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 Abstract 

i 

Abstract 

Reverse engineering mimics critical features of a given object and creates its 

accurate (or enhanced) virtual model (digital model) and replica (physical model). It is 

often used to digitize existing objects in different engineering fields and preserve 

significant cultural artifacts.  

In conventional reverse engineering, a 3D scanner scans the exposed surfaces of a 

given object, which results in a relatively large point cloud. The noise and outlier points 

are removed from the point cloud before the surfaces are reconstructed. The reconstructed 

surfaces undergo geometric modeling, which results in a digital model of the object. This 

kind of reverse engineering requires sophisticated devices (a 3D scanner) and complex 

computations. It is challenging to make a reverse engineering process less dependent on 

sophisticated devices and complex computations.  

This study proposed a novel reverse engineering method to overcome the 

challenges. The proposed novel reverse engineering method uses an analytical approach 

to create a noise- and outlier-free point cloud of a given object. The analytical approach 

is based on a recursive process that requires two types of input. The first type of input 

consists of two parameters denoted as instantaneous distance and instantaneous rotational 

angle. These parameters vary in each iteration of the recursive process. The other input 

of the recursive process consists of three parameters: center point, initial distance, and 

initial angle. They remain constant for all iterations. The recursive process produces a 

small point cloud to model some features of a given object, even when the mathematical 

representations are unknown. In this case, the instantaneous rotational angle can be 

increased linearly after each iteration, and the instantaneous distance can be varied using 

simple and well-known mathematical functions.  

The modeling ability of the proposed reverse engineering method is validated by 

comparing two point clouds of the same shape. The first point cloud is created using the 

parametric equation for a given shape (e.g., circle, ellipse, spiral, astroid, and straight 

lines). The second point cloud of the same shape is created using the recursive process.  

Significant cultural artifacts can be digitized using the proposed reverse engineering 

method. This study considers reverse engineering some patterns belonging to the Ainu, 

the indigenous people of Hokkaido. They use fourteen elementary motifs (e.g., "Ayus, " 
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"Morew, " "Sik," and "Utasa") to create unique patterns with which they decorate their 

houses, clothing, ornaments, utensils, and spiritual goods. The mathematical 

representations of these motifs and the underlying patterns are unavailable. The proposed 

reverse engineering method is applied to create point clouds representing some selected 

Ainu motifs. For each point cloud, the instantaneous rotational angle is increased linearly 

and the instantaneous distance is adjusted as needed using some simple mathematical 

functions. This way, a database of Ainu motifs is prepared. Some point clouds are 

exported to a commercially available 3D CAD system. After simple geometric modeling 

(rotation, translation, extrusion, and copying), the point clouds are transformed into 

digital models (virtual models) of the respective motifs and patterns. The digital models 

are used to manufacture replicas of the respective motifs/patterns with an ordinary 3D 

printer. This way, this study digitally preserves the craftsmanship of Ainu motifs and 

patterns.  

The proposed reverse engineering method equally applies to artifacts other than 

Ainu motifs. It is demonstrated by producing a virtual model and replica of an ancient 

ewer (i.e., a 3D shape). The processes involved in the proposed reverse engineering 

method (recursive point cloud creation process, point cloud coordination, solid CAD 

modeling, and replica manufacturing using a 3D printer) do not require sophisticated 

devices. They are free from heavy computations, unlike conventional reverse engineering 

processes.  

The thesis is organized into six chapters. The first chapter presents the background, 

scope, objectives, and contribution of this study. The second chapter provides a literature 

review on reverse engineering, its application to 3D printing, and Ainu motifs/patterns. 

The third chapter describes the methodology of this study. The fourth chapter details 

applications of the proposed reverse engineering method, particularly for creating a 

virtual/physical prototype of Ainu motifs/patterns and other significant cultural artifacts. 

The fifth chapter discusses the implications of this study and highlights future work. The 

final chapter concludes this thesis. 
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 Chapter 1: Introduction 
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This chapter addresses the introduction of this study. The introduction outlines the 

background (Section 1.1), the context (Section 1.2), the scope (Section 1.3), the aim and 

objectives (Section 1.4), and the contribution and significance (Section 1.5) of this study. 

Finally, Section 1.6 presents the structure of this thesis. 

 Background  

Nowadays, reverse engineering (RE) [1-3] has earned a great deal of attention due 

to the advances in 3D scanning [4] and photogrammetry [5] technology. RE is a process 

to deconstruct an existing object to disclose its designs, architecture, or extract knowledge 

to reconstruct a digital model [6]. Reverse engineering transforms real parts into 

engineering concepts and models. In forward engineering, engineering concepts and 

models are transformed into real parts [7]. A fundamental concept of forward engineering 

and reverse engineering is illustrated in Figure 1-1.  

  

(a) Forward engineering  (b) Reverse engineering 

Figure 1-1. A fundamental concept of forward engineering and reverse engineering. 

There are several benefits of reverse engineering [7, 8]. Some of the benefits are 

listed as follows.  

 Create a replica when original products are no longer manufactured or do not have 

documents or drawings or a real model exists as clay, wood, or form model. 

 Modify the previous design, inspection, or analysis to make design improvements. 

 Generate custom fits to the human body (e.g., helmet, spacesuit, and prosthesis). 

As a result, reverse engineering is deployed in a wide range of engineering fields. 

For example, biomedical engineering [9], chemical engineering [10], civil engineering 

Concepts

Models

Real parts

Concepts

Models

Real parts
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[11], electronics engineering [12], software engineering [6], and mechanical engineering 

[13]. Reverse engineering is not only in the engineering fields but also in preserving 

cultural heritage [14, 15]. 

Reverse engineering can be classified as shape reverse engineering, material reverse 

engineering, and process reverse engineering. The choice of a reverse engineering 

approach depends on the area of applications. This study is interested in applying reverse 

engineering for digitizing significant cultural objects and the physical model realization 

using the digital manufacturing processes. In this regard, shape reverse engineering is the 

preferred approach. Shape reverse engineering [7, 13, 16, 17] is often referred to as 

geometric reverse engineering [7] or computer-aided design (CAD) reverse engineering 

[18]. The ultimate goal of shape reverse engineering is to reconstruct a virtual model as 

close as possible to a given model. Digital data of the virtual model is used as a blueprint 

for producing a physical model (replica). The physical model can be built using digital 

manufacturing processes, such as additive manufacturing (AM) [19-21] (e.g., 3D printing 

[22, 23]), subtractive manufacturing (e.g., CNC machining), or formative manufacturing 

(e.g., injection molding).  

Typical reverse engineering in practice is shown in Figure 1-2. As seen in Figure 

1-2, reverse engineering can be divided into four steps: data acquisition, data 

preprocessing, surface reconstruction, and virtual model creation. All the steps are 

elaborated as follows. 

In the data acquisition step [7, 24], a 3D scanner scans the targeted surface of the 

existing physical object, and it generates a relatively large number of points called point 

clouds. Sometimes the 3D scanner cannot capture at a single scan and requires multiple 

scans from different orientations, as shown in Figure 1-2. 

In the data preprocessing step [25], the three procedures, namely, registration, noise 

removal, and data reduction, are necessary. All the fragmented point clouds obtained from 

multiple scans are combined into a single coordinate system in the registration procedure. 

In the noise removal procedure, noise and outlier (shadow) points are removed from the 

point cloud. In the data reduction procedure, the redundant points are removed from the 

point cloud. These procedures are necessary for accurate modeling. 
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Figure 1-2. Typical reverse engineering in practice. 

In the surface reconstruction step [26, 27], surfaces are reconstructed from the 

processed point cloud. Two different geometric modeling approaches, namely, curve-

based modeling and polygon-based modeling, are commonly used for surface 

reconstruction [23]. In the curve-based modeling, the point cloud is divided into subsets 

into a regular pattern using the segmentation process [28]. The segmented point clouds' 

cross-sections are fitted using different parametric curves (NURBS, B-splines, and alike) 

[29]. With the surface fitting, the fitted curves are converted into a ruled or NURBS 

surface model. In polygon-based modeling, a polyhedral model is directly constructed by 

connecting neighboring points using one of the following methods: Delaunay 

triangulation, alpha shaping, crusting, or volumetric. Then it is refined by the decimation 
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and subdivision algorithms. Next, the surface is rendered on the polyhedral model. The 

polyhedral model is usually constructed using triangles that connect the points. Thus, 

polygon-based modeling is also called triangulation modeling.  

In the virtual model creation step, the surface model is transferred to a 3D CAD 

system. Then a virtual model is constructed from the surface model using the functions 

offered by the 3D CAD system. The digital data of the virtual model is vital for 

preserving, modification, and manufacturing.  

