the workers use these systems directly due 

to the complicated operation of all the measurement and analysis steps.  

 Besides, in practical use, not only the systems mentioned above, but also the 

scanner and the scanner moving crane should be automatically controlled for 

facilitating the whole measurement and analysis flow. 

 On the other hands, there are usually multiple manufacturing spots in the 

shipyards, while only one or two scanners are available at once for each 

manufacturing process (cold forming or heating forming). Therefore, for all the 

manufacturing spots, there should be specialized measurement parameters such as 

the scope of one scan shot, the scan density and the region growing seed’s location of 

every spot. And the measurement parameters should be automatically modified 

when trying to scan curved shell plates at another manufacturing spots. 

Especially, because the manufacturing environments of the cold forming and the 

heating forming are different, the automation engine should be flexible enough to be 

adopted in both of these environments. 

The basic concept of the automation engine developed in this research is to 

operate the Press Support System, Virtual Template System, the necessary 

external systems and the scanner automatically instead of the manual operation. 

And to satisfy different manufacturing environments in shipyards, all the 

parameters varying in different environments should be able to be customized by 

the administrators of the shipyards.   

The overview of the automation engine is as shown in Figure a1-1. Four kinds of 

configuration files are designed to be customized as below: 
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- AE user interface configuration file – ui.conf 

- Operation configuration file – op.conf 

- Path configuration file – path.conf 

- External system configuration file – exui.conf 

Two threads work together to operate the systems automatically according to the 

workers’ requirements. 

- UI paint thread 

- System operation thread 

 

 

Figure a1-1 Overview of automatic engine 

 

There are three UIs in this overview.  

- Automation engine UI 

- Existing systems’ UI (VTS and PSS) 

- External systems’ UI 

The automation engine UI is generated and painted on computer based on the UI 

configuration file in real time. The Existing systems’ UIs and the External systems’ 

UIs are evoked when necessary based on the Operation configuration file. And by 
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using the functions of the operation system, automation engine can control the 

mouse to move and click on these UIs imitating the human operation. 

 

A1.2 Automation flow setting 

Sun also developed an automation flow setting system in 2013. This system had 

two configuration files:  

- AE user interface configuration file – ui.conf 

- Operation configuration file – op.conf 

The virtual template prototype introduced in 7.1.1 was automatized by this 

system. However, there are two problems existing in this system: 

- The design files’ path and some of the operation flow was hard coded, 

therefore it can only automatize one expected system such as the VTS. 

When trying to automatize another system, only the modification of the 

two configuration files is not enough.  

- When trying to control some external systems, the locations of the buttons 

and flags have to be pre-set manually which cost a lot of time during the 

system introducing to shipyards. 

 

A1.3 Macro design for multiple system detection and control 

In this research, four configuration files are used to satisfy different 

requirements in the environment of the shipyards. These configuration files are 

written in the form of XML and are read on run time. Therefore, without recompile 

the system, only by modifying these XML files, the automatic flow of the 

measurement and analysis for both the cold forming process and the heating 

forming process can be changed whenever necessary.   

 

Automatic UI configuration 

As shown in Figure a1-1, three trees including the UI tree, operation tree and 

external system UI tree are generated based on these configuration files. The data 
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format for the automation engine UI configuration files is designed as shown in 

Figure a1-2. Multiple steps representing different user selection steps are 

customized in this file. After the UI is generated and painted based on this 

configuration file, the workers can select the necessary information as they want.  

 

 

Figure a1-2 Automation engine UI configuration file 
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The details of each user interface are shown in Figure a1-3. Every step has a 

name, ex-step’s number, display style settings and the display items. Every step of 

the user interface is painted on computer based on the information from this file. 

 

 

Figure a1-3 Details of automation engine UI configuration 

 

Figure a1-4 illustrates the generated user interfaces of the automation engine. 