 Context 

Conventional reverse engineering requires sophisticated deceives (a 3D scanner) 

and a 3D CAD system. The process of reverse engineering entirely relies on a 3D scanner 

and the scanned point cloud. The whole process of reverse engineering can be jeopardized 

by the accuracy and precision of the 3D scanner itself. Reverse engineering also requires 

user-intensive geometric modeling and complex computations, such as registration, noise 

and outlier points removal, redundant points removal, and surface reconstruction. Even 

though the point clouds are there, it does not guarantee reconstruction of the desired 

virtual model (CAD model). An example is shown in Figure 1-3. The point cloud is 

obtained using a stationary Roland 3D scanner, model number PICZA LPX-600 [30], 

available at the Kitami Institute of Technology. The virtual model reconstructed from the 

point cloud is not useful for producing a physical model.  

   

(a) Turbocharger (b) Point cloud obtained by 
using a 3D scanner 

(c) CAD model after 
several iterations 

Figure 1-3. Example of a 3D scanned point cloud and its CAD model.  

Syed et al. [31] reported that surface characteristics affect the point cloud's quality 

regardless of the scanning accuracy. They reported that the shiny surface and hollow areas 

are difficult to scan by the 3D scanner. Varady et al. [7] reported the problems associated 
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with data acquisition, data preprocessing, and surface reconstruction. Geng and Bidhanda 

[1] and Tashi et al. [32] provided relatively comprehensive issues related to the 

computational complexity associated with the translation of point clouds into a virtual 

model. The problems related to reverse engineering is comprehensively reviewed in 

Chapter 2.  

The challenges of the convention reverse engineering arise from the inception of 

the point cloud itself. If the point cloud can be controlled from the inception, then 

handling the subsequent process would be eased. One of the pragmatic alternatives is 

using an analytical point cloud. The advantage of the analytically created point cloud is 

that the point cloud can be restricted to the small one from inception. The analytical point 

cloud is free from noise and outlier points. This way, some of the computational 

complexity above-mentioned can be avoided.  

The question is how to create an analytical point cloud useful for modeling a given 

object? In this regard, there are three main approaches, namely, a deterministic approach 

[32, 33], a semi-random approach or affine mapping-based approach [34, 35], and a fully 

random approach [36]. In each case, the information underlined by the analytically 

created point cloud is used to construct a virtual model systematically. Perhaps this is not 

the case when the other approaches are used to create the point cloud.  

 Scope 

The scope of this study is restricted to an analytical point cloud based on a 

deterministic approach. The deterministic approach uses a recursive process to create an 

analytical point cloud of the given object. The recursive process requires two types of 

input. The first type of input consists of two parameters denoted as instantaneous distance 

and instantaneous rotational angle, which vary in each iteration of the recursive process. 

The other input of the recursive process consists of three parameters: center point, initial 

distance, and initial angle, which remain constant for all iterations. The proposed reverse 

engineering method creates a small point cloud to model the features of the given object, 

even when the mathematical representations are unknown. In such a case, the 

instantaneous rotational angle can be increased linearly, and the instantaneous distance 

can be varied using some well-known mathematical functions.  
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The modeling ability of the proposed reverse engineering method is validated by 

comparing two point clouds of the same shape. The first point cloud is created using the 

parametric equation for a given shape (e.g., circle, ellipse, spiral, astroid, and straight 

lines). The second point cloud of the same shape is created using the recursive process. 

When modeling the given object using the proposed reverse engineering method, the 

following questions are emphasized to ensure modeling consistency and accuracy.  

1. What are the role and characteristics of the input parameters (both variable and 

constants inputs) of the recursive process that creates a point cloud? 

2. How to quantify the shape information modeled by a set of a point cloud?  

3. Does the analytically created point cloud correctly model a given shape?  

4. Does the analytically created point cloud help to create virtual models (solid CAD 

models) of some given objects? 

 Aim and Objectives 

This study aims to develop a novel reverse engineering method suitable for 3D 

printing without using a scanned point cloud. The objectives of this study are as follows: 

1. develop a framework of a novel reverse engineering method;  

2. develop an analytical point cloud creation process for the proposed reverse 

engineering method; 

3. elucidate the efficacy of the proposed reverse engineering method by digitizing 

the significant cultural objects; and 

4. use 3D printing for prototyping. 

 Contribution and Significance  

The main contribution of this study is a novel reverse engineering method and its 

applications for preserving significant cultural artifacts and realization of the physical 

models using an ordinary 3D printer. The significance of this study is described as 

follows.  

This study considers reverse engineering some patterns belonging to the Ainu, the 

indigenous people of Hokkaido. They use fourteen elementary motifs (e.g., "Ayus," 

"Morew," "Sik," and "Utasa") to create unique patterns with which they decorate their 
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houses, clothing, ornaments, utensils, and spiritual goods. The mathematical 

representations of these motifs and the underlying patterns are unavailable.  

The proposed reverse engineering method is applied to create point clouds 

representing ten selected Ainu motifs. For each point cloud, the instantaneous rotational 

angle is increased linearly and the instantaneous distance is adjusted as needed using some 

simple mathematical functions. This way, a database of Ainu motifs is prepared. Some 

point clouds are exported to a commercially available 3D CAD system. After simple 

geometric modeling (rotation, translation, copying, and extrusion), the point clouds are 

transformed into virtual models (digital models) of the respective motifs. The motifs can 

be used for creating complex patterns. In this study, six complex patterns are created. The 

digital models are used to manufacture replicas of the respective motifs/patterns with an 

ordinary 3D printer. This way, this study digitally preserves the craftsmanship of Ainu 

motifs and patterns.  

The proposed reverse engineering method equally applies to artifacts/objects other 

than Ainu motifs. It is demonstrated by producing a virtual model of an ancient ewer (3D 

shape). The processes involved in the proposed reverse engineering method (recursive 

point cloud creation process, point cloud coordination, solid CAD modeling, and 3D 

printing) do not require sophisticated devices. The results show that the proposed reverse 

engineering method is free from heavy computations, unlike conventional reverse 

engineering processes. As such, the outcomes of this study enrich the field of reverse 

engineering. 

 Thesis Structure 

This thesis is divided into six chapters. The first presented the background, context, 

scope, aim and objectives, and contribution and significance of this study.  

The second chapter addresses a literature review. The chapter presents reverse 

engineering, reverse engineering application in preserving cultural heritage, state-of-the-

art 3D printing, and Hokkaido Ainu motifs and patterns.  

The third chapter addresses the methodology of this study. The chapter presents the 

framework of the proposed reverse engineering method, recursive point cloud creation 

process to create an analytical point cloud, solid CAD modeling, 3D printing, 
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characteristics of the analytical point cloud, and quantification of the analytical point 

cloud.  

The fourth chapter addresses the applications of the proposed reverse engineering 

method. The chapter presents two applications: the first application is a digitization and 

physical prototyping of ten selected basic Hokkaido Ainu and six complex patterns, and 

the second application is a digitization and physical prototyping of an ancient ewer.  

The fifth chapter addresses the implications of this study and highlights the future 

direction of this study. The final chapter concludes this thesis. 
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This chapter addresses comprehensive literature reviews related to this study. 

Section 2.1 presents literature reviews related to reverse engineering. The review includes 

an overview, definitions, different reverse engineering approaches, 3D scanning-based 

reverse engineering, and direction slicing of a scanned point cloud. Section 2.2 presents 

a comprehensive literature review on the application of reverse engineering in preserving 

cultural heritage. Section 2.3 presents a background related to 3D printing. The 

background covers an overview, benefits and limitations, basic steps of 3D printing, 

classifications of 3D printing, materials used, and applications of 3D printing. Section 2.4 

presents a literature review on the Hokkaido Ainu motifs. 

 Reverse Engineering 

The following subsections described a comprehensive literature review on reverse 

engineering and closely related issues. 

2.1.1. Overview 

Engineering is the branch of science and technology concerned with designing, 

building, and maintaining products, systems, and structures. There are two types of 

engineering at a higher level. Forward engineering and reverse engineering, as shown in 

Figure 1-1. Forward engineering is the conventional process of moving from high-level 

abstraction and logical designs to the physical implementation of a system. There may be 

a physical object without any technical details, such as drawings or documents. In such a 

case, the process of replicating existing parts in the form of a virtual model (digital model) 

is known as reverse engineering (RE).  

In the past few decades, reverse engineering has brought a significant influence on 

the dissemination of technology. For example, reverse engineering enables the 

convergence of physical and digital worlds, taken advantage of by all the science and 

engineering fields. The first convergence began in the 1970s by digitizing sound using 

Chapter 2: Literature Review 
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signal processing that made analog to digital conversion of a common language. It helped 

the telecommunication industry and changed the ways of communication over a long 

distance. Such convergence of the physical and digital world was based on one-

dimensional conversion. The second convergence began in the 1980s by digitizing fonts 

and pictures using image processing that made switching from paper documents to 

electronic documents. It helped the publishing industry and changed the way information 

is being stored and shared. Such convergence of the physical and digital was based on 

two-dimensional conversion. The third convergence began in the 1990s by digitizing the 

physical world to the digital world using geometric processing that made it possible for 

forward engineering to reverse engineering. It helped the manufacturing industry and 

changed the way the products were designed and manufactured. Such convergence of the 

physical and digital was based on three-dimensional conversion. 

Reverse engineering covers object from a large aircraft to the smallest microchip, 

World War II's paranoia to the Cold War, commercial piracy to competitive intelligence, 

and product verification and analysis to crime preventive. 

2.1.2. Definition 

There are several definitions of reverse engineering. Some of the selected 

definitions are as follows. Rekoff [37] defined reverse engineering as "the process of 

developing a set of specifications for a complex hardware system by an orderly 

examination of specimens of that system." Chikofsky and Cross [38] defined reverse 

engineering as "the process of analyzing a subject system to identified the systems 

components and their relationships, and to create representations of the system in another 

form or at a higher level of abstraction." Kevin [39] defined reverse engineering as the 

process that "initiates the redesign process wherein a product is predicted, observed, 

disassembled, analyzed, test, 'experimented', and documented in terms of its functionality, 

form, physical principles, manufacturability, and assemblability." The IEEE Standard for 

Software Maintenance (IEEE Std 1219-1993) [40] defined reverse engineering as "the 

process of extracting software system information (including documentation) from source 

code." Society of Manufacturing Engineers (SME) [41] defined RE as "starting with a 

finished product or process and working backward in a logical fashion to discover the 

underlying new technology". The International Organization for Standardization (ISO)/ 
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American Society for Testing and Material (ASTM) International [42] defined reverse 

engineering is as a "method of creating a digital representation from a physical object to 

define its shape, dimensions, and internal and external features".  

2.1.3. Different Reverse Engineering Approaches 

The state-of-the-art of reverse engineering is provided in multiple surveys 

conducted in [1], [13], [16], and [43]. In the literature, it was found that there are several 

approaches to reverse engineering. For example, when physical objects are available, then 

3D scanning, photogrammetry (image processing), and sketching approaches were used. 

In the case of 3D scanning [4], an existing physical object is scanned by a 3D scanner and 

then represented by a relatively large set of points known as a point cloud. Afterward, the 

point cloud is processed by an appropriate computational method for making the point 

cloud meaningful to create a virtual model. In photogrammetry [5]/image processing [44], 

an existing physical object's image data are extracted. Afterward, the image data are 

processed using an appropriate computational method to make the image data meaningful 

to create a virtual model. In sketching [45-47], an existing physical object is sketched. 

The sketch data are then processed by an appropriate computational method for making 

the sketch data meaningful to create a virtual model.  

On the other hand, some studies have shown entirely different approaches. Some 

selected approaches are reviewed as follows. Tamaki et al. [48] implemented a special 

type of photo-curing resin that can be used to extract the shape information of a physical 

object. For the sake of physical prototyping, they used a snow crystal. This method works 

well when the object is tiny. The parameters that affect the resin's curing process plays an 

essential role in the shape information extraction process. Rojas-Sola et al. [49] developed 

an alternative method. They used a 2D sketch of a historical artifact (in this case, an 

engine) as the reference model to construct the virtual model by using a commercially 

CAD system. This method relied on the model builder's perception. It worked well when 

the object consisted of simple geometrical shapes (e.g., plate, line, circle, cylinder, and 

similar). The authors did not report any results regarding the physical prototyping of the 

artifact (the engine). Furferi et al. [50] created a 2.5D tactical model from a painting (i.e., 

3D arts), which helps individuals with vision problems experience the content of painting 

having historical significance. They took photographs of paintings and converted them to 
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solid CAD models based on the image processing method. Ullah et al. [33], [34], [35], 

[36], and [51] created point clouds by using a mathematical process such as iterative 

function systems and Monte Carlo simulation without using a 3D scanner. They used 

point clouds as base models and manufactured self-similar objects (e.g., fractals) and 

porous structures. However, this method is still in its infancy. 

Among all the approaches above-mentioned, the 3D scanning approach is widely 

used in reverse engineering. Thus, the following review is narrowed to the 3D scanning-

based reverse engineering. 

2.1.4. 3D Scanning-based Reverse Engineering 

As shown in Figure 1-1, reverse engineering consists of four steps: data acquisition, 

data preprocessing, surface reconstruction, 3D model creation, and physical prototyping. 

The issue pertaining to each step are described in the following subsections. 

2.1.4.1. Data Acquisition  

Data acquisition [7, 24] is the process of acquiring information using sensors or 

measurement devices. Different types of data acquisition methods are shown in Figure 

2-1. As shown in Figure 2-1, a data acquisition method can be broadly classified into two 

methods: the contact method and the non-contact method. Both methods used some 

mechanism to interact with the surface of the physical object. In contact methods, the 

physical object's surface is touched by mechanical probes at the end of the arms. While 

in the case of non-contact methods, sound, light, or microwave are used. See in [7, 52] 

for more details.  

3D scanning is one of the non-contact data acquisition methods widely used in 

reverse engineering. The ISO/ASTM [42] defined 3D scanning as "a method of acquiring 

the shape and size of an object as a 3-dimensional representation by recording x,y,z 

coordinates on the object's surface and through software the collection of points is 

converted into digital data". 

In 3D scanning-based reverse engineering, a 3D scanner scans the targeted surface 

of the existing physical object, and it generates a relatively large number of points called 

point clouds. In a complex object, the 3D scanner cannot capture the entire targeted 
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surface from a single scan direction. It is required to scan multiple times by changing the 

orientation of the object. Each time the object is scanned and captures a portion of the 

total point cloud, referred to as a fragmented point cloud.  

 

 Figure 2-1. Classification of data acquisition methods [7, 52]. 

2.1.4.2. Preprocessing 

Data preprocessing [25] is performed after completing the data acquisition step, as 

shown in Figure 1-1. The data preprocessing step consists of three procedures: 

registration, noise removal, and data reduction. The fragmented point clouds collected 

from multiple times are required to combine into a single coordinate system. This 

procedure is referred to as registration. The point cloud often contains noise and outlier 

points, and it is necessary to remove such unwanted points from the point cloud. The 

procedure of removing noise and outlier points from the point cloud is referred to as noise 

removable. The point cloud contains millions of points and requires to remove redundant 

point to save memory and increase computational speed. The procedure of removing the 

redundant points from the point cloud is referred to as data reduction. 

Point cloud registration procedures are classified broadly into three categories: 

greedy searching-based, global feature-based, and local feature-based methods. See [53] 

for the details. Numerous researchers have developed different techniques or algorithms 
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to ensure accurate and efficient point cloud registration and noise removal. Some of the 

selected research are briefly discussed as follows. Li and Song [54] developed a modified 

iterative closest point algorithm based on the dynamic adjustment factor for registering 

point clouds. Zhao and Ilieş [55] implemented machine learning algorithms combined 

with the shape descriptor to classify 3D point clouds. Jung et al. [56] proposed an 

algorithm based on 2D synthetic images to improve point cloud registration rather than 

3D point cloud data. James et al. [5] developed a photogrammetry color segmentation-

based technique as an alternative approach to scan. They constructed 3D point clouds for 

reverse engineering applications. Yap et al. [57] implemented different data acquisition 

methods, such as engineering drawing, computed tomography, and optical coherence 

tomography, to build 3D printed bio-models for medical applications. They observed that 

the data acquisition and conversion technique had a significant effect on model quality. 

Syed et al. [31] investigated the influence of surface characteristics on point clouds. A 

point cloud is acquired using a laser scanning probe. They observed that the surface 

characteristics affect the quality regardless of the scanning accuracy.  

In noise removal, common noise removal methods in reverse engineering are 

average, median, and Gaussian methods. All the methods are based on statistical 

approximation. Some researchers proposed a resampling approach. For example, Chen et 

al. [58] implemented centroidal Voronoi tessellation to resample point clouds to remove 

noise and fill holes or preserve point cloud boundaries. Skrodzki et al. [59] developed 

approaches to handle non-uniform density based on point cloud resampling.  

On the other hand, in data reduction, the redundant points are removed from the flat 

regions and keep the points on highly sculptured regions such as corners, internal edges, 

and boundaries. Lee and Woo [60] developed an algorithm to remove redundant points 

from a point cloud to reduce the execution time to integrate reverse engineering and rapid 

prototyping. 

2.1.4.3. Surface Reconstruction 

Surface model reconstruction [26, 27] is performed after completing the data 

preprocessing step, as shown in Figure 1-1. Surface model reconstruction plays a critical 

role in reverse engineering. Compared to conventional surface reconstruction, reverse 

engineering puts a great deal of emphasis on freeform surfaces from the scanned point 
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clouds. The most commonly used geometrical modeling to convert a point cloud to a 

freeform surface are curve-based and polygon-based modeling [23]. The issues related to 

curve-based and polygon-based modeling are described in the following subsections.  