The items shown on these user interfaces and the styles of these items are all based 

on the UI configuration files customized by the administrators of the shipyards. And 

the workers only need to select from these items to choose the target they want to 

measure and analyze.  
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Figure a1-4 Generated user interface 

 

Operation configuration 

As shown in Figure a1-5, every single operation step which was used to be 

operated manually is defined as an “op-set” in the operation configuration files. 

Automation engine automatically conducts the operation one by one according to 

this file. Every “op-set” has an attribute “comment” to clarify the main purpose of 

this operation step. 
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Figure a1-5 Operation configuration file 

 

The details of each operation step are illustrated in Figure a1-6. Every single 

operation step has a “pre-event” which declare the former operations and the 

expected “time-out” scale of this step.  

In practical use, every single operation of human accurately contains multiple 

steps when operated by computer. Thus, every “op-set” contains multiple “op” in the 

majority of cases. Each single “op” has attributes of an operation name, operation 

target object, and parameters obtained from the UI configuration.  

The parameters selected for each UI step are passed to the operation flow using 

the special identifications “UIVALUE_X”.  “X” means the index of the referred UI 
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step. 

 

 

Figure a1-6 Details of operation configuration 

 

Path configuration and external system configuration 

The external system such as the crane control system is analyzed using the 

colors of the buttons which are supposed to be clicked manually. As shown in Figure 

a1-7, the colors of different buttons are recorded in the external system 

configuration file. Automation engine analyzes these colors and the area these 

colors occupy to identify the controls of these external systems such as buttons or 

dropdown lists. After that, according to the operation configuration, automation 

engine operates these controls automatically.  

At last, the path configuration file as shown in Figure a1-8 enables the 

administrators in the shipyards to customize their own folders to store the input 

design files, scanned files and the output analysis files such as the histograms and 

color maps.   
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Figure a1-7 External system configuration 

 

 

Figure a1-8 Path configuration 

 

Tolerance value setting for different plates 

The tolerance value setting for different plates follows the width and the thickness 

of the plates. The relationship is as shown in the following table. 
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Table a1.1 Correlation between tolerance setting and the plate thickness  

 

 

 

Figure a1-9  Correlation between tolerance setting and the ship part  
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Figure a1-10 Customized numeric keyboard 

 

 

Figure a1-11 Laser scanner located at the cold forming spot 

 

 

Figure a1-12 Generated UI of the cold forming support framework 
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Figure a1-13 Scan scope setting and tolerance value setting 

 

Relations between the heating conditions and the contraction 

Though the heating grades and heating areas are outputted by the proposed 

framework, the manufacturing conditions which change when manufacturing 

different kinds of plates are also expected to be decided based on the evaluation. 

Therefore, in this preliminary experiment, the relations between the following 
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heating and refrigeration conditions and the plate’s contraction will be indicated 

through some experiments. 

(1) Point heating 

- Refrigeration method (by water / by air) 

- Heating direction (from upper side / from underside) 

- Plate thickness (mm) 

 (2) Line heating 

- Heating speed  

- Refrigeration direction (from upper side / from underside) 

- Plate’s thickness (mm) 

 

Table a1.2 Experiments in different manufacturing conditions 

Plates for point heating (refrigeration from upper side) 

No Plate 

Thickness 

(mm) 

Plate Size 

(mm) 

Temperature 

before 

heating (℃) 

Temperature 

after heating 

(℃) 

Refrigeration 

Method 

1 14 470 × 470 7 1030 Water 

2 17 470 × 470 17 1056 Water 

3 22 470 × 470 15 1050 Water 

４ 14 470 × 470 8 1018 Air 

Plates for line heating (water refrigeration) 

No Plate 

Thickness 

(mm) 

Plate Size 

(mm) 

Temperature 

before 

heating (℃) 

Temperature 

after heating 

(℃) 

Heating 

Speed 

(mm/min) 

1 14 470 × 470 17 934 170 

2 22 470 × 470 15 926 170 

3 14 470 × 470 22 875 210 

4 14 470 × 470 16 832 260 
 

 

The plate conditions used in this preliminary experiment are listed in Table a1.2. 

And the result will be summarized in the following sub-sections. 
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(1) Point heating 

All of the plates used to evaluate the point heating contraction have the 

refrigeration done from upper side of the plate. And the heating time is 60s. The 

heating point’s radius is 70mm. 

Figure a1-14 shows that under the same heating time and heating speed, the 

plate which is relatively thicker will get less contraction than other plates. In the 

following general experiments, the plates used are all 14mm.  

 

 

Figure a1-14 Relation between the plate’s thickness and the contraction of 

the plate (Refrigeration by water) 
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Figure a1-15 Relation between the refrigeration method, heating direction 

and the contraction of the plate (Plate’s thickness: 14mm) 

 

Figure a1-15 shows that refrigeration using water can lead to more contractions 

than that using air. In the following general experiments, the plates will all be 

refrigerated by water. 

 

(2) Line heating 

All of the plates used to evaluate the line heating contraction have the 

refrigeration done using water. The heating line’s length is about 300mm. 

Figure a1-16 shows the contraction results after the heating of 170mm/min from 

the upper side of the plate. It can be seen that the contraction direction can be 

changed by doing the refrigeration from the other side of the plate when the plate 

thickness is 14mm which gives the workers an option to modify the over bending 

without upturning the plate. 
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Figure a1-16 Relation between the plate’s thickness and the contraction of 

the plate (Heating speed: 170mm/min; Heating from upper side) 

 

Figure a1-17 shows the relation between the heating speed and the contraction of 

the plate when doing the heating from upper side. In the following general 

experiments the heating speed are all set to 170mm/min or 260mm/min. 

 

 

Figure a1-17 Relation between the heating speed and the contraction of the 

plate (Plate’s thickness: 14mm; Heating from upper side) 
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From this preliminary experiment, the manufacturing conditions for the 

following general experiment 1, 2 and 3 are decided as below:  

 

Table a1.3 Experiment conditions in the general experiments 

Experiment conditions for point heating (refrigeration from upper side) 

Items Plate 

Thickness 

(mm) 

Refrigeration 

Method 

Heating 

Time 

(s) 

Heating 

Radius 

(mm) 

Expected Contraction 

(mm) 

Value 14 By water 60 70 2.2 (upper heating) 

1.6 (under heating) 

Experiment conditions for line heating (water refrigeration) 

Items Plate 

Thickness 

(mm) 

Refrigeration 

Method 

Heating 

speed 

(mm/min) 

Expected Contraction with 

heating line of 300mm  

(°) 

Value 14 By water 170 -0.5 (upper refrigeration) 

1.5 (under refrigeration) 

260 1.5 (upper refrigeration) 
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A.2 Possible usage of the accumulated data in the future 

In this section, we assume that there are already enormous manufacturing data 

recorded by VTS, and within them, different workers hold different manufacturing 

opinions on the same situation of the plate sometimes. The data-based model 

introduced in this chapter cannot be totally verified currently because the data is 

not abundant enough yet, but is expected to be able to play a positive role in picking 

the right instructions from these arguments for the beginner workers. 

The reason why the tacit knowledge existing in these manufacturing processes is 

difficult to be explained sometimes is because there is not yet an efficient way to 

describe the manufacturing processes especially with multiple expert workers 

because sometimes they have different opinions on the same plate’s situation. 

Therefore, it is not possible to analyze these processes efficiently even there is 

enough data recorded. Besides, the knowledge provided by different expert workers 

should be properly evaluated and restructured before being used in the future daily 

manufacturing. 