(a) Curve-based Modeling 

Curve-based modeling includes three procedures: segmentation, curve fitting, and 

surface fitting, as shown in Figure 1-1. The point cloud is first divided into subsets into a 

regular pattern using the segmentation process [28]. The cross-sections of the segmented 

point clouds are fitted using different parametric curves (NURBS, B-splines, and alike) 

[29] using the least-squares method. With the surface fitting or skinning function, the 

fitted curves are converted into a surface model.  

Some of the selected studies are briefly discussed as follows. Le and Duan [61] 

proposed a segmentation algorithm for mechanical CAD models constructed from planes, 

cylinders, cones, spheres, and tori. Williams and Ilies [62] proposed a framework for 

performing shape analysis and segmentation directly on point clouds. Fayolle et al. [63] 

established a construction tree model for the surface model created from the point cloud. 

Pan et al. [64] implemented a phase-field guided surface reconstruction based on implicit 

hierarchical B-splines from the point cloud data. Feng and Taguchi [65] developed a T-

spline fitting strategy algorithm for surface reconstruction from 2D point cloud data. 

Schwartz et al. [45] generated a 3D model by building a loft feature through some curves 

produced by slicing the point cloud. The point cloud data are obtained from 3D sketching. 

Xu et al. [66] implemented a virtual approach for slicing the point cloud for AM 

processing. Haiqiao et al. [67] developed algorithms for automatically generating blocked 

patterns from the point cloud data used in garment manufacturing. Peternell and Steiner 

[68] developed an algorithm for surface reconstruction of a piecewise planar object or 

CAD model from a point cloud. Pal [69] developed a tangent plane method for generating 

3D geometry from a point cloud.  

The currently available commercial curve-based modeling systems are Rhino 3D, 

Maya, Alias/Wavefront, CATIA, ICEM Surf, and SolidWorks. These systems can make 

it possible to create high-quality surface models. However, creating complex-shaped 

surfaces using these systems is still ill and challenging.  
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(b) Polygon-based Modeling 

Polygon-based modeling is used as an alternative method to reconstruct a surface 

model from the point cloud. It consists of four procedures: triangulation, decimation, 

subdivision, and triangle to surface fitting. In triangulation, a polyhedral model is directly 

constructed by connecting neighboring points using one of the following methods: 

Delaunay triangulation, alpha shaping, crusting, or volumetric. In the decimation, the goal 

is to reduce the number of triangles in the polyhedral model, which can be achieved by 

edge collapse that calculates the cost of each edge by estimating the error that occurs 

when it is removed. In subdivision, it seeks to generate a smooth and fine surface from 

the coarse mesh. By applying a refined rule, a smooth and detailed model is obtained. 

Subdivision surface [70] schemes allow producing an approximated surface by adding 

vertices and subdividing existing polygons. Then, the surface is rendered on the 

triangulated model. 

Some related work on curve-based modeling is discussed as follows. Masuda et al. 

[11] developed a method for reconstructing polygonal faces from the point cloud and 

mapped each point cloud onto a 2D image for detecting the bounded planar faces. Ma et 

al. [71] produced an umbrella facet matching algorithm to construct watertight manifold 

triangle meshes from a point cloud. Zhong et al. [72] developed an inverse distance square 

method for directly slicing spatial point cloud data from reverse engineering for rapid 

prototyping applications. Chang et al. [73] established a methodology for surface 

reconstruction from point clouds for creating textures on the surface that can be used in a 

medical scaffold. Remil et al. [74] proposed a framework to reconstruct 3D models from 

raw point cloud data by learning the prior knowledge of a specific class of objects.  

The currently available commercial polygon-based modeling systems are 

MeshLab, PointCab, Kubit PointCloud for CAD, JRC 3D Reconstructor, Imagemodel, 

PolyWorks, Rapidform, Geomagic, Rhino 3D, Imageware, Geomagic, Rapidform, 

Paraform, and PolyWorks. Kuang-Hua [16] has provided a comparison of commercial 

modeling software for reverse engineering. 

It is worth mentioning that compared to curve-based modeling, the polygon-based 

modeling process takes less time regardless of the geometric complexity of the scanned 

parts. However, it is challenging to reconstructing the fine details, such as the sharp 
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corners and edges, using the methods mentioned above. A comparison between curve-

based modeling and polygon-based modeling are shown in Table 2-1.  

Table 2-1. Comparison between curve-based and polygon-based modeling [23].  

Parameters Curve-based Modeling Polygon-based Modeling 

Steps Segmentation, curve fitting, 
surface fitting  

Triangulation, decimation, 
subdivision, surface fitting 

Process Manual Automatic 

Surface patching Manual  Automatic  

Surface quality High Medium or low 

Features Surface geometry only Surface geometry and attributes 
(e.g., color) 

Continuity Cannot ensure continuity Ensure continuity 

Topology Simple Complex 

Speed A few weeks to a few months A few hours to a few days 

2.1.4.4. Virtual Model Creation 

Virtual model creation is performed after completing the surface reconstruction 

step, as shown in Figure 1-1. The surface model reconstructed from the point clouds is an 

uneditable form. When the surface models are transferred to a 3D CAD system, the 

surface models are translated into an editable format known as a solid CAD model, which 

is a virtual model. Thus, the virtual model creation is also referred to as 3D CAD 

modeling or 3D CAD model creation [7, 13, 17, 75]. Reverse engineering can take 

advantage of the solid CAD model. For example, deriving new models, make variations, 

analyze properties, and determine characteristic quantities such as surface area and 

volume.  

2.1.5. Direct Slicing of 3D Scanned Point Cloud 

Some researchers deployed direct rapid prototyping from scanned point clouds 

without undergoing curve-based or polygon-based modeling to avoid complicated surface 

reconstruction.  

Some related studies are discussed as follows. Percoco and Galantucci [76] 

developed a genetic algorithm for directly slicing point clouds for rapid prototyping. 

Wang et al. [77] implemented a multi-scale mesh-free empirical mode decomposition 
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(EMD) algorithm directly over a point cloud without the need for explicit mesh 

construction. Yang et al. [78] developed an algorithm based on the moving least-squared 

process. The process can intersect with lines, planes, polygonal mesh, and NURBS 

surfaces for directly manufacturing objects from point clouds without building a CAD 

model. Oropallo et al. [79] and [80] implemented a point cloud-based approach to directly 

slice a NURBS-based model for 3D printing rather than STL-based slicing.  

 Reverse Engineering in Preserving Cultural Heritage 

With the advance in reverse engineering technology, reverse engineering has been 

used for digitizing, preserving, and restoring cultural heritage [32, 81-83]. For example, 

museums are using reverse engineering for making complete or missing parts of a vital 

relic [84, 85]. Even historical sites are digitally documented by using reverse engineering 

technology [86-88]. 

Like a 3D sculpture or architecture, a piece of 2D visual art such as a painting, 

photography, or drawing can be digitized in a solid CAD model (a virtual model) using 

reverse engineering. For instance, Fueferi et al. [50] have created a 2.5D tactical model 

from a painting (i.e., 2D art), which helps individuals with vision problems experience 

painting having historical significance. Thus, reverse engineering is an essential 

technology for preserving cultural heritage.  

 3D Printing 

Digital data of a virtual model created in reverse engineering are useful in producing 

a physical replica. The physical replica can be built using digital manufacturing processes, 

for example, additive manufacturing (e.g., 3D printing), subtractive manufacturing (e.g., 

CNC machining), or formative manufacturing (e.g., casting). The scope of manufacturing 

in this study is restricted to 3D printing. The following subsections described the 

background of 3D printing.  

2.3.1. Overview 

Contrary to the conventional manufacturing processes (e.g., subtractive 

manufacturing and formative manufacturing), 3D printing has been introduced to 
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manufacture physical objects by adding material layer by layer [22, 23]. 3D printing can 

manufacture physical objects having complex shapes and multi-scale structures. As a 

result, 3D printing is recognized as one of the vital technologies that will revolutionize 

the way products have been designed, manufactured, and marketed in the era of the 4th 

industrial revolution.  

The ISO/ASTM [42] defined 3D printing as "the fabrication of objects through the 

deposition of a material using a printed head, nozzle, or another printer technology." 3D 

printing is commonly used as an alternative term for additive manufacturing (AM) [19-

21]. The ISO/ASTM [42] defined AM as "a process of joining materials to make objects 

from 3D model data, usually layer upon layer, instead of subtractive manufacturing 

methodologies." Other terms used as a synonym of additive manufacturing include 

additive fabrication, freeform fabrication, rapid prototyping, desktop manufacturing, 

rapid manufacturing, and on-demand manufacturing.  

The term 3D printing was coined in 1993 when MIT developed a powder bed 

process employing standard and custom inkjet print heads [89]. Later it was 

commercialized by Soligen Technologies, Extrude Hone Corporation, and Z Corporation. 