This sub-section proposes a process knowledge model for facilitating the 

complicated industrial components’ manufacturing supposing that there are 

already enormous data recorded by the VTS. The manufacturing process of the 

complicated component is modeled as a sequence of the situations under which the 

experienced workers made their manufacturing decisions and the actions which the 

workers took under the given situation. Every situation and action can be broken 

down into a set of elements representing the detailed items constituting this 

manufacturing step. Then the element pair of the situation and action is evaluated 

using the recorded manufacturing data and stored in the knowledge model. When 

manufacturing a new component under the similar situation, the most efficient 

action is suggested by the constructed knowledge model in the form of a 

combination of the action elements which are fuzzily inferred to be the most 

effective ones under the given situation. 

At first, a process model regarding the generalized manufacturing process as a 

sequence of the situations and actions as shown in Figure a2- which could represent 

the most generalized manufacturing process existing in today’s industry is built. 
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Facing one group of the similar given situation S of the component, multiple experts 

or one experts in different periods may use different manufacturing plans A, and 

based on different manufacturing plans, there are different subsequent 

manufacturing steps until the component reaches the designed target situation 

𝑺𝒕𝒂𝒓𝒈𝒆𝒕.  

 

 

Figure a2-1 Process modeling (Sun, J.Y, ISPE, 2015) 

 

To analyze how proper each action (from 𝑨𝟏
𝒊+𝟏 to  𝑨𝑵

𝒊+𝟏) is when facing the 

situation 𝑺𝟏
𝒊 (or similar situations’ group), the subsequent manufacturing from 𝑺𝟏

𝒊 

as shown in Figure a2-2 should be evaluated. Multiple representative milestones 

(𝑴𝟏, … , 𝑴𝑫) are set. The count of the total subsequent manufacturing steps d and 

the count of the subsequent milestones D are found out. The concept is that the 

better action is that make the manufacturing steps numerical less (smaller d) and 

more comprehendible (smaller D). 

 

 

Figure a2-2 Subsequent manufacturing analyzing (Sun, J.Y, ISPE, 2015) 

 

The structure of the whole knowledge modeling process which implemented the 
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proposed approach is illustrated in Figure a2-3. The recording data to be analyzed 

representing the manufacturing situations and the multiple actions took by 

experienced workers is recorded in the manufacturing scenario DB. After a series of 

processes which will be introduced later, an expert knowledge model with a set of 

elicited rules is constructed. Then an effective inference process is instituted 

facilitating the using of the constructed knowledge model. 

 

 

Figure a2-3 Process knowledge model (Sun, J.Y, ISPE, 2015) 

 

A.2.1 Element storing of situation and action 

Assuming both the situations and actions can be broken down in to a series of 

elements, the basic inferences from the situation to action and the clustering of 

different situations and actions are conducted towards these elements. When there 

are multiple data pairs, clustering method such as K-means is used to cluster these 

element situations and element actions based on the vector distances between 

them. 

a. 𝑺𝑥 → (𝐬1
𝑥, 𝐬2

𝑥, … , 𝐬𝜀
𝑥) 
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b. Cluster situation elements based on the similarity between them 

c. 𝑨𝑥 → (𝒂1
𝑥, 𝒂2

𝑥, … , 𝒂𝛿
𝑥) 

d. Cluster action elements based on the similarity between them 

   

 

Figure a2-4 Ontology of situations 

 

 

Figure a2-5 Ontology of actions 

 

The ontologies of the situations and actions are shown in Figure a2-4 and Figure 
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a2-5. There are multiple ways to construct these situations and actions for different 

analysis purpose. One simple example is : Suppose that there are n frame points on 

the heating line (or n frame points around the heating point), the vector of situation 

usually has the element value for each dimension including the locations of the 

curvature error region, the grade of the error (X1: error grade of frame point1, X2: 

error grade of frame point2, …, Xn: error grade of frame pointN); while the vector of 

the actions has the element value for each dimension including the heating area’s 

region (X : the relative location comparing to the roller lines, Y: the relative location 

comparing with the frame lines of the plate, Z: the heating line’s length or the 

heating point’s area). 