However, the foundations of 3D printing go back almost 150 years when freeform 

topographical maps and photo sculptures from 2D layers were built [90]. The concept of 

modern 3D printing started in the 1960s to the 1970s. In 1969, 1970, and 1979, the 

following 3D printing processes emerged: photopolymerization, powder bed fusion, and 

sheet lamination, respectively [75].  

In 1981, the first successful 3D printing process was invented by Hideo Kodama of 

Nagoya Municipal Industrial Research Institute, Nagoya city, Japan. Kodama fabricated 

3D plastic models using controlled ultraviolet light exposure on a photo-hardening [91] 

and the first person to the applied patent for rapid prototyping technologies.  

In 1984, Charles Hull invented and patented a stereolithography apparatus [92] and 

contributed the STL file format, digital slicing, and infill strategies, commonly used in 

3D printing. In 1989, Scott and Lisa Crump a Fused Deposition Modeling [20]. The 

current 3D printer in the market works based on Fused Deposition Modeling. 3D printing 

is now beginning to make significance in roadmaps [90, 93]. 

Numerous reputable market analysts [94, 95], industries [96, 97], and academics 

[98-100] has been continuously conducting research. They publish annual reports on the 
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current market trends, investment, and predicting the future of 3D printing. The 

International Data Corporation (IDC) [101] predicted that global spending on 3D printing 

would reach 13.8 billion dollars in 2019, increasing 21.2 percent over 2018. The IDC 

forecast that global spending is expected to reach nearly 22.7 billion dollars, with a five-

year compound annual growth rate (CAGR) of 19.1 percent by 2020. According to the 

IDC, digital manufacturing dominated 3D printing more than half worldwide by spending 

throughout the 2018 – 2022 forecast, healthcare providers spending over $1.8 billion in 

2019, and education spending a total of 1.2 billion dollars. The professional services are 

spending accounts for nearly 898 million dollars and customer spending almost 647 

million dollars, which account for less than 5% of worldwide.  

The 3D hubs [96] reviewed 3D printing trends 2020. They forecasted that the 

average CAGR at 24 percent for the next five years, reaching 34.9 billion dollars by 2024 

[96]. The market value almost doubles every three years. According to the Gartner 

Institute report 2019 [94], the medical sector has grown in the use of 3D printing in 2018. 

By 2023, an expected 25 percent of medical devices will make use of 3D printing. In 

2019, metal 3D printing was on the rise. By 2020, parts built using metals and allows will 

become a critical element in supply chains for replacement parts both in commercial and 

military applications. In brief, the 3D printing market share is exponentially increasing.  

2.3.2. Benefits and Limitations 

There are several benefits of 3D printing. Some of the benefits are the freedom to 

design highly customized products, the realization of complex geometry, the fabrication 

of multi-material objects, minimal material waste, complexity for free, and rapid 

prototyping [19, 102]. However, there are also some limitations of 3D printing. The 

limitations are slow to build rates, high production costs, the considerable effort required 

for application design, discontinuous production process, and limited component size. 

2.3.3. Basic Steps 

A typical 3D printing consists of the following basic five steps, as schematically 

illustrated in Figure 2-2 shows [103].  

1. 3D model creation of the desired object 
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2. Triangulation of the 3D model. 

3. Slicing of the STL file format into 2D cross-sectional layers. 

4. Execute the 3D printing process. 

5. Postprocessing.  

 

Figure 2-2. Typical 3D printing steps. 

In the first step, A 3D model of the desired object is created using an off-the-shelf 

3D CAD system or other means. The 3D models can be built based on either concept 

designs, importing existing CAD files, or virtual models derived from reverse 

engineering. The 3D model is also referred to as a solid CAD model [29]. Some of the 

commercial CAD systems available in the market for designing objects for 3D printing 

are AutoCAD, Fusion360, Onshape, Pro/Engineer, Rhinoceros, SolidWorks, and 

ThinkCAD. 

In the second step, triangulation is performed. Triangulation is a process that 

transforms a solid CAD model into a triangulated model. The triangulated model 

represents a 3D surface or an outer boundary of the solid CAD model as planar triangles, 

resulting in facets. The triangulated model dataset is referred to as standard triangle 

language (STL) data that contains the vertices and direction of each triangle's outward 

normal. For a simple model such as a cube box shown in Figure 2-2, its surface can be 

approximated with twelve triangles. For the complex surfaces, a few triangles to several 

thousand triangles are used. The STL file format has been used as the de facto standard 

in the rapid prototyping industry, including 3D printing [104]. The STL file format has 
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been the best suitable file format for slicing the triangulated model. Nowadays, 3D CAD 

systems are capable of generating an STL file format. The user can convert the CAD file 

into the STL file format by merely saving files as STL. The limitations of the STL data 

are data size larger than the original CAD data, the geometry flaws may exist, and slicing 

of large STL data can take long hours. Some of the software packages available in the 

market for modifying or repairing STL are Meshmixer and Netfabb. 

In the third step, an STL file format is sliced into 2D cross-sectional layers. Slicing 

divides the triangulated model into many thin horizontal layers. It then generates a set of 

instructions in machine language (g-code) for the 3D printer to execute. Slicing is 

performed using software packages. In other words, the slicing process converts the STL 

file format into a g-code file format that provides the paths to the printhead of a 3D 

printing device. The 2D cross-sectional layer thickness may vary from 0.01 mm to 0.7 

mm, depending on the 3D printing device. The thinner the layer increases the accuracy 

but also increase the build time. The slicing process also helps to generate support for the 

model during its buildup. Nowadays, the dedicated slicing software comes together with 

the 3D printer. Some of the slicing software packages available in the market are 

ideaMaker, Cura, Slic3r Simplify3D. 

In the fourth step, execute the 3D printing process. The 3D printing process starts 

with uploading g-code data into a 3D printer, selecting desired printing materials, and 

running the 3D printing devices (e.g., 3D printer). It may take a few minutes to a couple 

of hours, depending on the object's size, to be built. 

The final step is postprocessing. The preprocessing includes removing the 3D 

printed object from the device, cleaning, removing support materials, and surface 

finishing, such as sanding, sealing, or painting to improve mechanical properties, 

accuracy, and appearance. See the design for additive manufacturing in [105]. 

2.3.4. Classification 

The ISO/ASTM 52900 standard [42] has classified additive manufacturing (3D 

printing) processes into seven categories, as listed below, and their basic principle and 

technologies are summarized in Table 2-2.  

 Binder jetting (BJ) 

 Directed energy deposition (DEP) 
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 Material extrusion (ME) 

 Material jetting (MJ) 

 Powder bed fusion (PBF) 

 Sheet lamination (SL) 

 Vat photopolymerization (VP) 

Table 2-2. Summary of the 3D printing processes [21, 106]. 

Processes Basic Principle Technology 

Binder 
jetting 

(BJ) 

Liquid binder applied onto 
thin layers of powder 
material. 

- 3D inkjet 

Directed 
energy 
deposition  

(DED) 

Fused thermal energy melts 
fuse materials during 
deposition.  

 

- Laser metal deposition (LMD) 

- Laser engineered net shaping 
(LENS) 

- Direct metal deposition (DM3D) 

- Electronic beam additive 
manufacturing (EBAM) 

Material 
extrusion  

(ME) 

Build material is extruded 
through a nozzle or orifice. 

- Fuse deposition modeling (FDM)  

- Fuse filament fabrication (FFF) 

Material 
jetting  

(MJ) 

Droplets of build materials 
are selectively deposited layer 
by layer to build parts. 

- Poly jet 

- Smooth curvatures printing (SCP) 

- Multi-jet modeling (MJM) 

Powder bed 
fusion  

(PBF) 

Thermal energy selectively 
melts regions of a powder bed 
of the build material. 

- Selective laser sintering (SLS) 

- Direct metal laser sintering (DMLS) 

- Selective laser melting (SLM) 

- Electron beam melting (EBM) 

- Selective heat sintering (SHS) 

- Multi-jet fusion (MJF) 

Sheet 
lamination  

(SL) 

Sheets or foils of material are 
bonded to form an object. 

- Ultrasonic additive manufacturing 
(UAM) 

- Selective deposition lamination 
(SDL) 

- Laminated object manufacturing 
(LOM) 

Vat 
photopolym
erization  

(VP) 

Liquid photopolymer in a vat 
is selectively cured by light-
activated polymerization. It 
converts the exposed areas to 
a solid part. 

- Stereolithography (SLA) 

- Direct light processing (DLP) 

- Continuous liquid interface 
production (CLIP) 

- Scan, spin, and selectively photocure 
(3SP) 
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2.3.5. Materials 

3D printing uses the following types of materials: polymers, metals, ceramics, 

composites, concrete, papers, and certain edibles (e.g., chocolate). The polymer materials 

include acrylonitrile butadiene styrene (ABS), acrylonitrile styrene acrylate (ASA), 

cellulose, nylon, resin, polylactic acid (PLA), polyethyleneimine (PEI), and thermoplastic 

polyurethane (TUP). The metal material includes titanium (Ti), Tantalum (Ta), copper 

(Cu), gold (Au), and silver (Ag), and allow metal materials include Ti-based, Ni-based, 

Fe-based, Al-based, cobalt-based, and Cu-based. Materials often come in powder form, 

liquid resin, or wire filament. 

2.3.6. Applications 

Nowadays, 3D printed objects are seen everywhere. 3D printing is deployed in 

numerous industrial sectors, including the automotive industry [107], the aerospace 

industry [75], the biomedical engineering field (e.g., dental braces, artificial tissues, 

hearing aids, dummy cadavers, and prosthetics) [9, 108-113], the education field [114-

116], the fashion industry (e.g., cloth, shoes, and jewelry) [117-121], the food industry 

(e.g., pizza, chocolate, crackers, and pasta) [122-126], and the construction industry (e.g., 

3D printed houses) [127-130]. 3D printing has also been applied to preserving and 

restoring cultural heritage [81]. Small, affordable, and user-friendly 3D printing machines 

(e.g., 3D printers) are now available to running small businesses [131-133]. 

 Hokkaido Ainu Motifs and Patterns 

This section describes the Hokkaido Ainu motifs and patterns. The Ainu are 

indigenous people living in the northern part of the Japanese archipelago, namely 

Hokkaido, Aomori, and Sakhalin peninsula [134, 135]. The Ainu decorate their houses, 

clothing, ornaments, utensils, and spiritual goods using unique or exotic patterns [136-

140].  

This review is focused on the motifs and patterns belonging to the Ainu community 

living in Hokkaido. The Ainu communities living in other regions have similar patterns 

but different meanings that vary from region to region.  
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The patterns carry their identity and a sense of aesthetic. Notably, the Hokkaido 

Ainu believe that wearing patterns on their cloth protects them against evil, danger, or 

disease. The patterns have vital cultural significance. Nowadays, different kinds of 

souvenirs, shirts, and bags are crafted with Hokkaido Ainu patterns cherished by many 

individuals in Japan and abroad (Ref. [26]). There are even shopping streets (e.g., the 

shopping street in Akan Sap [141]) specialized in products crafted with the Ainu motifs. 

Goods crafted with patterns have vital commercial significances to the Hokkaido Ainu. 

Figure 2-3 shows some glimpses of Hokkaido Ainu patterns crafted on houses and 

clothing taken recently at the shopping street in Akan, Kushiro, and the Hokkaido 

Museum of Northern Peoples, Abashiri. 

    

(a) Hokkaido Ainu patterns embroidered on cloths 

   

(b) Hokkaido Ainu patterns are crafted on house 

    

(c) Akan street, Kushiro 

Figure 2-3. Some glimpses of Hokkaido Ainu patterns. 
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The patterns on the clothing are made by patchwork and embroidery, and the skill 

of the craft is usually passed from mother to daughter. The mathematical representations 

of the basic motifs and the underlying patterns are unavailable. A great deal of 

craftsmanship is needed to create such patterns. The remarkable point is that there is a 

lack of human resources to create patterns. This trend will remain the same in the 

foreseeable future, necessitating a pressing need for preserving craftsmanship. One of the 

pragmatic options for preserving the craftsmanship is to use digital manufacturing 

technology called reverse engineering. From this perspective, this study focused on 

modeling the Hokkaido Ainu patterns. 

Numerous authors have reported the patterns (e.g., see the work [136-138]) used by 

the Hokkaido Ainu community [139]. The patterns are created by synthesizing basic 

motifs. The Sapporo city authority has summarized the basic motifs into fourteen types, 

which are listed in Table 2-3. 

As seen in Table 2-3, motif Number 1 takes the shape of intersects each other is 

called Utasa in the Ainu language. Motif Number 2 takes the shape of a spiral is called 

Morew in the Ainu language. Motif Number 3 takes the shape of an eye is called Sik in 

the Ainu language. Motif Number 4 takes the shape of a thorn is called Ayus in the Ainu 

language. Motif Number 5 takes the shape of two spirals is called Uren-morew in the 

Ainu language. Motif Number 6 takes the shape of two spiral shapes with an eye called 

Ski-uren-morew in the Ainu language. Motif Number 7 takes the shape of a spiral with a 

small thorn is called Arus-morew in the Ainu language. Motif Number 8 takes the shape 

of a spiral with corners and edges is called Sikikew-nu-morew in the Ainu language. 

Motif Number 9 takes the shape of a spiral plant is called Morew-etok in the Ainu 

language. Motif Number 10 takes the shape of a vane is called Punkar in the Ainu 

language. Motif Number 11 takes the shape of a flower is called Apapo-piras (u) ke in 

the Ainu language. Motif Number 12 takes the shape of a flower bud is called Apapo-

epuy in the Ainu language. Motifs Number 13 and 14 shapes do not have Ainu names, 

but they look like a heart-type shape and a temple bell shape, respectively.  

The motifs called Utasa, Morew, Sik, and Ayus are frequently used and classified 

as the main motifs. Uren-morew, Ski-uren-morew, Arus-morew, and Sikikew-nu-morew 

are the motifs created by modifying the main motifs and classified as synthetic motifs. 

The motifs called Morew-etok, Punkar, Apapo-piras (u) ke, and Apapo-epuy represent 



 Chapter 2: Literature Review 

27 

plants and classified as plant motifs. The other motifs (i.e., motifs Number 13 and 14) can 

be classified as other motifs. 

Table 2-3. Basic motifs used by the Ainu community living in Hokkaido [142]. 

Number Motif Ainu Name Description Classification 

1 
 

Utasa 
The motif crosses each 

other 

Main motifs 
2 

 
Morew 

The motif looks like a 
whirling or spiral 

3 
 

Sik The motif looks like eyes 

4  Ayus 
The motif looks like 

(God's) thorn 

5 
 

Uren-morew The motif has two whirls 

Synthetic 
motifs 

6 
 

Ski-uren-morew 
The motif has two whirls 

that look like eyes 

7 
 

Arus-morew 
Whirling motifs has 

small thorns 

8 
  

Sikikew-nu-morew 
Whirling motif has 
corners and edges 

9 
 

Morew-etok 
The motif looks like a 

spiral plant 

Plant motifs 
10 

 
Punkar 

The motif looks like a 
vine 

11 
 

Apapo-piras (u) ke A flower in bloom motif 

12 
 

Apapo-epuy A flower bud motif 

13 
 

--- A heart-type motif 
Other motifs 

14 
 

--- Temple bell-type motif 

 

This chapter represented a comprehensive literature review on reverse engineering, 

the application of reverse engineering for preserving cultural heritage, 3D printing, and 

Hokkaido Ainu motifs. The next chapter presents the methodology of this study. 
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This chapter addresses the methodology of the proposed novel reverse engineering 

method suitable for 3D printing and its application for preserving cultural heritage. The 

chapter presents the framework of the proposed reverse engineering method (Section 3.1), 

recursive process (Section 3.2), point cloud coordination (Section 3.3), solid CAD 

modeling (Section3.4), and 3D printing (Section 3.5). The chapter also presents the 

characteristics of analytical point clouds (Section 3.6) and the quantification of analytical 

point clouds (Section 3.7). 

 The Framework of the Proposed Method 

This section describes the framework of the proposed reverse engineering method. 

In the proposed reverse engineering method, four processes were considered, namely, 

recursive point cloud creation process, point cloud coordination, solid CAD modeling, 

and 3D printing. Figure 3-1 schematically illustrates the framework of the proposed 

reverse engineering method.  

As shown in Figure 3-1, the process begun with the recursive point cloud creation 

process. In this process, first, study the given object and determine the features to be 

modeled. Then, fixed the values of the input parameters of the recursive point cloud 

creation process, namely, center point Pc, initial length d, initial angle ϕ, instantaneous 

distance (ri|i = 0,1,…,n), and instantaneous rotational angle (θi|i = 0,1,...,n). Once the input 

settings were satisfied, the recursive point cloud creation process was executed and 

collected the output points denoted as an elementary point cloud. The recursive point 

cloud creation process was repeated until all the required elementary point clouds of the 

given object's features were created. In the point cloud coordination, the elementary point 

clouds were joined according to the order of features. In solid CAD modeling, the 

coordinated point clouds were exported to an appropriate 3D CAD system. Then, solid 

CAD modeling was performed using the 3D CAD system's function, which results in a 

solid CAD model (i.e., virtual or digital). Finally, in the 3D printing process, a physical 

object was built from the triangulated data (often referred to as STL data) of the solid 

Chapter 3: Methodology 
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CAD model using a commercially available 3D printer. Other manufacturing means can 

be used if preferred.  