 

A.2.2 Knowledge elicitation after data accumulation 

This knowledge model is mainly used to handle the cases in which different 

workers have different manufacturing ideas. Assuming they are dealing with the 

plates with extremely high similarity, the effectiveness of the actions they took can 

be evaluated based on the subsequent manufacturing steps’ count d and the 

subsequent manufacturing milestones’ count D.  

a. Find / Estimate count d of milestones from 𝑴𝟏 to 𝑴𝑫  

b. Find / Estimate count D of necessary manufacturing steps from 

𝑺𝟏
𝒊  to 𝑺𝟏

𝒊+𝒅 

c. Set 2 weights to each 𝑨𝑥
𝑖+1  using D and d and a general weight 

𝜔𝑥
𝑖+1, 𝛾1 and 𝛾1can be changed when being applied to different components. 

𝑊𝑥
𝑖+1 =  

1

2𝜋𝜎2  𝑒
−

(𝐷𝑥)
2

2𝜎2     𝑤𝑥
𝑖+1 =  

1

2𝜋𝜎2  𝑒
−

(𝑑𝑥)
2

2𝜎2              (3) 

𝜔𝑥
𝑖+1 =

𝛾1×𝑊𝑖+1
𝑋+ 𝛾2×𝑤𝑖+1

𝑋

𝛾1+𝛾2 
                               (4) 

 

The knowledge model constructed by the evaluated weighted rules is built according the 

following steps: 

a. Generate element rules like (If 𝒔𝒍 , then 𝒂𝒌). When both the similarities 

(the clustering result) of the situation and action elements are big enough, the two 

element rules can be seen as the same rule. 
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b. Decide Fuzzification and Defuzzification regulations according to the 

specific manufacturing process. 

c. Give calculated weight to the generated element rules. 

 

 

Figure a2-6 Paring of element situation and element action  

 

A.2.3 Knowledge dissemination after data accumulation 

When using the knowledge model to try to get an instruction (especially when 

there are controversial opinions) under certain situation, the inference process of 

the knowledge model is as below: 

a. Substitute the component’s situations 𝑺𝒇 = (𝒇𝟏, 𝒇𝟐,  … , 𝒇𝜹)  into  

the generated rule base. 

b. Get every inferred element actions : 𝑨𝒊𝒏𝒇 = (𝒂𝒊𝒏𝒇𝟏
, 𝒂𝒊𝒏𝒇𝟐

,  …) 

c. Give each element actions 𝒂𝒊𝒏𝒇𝒛
 in  𝑨𝒊𝒏𝒇 the weight  

𝜔𝑖𝑛𝑓̅̅ ̅̅ ̅̅ =
∑(𝛾1×𝑊𝑖+1

𝑋+𝛾2×𝑤𝑖+1
𝑋)

𝛾1+𝛾2
                       (5) 

 (𝑊𝑖+1
𝑋  and 𝑤𝑖+1

𝑋  are the weights of the actions A in which 𝒂𝒊𝒏𝒇𝟏
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exists )                 

d. Choose the  top δ element actions ranked by 𝜔𝑖𝑛𝑓̅̅ ̅̅ ̅̅  and build the 

result Action : 

• 𝑨𝒓 = (𝒂𝝈𝟏
, 𝒂𝝈𝟐

,  …) 

 

Besides, because not all the situation elements match perfectly with the former 

ones used to construct the knowledge model, and a rule should not be fully followed 

when it has a low strength, the whole inference process should be fuzzed as the 

following figure when generate the output suggested actions. The Fuzzification of 

the input data is as below: 𝑊𝑁 is the general weight of each rule and 𝑉𝑇𝑁 is the 

situations’ similarity between the known rule and the input rule. O is the output 

strength of each selected rule. 

 

 

Figure a2-7 Fuzzification process (Sun, J.Y, ISPE, 2015) 
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