In this study, the term a physical model, replica, and 3D printed object are 

interchangeable. Also, the term a virtual model, digital model, and solid CAD model are 

interchangeable. The next section further elaborated on the processes of the proposed 

reverse engineering method. 

 

Figure 3-1. The framework of the proposed reverse engineering method. 

 Recursive Point Cloud Creation Process 

This section described a recurve point cloud creation process (hereafter referred to 

as a recursive process) to create an analytical point cloud. Ullah et al. [33] have shown 

the recursive process. Setpoints were created recursively by two user-defined parameters 

called distance and angle. We had modified the recursive process to create an analytical 

point cloud. Algorithm-1 shows the steps to create an analytical point cloud using the 

recursive process.  

As shown in Algorithm-1, the recursive process consists of four steps. The first step 

is the input step, the second step is the calculation step, the third step is the iteration step, 

and the last step is the output step. In the input step, the center point Pc = (Pcx, Pcy)  2, 

initial distance d > 0, initial angle   , instantaneous distances (ri   | i = 0,1, ..., n), 

and instantaneous rotational angles (i   | i = 0,1, ..., n) are defined. In the calculation 
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step, the initial point P0 = (P0x, P0y) is calculated, which is a point at a distance d from Pc 

on the line PcP0, making an angle  with the x-axis in the counter-clockwise direction. In 

the iteration step, P0 is first rotated in the counter-clockwise direction of the x-axis using 

i to create the points Pi = (Pix, Piy), i = 0,1, …, n. Afterward, the points denoted as Pi = 

(Pix, Piy), i = 0,1, …, n, are placed at the distances given by ri from Pc resulting in the 

points Pei = (Pix, Piy), i = 0,1, ..., n. In the output step, the points Pei = (Pix, Piy), i = 0,1, ..., 

n, are collected as the point cloud denoted as PC = {Pei | i = 0,1, ..., n}. 

Algorithm-1: Recursive Process 

1 Define: Center point Pc = (Pcx, Pcy)  ℜ2 

Initial length d > 0  

Initial angle   ℜ  

Instantaneous distance ri  ℜ | i = 0,1, ..., n 

Instantaneous rotational angle i  ℜ | i = 0,1, ..., n 

2 Calculate: P0 = (P0x, P0y) so that  

P0x = Pcx + d cos  

P0y = Pcy + d sin 

3 Iterate: For i = 0,1, …, n 

 Rotate P0 by an angle i around Pc in the counter-

clockwise direction to create Pi = (Pix, Piy) so that 

  Pix = Pcx + (P0x − P0x) cosi – (P0x − P0x) sini  

Piy = Pcy + (P0y − P0y) sini + (P0y − P0y) cosi  

 Extend Pi to Pei (a point on the line PcPi at a distance ri 

from Pc) 

  Peix = Pcx + (Pix − Pcx) (ri/d)  

Peiy = Pcy + (Piy − Pcy) (ri/d)  

End for 

4 Output: Point cloud PC = Pei | i = 0,1, …, n 

 
The working principle of the recursive process is schematically illustrated in Figure 

3-2. The first four iterations for some arbitrary values of the instantaneous distance and 

instantaneous rotational angle.  

As seen in Figure 3-2, the recursive process creates points with respect to the center 

point Pc and initial point P0 depending on the value of the instantaneous distances ri and 

instantaneous rotational angles i. The recursive process can be used to create different 
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kinds of planer shape. In this respect, the user needs to choose the right pairs of 

instantaneous distances and instantaneous rotational angles. In most cases, a simple 

monotonic function (a straight line with positive or negative slope) or tent-like function 

can be used to fix the values of instantaneous distances and rotational angles.  

  

(a) The first iteration (b) The second iteration 

  

(c) The third iteration (d) The fourth iteration 

Figure 3-2. The working principle of the recursive process. 

Table 3-1 shows an example of how a point cloud is evolved when the instantaneous 

rotational angles are varied in straight-line and the instantaneous distances were varied in 

tent-function. This example reveals that at the point of inflection (see the plot of ri), the 

point cloud changes its direction. Simultaneously, the other parameter keeps its 

monotonicity (compare the plot of θi with ri).  

As seen in Table 3-1 that the instantaneous rotational angle and instantaneous 

distance are instrumental parameters. Therefore, when the recursive process models a 

representative segment of a shape, the user must know how to fix the value of 

instantaneous distance and instantaneous rotational angle, further elaborated later after 

describing the proposed reverse engineering method processes.  
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Table 3-1. Gradual creation of a point cloud by the recursive process. 
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 Point Cloud Coordination 

According to the given object's features' order, the elementary point clouds created 

in the recursive process must be coordinated or synthesized. The elementary point clouds 

were coordinated using an algorithm denoted as the point cloud coordination algorithm 

(PCCA). The mathematical setting of the PCCA is shown in Algorithm-2. 

Algorithm-2: Point Cloud Coordination Algorithm (PCCA) 

1 Define: The point cloud vector PCV = (PC1,PC2, …, PCn), where 

PCj = {Pejk = (Pexjk, Peyjk) | ∀j ∈ {1,2, …, n}, k = 1,2, …, n} 

2 Reference: Select PCj as a reference point cloud 

3 Iterate: For j = 1, …, n 

 

 

Select the knots from two adjacent point clouds (j-th 

point cloud and (j+1)-sh point cloud) 

 Pnt(j) = (Pntx(j), Pnty(j))  PCj 

Pnt(j+1) = (Pntx(j+1), Pnty(j+1))  PC(j+1) 

Calculate 

 dx = Pntx(j) - Pntx(j+1) 

dy = Pnty(j) - Pnty(j+1) 

Update (j+1)-sh point cloud 

For k = 1, …, n 

 Pex(j+1) = Pex(j+1)k + dx  

Pey(j+1) = Pey(j+1)k + dy 

P'e(j+1) = (Pex(j+1), Pey(j+1)) 

End for 

End for 

4 Output: Point cloud, PCout = PCj, P'e(j+1)| j = 1, …, n 

  

The PCCA consists of four steps. The first is the input step, the second is the 

reference step, the third is the iteration step, and the last is the output step. In the input 

step, the point cloud vector PCV = (PC1,PC2, …, PCn), where PCj = {Pejk = (Pexjk, Peyjk) | 

j  {1,2, …, n}, k = 1,2, …, n} is defined. In the reference step, the point cloud PCj is 

selected as reference point cloud. In the iteration step, first, select the knots from two 

adjacent point clouds (j-th point cloud and (j+1)-sh point cloud). Then, calculate the 

difference between two knots as dx = Pntx(j) - Pntx(j+1) and dy = Pnty(j) - Pnty(j+1). Next, update 
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(j+1)-sh point cloud. Then, determine the final point cloud as Pex(j+1) = Pex(j+1)k + dx and 

Pey(j+1) = Pey(j+1)k + dy that results as P'e(j+1) = (Pex(j+1), Pey(j+1)). In the output step, the 

points P'e(j+1) = (Pex(j+1), Pey(j+1)), i = 0,1, ..., n, k = 1, …, n is collected as the point cloud 

denoted as PCout = {PCj, P'e(j+1)| j = 1, …, n}. The output point cloud maintains a C0 

continuity.  

Besides the coordinating, other operations such as scaling, translation, and rotation 

can be performed in the point cloud coordination, if needed. In some cases, a single point 

cloud was enough to model the given object. In such a case, the point cloud coordination 

process is not required. Figure 3-3 shows the example of point cloud coordination using 

the PCCA. The settings to create a point cloud is shown in Table 3-1. 

   

(a) Elementary point 
clouds of a line and leaf-

shape 

(b) Point clouds of the line 
and leaf-shape are joined 

using the PCCA 

(c) Desired point cloud is 
created by copying and 
rotating the leaf-shape  

Figure 3-3. Example of the point cloud coordination. 

 Solid CAD Modeling 

In solid CAD modeling, a solid CAD model was constructed from the point cloud. 

The steps of solid CAD modeling are schematically illustrated in Figure 3-4. Solid CAD 

modeling was performed in SolidWorks (a 3D CAD software from Dassault Systems) 

[143].  

As shown in Figure 3-4, first, the point clouds were exported to a 3D CAD system, 

then the applied entity, and created offsets using features available in the 3D CAD system. 

In some cases, the offset creations were not necessary. Finally, the selected surfaces and 

then applied extrusion, which results in a solid CAD model. Other functions such as lofts, 

revolve, sweeps, or thicken can be applied based on the requirements. Detailed steps of 

point cloud-based solid CAD modeling in SolidWorks are shown in Appendix A. 
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Figure 3-4. Steps of solid CAD modeling. 

 3D Printing 

In 3D printing, the solid CAD model is transformed into a physical model. The 

steps of the 3D printing process are shown in Figure 3-5.  

 

Figure 3-5. Steps of 3D printing.  

As shown in Figure 3-5, the solid CAD model was transformed into a triangulated 

model using the 3D CAD system by saving the solid CAD model as an STL file format. 

Detailed steps of triangulation in the SolidWorks are shown in Appendix B. Then, the 

STL data was uploaded in slicing software. The slicing software sliced the triangulated 
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model into layers and generated the g-code. Afterward, the g-code was uploaded into a 

3D printer, selected print material, and executed the 3D printing process to build the 

physical model. The 3D printing process may take a few minutes to a couple of hours, 

depending on the object's build size. After completing the 3D printing process, the 3D 

printed object was removed from the 3D printer, and the postprocessing is performed. In 

the postprocessing, the support materials were removed from the 3D printed object. 

In this study, the physical objects were built using a 3D printer made by the Raise3D 

(model Pro2) [144], available at the Kitami Institute of Technology. The ideaMaker 

software package (slicing software) comes together with the 3Dprinter is used for the 

slicing process. The 3D printed object models were built using polylactic acid (PLA) 

materials. 

 Characteristics of Analytical Point Cloud 

This section described the characteristics of an analytically point cloud created by 

the recursive process. As shown in Algorithm-1, the recursive process needs three 

constant inputs and two variable inputs. Three constants inputs are the center point Pc, 

initial distance d, and initial angle , which remain constant for all iterations. Two 

variable inputs are instantaneous rotational angle i and instantaneous distance ri, which 

varies in each iteration. The output of the recursive process is a point cloud, denoted as 

PC = {Pei | i = 0, 1, ..., n}. The PC is a small-size point cloud, and its characteristics are 

depended on input parameters.  

The characteristics of the analytical point cloud must be known beforehand to 

facilitate the modeling process. Accordingly, the analytical point cloud characteristics 

created by the recursive process are elucidated using some well-known shapes. For 

example, straight-line, circle, ellipse, spiral, astroid, S-shape, and leaf-shape are 

considered. The description is as follows. 

Let consider first the point clouds that evolve by setting the instantaneous rotational 

angle and instantaneous distance linearly. These settings create some point clouds 

representing a straight line, circle, and spiral, as shown in Figure 3-6 to Figure 3-9.  

For example, consider a point cloud that models a straight-line. In this case, the 

instantaneous rotational angle i must be kept constant, and the instantaneous distance ri 
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must linearly increase or decrease. For instance, when the instantaneous rotational angle 

i = 0, and the instantaneous distance ri linearly increases for all iterations. The recursive 

process creates a point cloud PC representing a horizontal line, as shown in Figure 3-6. 

Similarly, when the instantaneous rotational angle i = 90, and the instantaneous distance 

ri linearly increases for all iterations. The recursive process creates a point cloud PC 

representing a vertical line, as shown in Figure 3-7. The slope of the straight-line can be 

modeled using an instantaneous rotational angle i.  

When the opposite strategy is adopted, the instantaneous rotational angle i 

increases linearly, and the instantaneous distance ri is kept constant. The recursive process 

creates a point cloud PC representing a circle, as shown in Figure 3-8. The radius of the 

circle can be modeled using instantaneous distance ri. On the other hand, when both the 

instantaneous rotational angle i and instantaneous distance ri are increased linearly, the 

recursive process creates a point cloud PC representing a spiral, as shown in Figure 3-9.  

Now consider the relatively complex settings of the instantaneous distance while 

keeping the instantaneous rotational angle increased linearly. For example, when the 

instantaneous rotational angle i is increased linearly, and the instantaneous distance ri 

follows a tent function, the recursive process creates a point cloud PC representing a leaf-

shape, as shown in Figure 3-10. On the other hand, when the instantaneous rotational 

angle i increases linearly, and the instantaneous distance ri follows a sine or cosine 

function with two cycles. The recursive process creates a point cloud PC representing an 

ellipse, as shown in Figure 3-11.  

Similarly, when the instantaneous rotational angle i increases linearly, and the 

instantaneous distance ri follows a u-shape function with four cycles. The recursive 

process creates a point cloud PC representing an astroid, as shown in Figure 3-12. When 

the instantaneous rotational angle i increases linearly, and the instantaneous distance ri 

follows a bathtub function with two cycles. The recursive process creates a point cloud 

PC representing an S-shape, as shown in Figure 3-13. 
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(a) Varible input1: i (b) Variable input2: ri (c) Output: point cloud 

Figure 3-6. The setting of the recursive process to model a horizontal line.  

   

(a) Varible input1: i (b) Variable input2: ri (c) Output: point cloud 

Figure 3-7. The setting of the recursive process to model a vertical line.  

   

(a) Varible input1: i (b) Variable input2: ri (c) Output: point cloud 

Figure 3-8. The setting of the recursive process to model a circle.  

   

(a) Varible input1: i (b) Variable input2: ri (c) Output: point cloud 

Figure 3-9. The setting of the recursive process to model a spiral.  
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(a) Varible input1: i (b) Variable input2: ri (c) Output: point cloud 

Figure 3-10. The setting of the recursive to model a leaf-shape.  

   

(a) Varible input1: i (b) Variable input2: ri (c) Output: point cloud 

Figure 3-11. The setting of the recursive process to model an ellipse.  

   

(a) Varible input1: i (b) Variable input2: ri (c) Output: point cloud 

Figure 3-12. The setting of the recursive process to model an astroid.  

   

(a) Varible input1: i (b) Variable input2: ri (c) Output: point cloud 

Figure 3-13. The setting of the recursive process to model an S-shape.  
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As shown in Figure 3-6 to Figure 3-13, keeping i very simple (i.e., constant or 

straight-line) and varying ri using some simple functions (e.g., straight-line, tent function, 

sine/cosine, u-shape function, and bathtub function) model a variety of shapes. The 

findings are summarized in Table 3-2. These characteristics of the recursive process can 

be used while modeling an arbitrary planner shape or a segment of it.  

Table 3-2. Summary of the characteristics of analytical point cloud based on the 

variable inputs of the recursive process. 

 Variable Inputs  Output 

Instantaneous rotational angle Instantaneous distance Point Cloud 

Constant Increase or decrease linearly Straight-line 

Increase linearly Constant Circle 

Increase linearly Increases linearly Spiral 

Increase linearly Increase and decrease linearly 
like a tent function 

Leaf-shape 

Increase linearly Decrease and increase 
gradually like a sine/cosine 
for two cycles 

Ellipse 

Increase linearly Decrease and increase 
gradually like a U-shape 
function for four cycles 

Astroid 

Increase linearly Decrease and increase 
gradually like a bathtub 
function for two cycles 

S-shape 

 

Besides the variable inputs, that is, instantaneous rotational angle and instantaneous 

distance, the constant input parameters, namely, the center point Pc and the initial angle 

, also play critical roles. The initial angle  can perform the rotation function. For 

example, the PC of the leaf-shape shown in Figure 3-10 can be rotated by resetting 

different the initial angle  values. For instance, when the initial angle  is set as 0, 45, 

or 90, the leaf-shape rotates, accordingly, as shown in Figure 3-14. Similarly, the center 

point can perform the translation function in both the x-axis and y-axis directions. The 

initial distance, on the other hand, does not play any roles. The initial distance does not 

affect the shape to be modeled, however, it is necessary for placing the starting point. The 

roles of the constant input parameters of the recursive process are summarized in Table 

3-3. 
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(a) When  = 0 (b) When  = 45 (c) When  = 90 

Figure 3-14. Role of an initial angle.  

Table 3-3. Constant input parameter roles of the recursive process. 

B. Constant Inputs Role 

Center point Translate a shape 

Initial angle Rotate shape 

Initial distance No effect on a shape 

 

 Quantification of Analytical Point Cloud 

Let X be a planner shape. Let U be a method that creates a point cloud V = {Vi | i = 

0, 1, …} to model X. Let a point cloud PC = {Pei | i = 0, 1, ...} is created by the recursive 

point process to model X. As such, both the point clouds, V = {Vi | i = 0, 1, …} and PC = 

{Pei | i = 0, 1, ...} must look alike. At the same time, their quantitative characteristics must 

be identical. Based on this consideration, this section quantifies two point clouds of the 

same shape using a radius of curvature and aesthetic value. For the sake of quantification, 

circle, ellipses, and spiral are considered, which are defined in Appendix C.  

3.7.1. Quantification Based on Radius of Curvature 

Let first consider the parameter called a radius of curvature, denoted as i [145]. 

This parameter is defined in Appendix C. A point in a point cloud has a radius of 

curvature, i, i = 0, 1, …. To calculate i, the point itself and two more preceding 

consecutive points are needed. The variability in i is calculated for circle, ellipse, and 

spiral, as shown in Figure 3-15 to Figure 3-17. 
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Figure 3-15 shows two point clouds of the same shape, representing a circle. Figure 

3-15(a) shows the point cloud of the circle modeled by Equation (C.1), where the radius, 

a = 100 and center, Pc = (150, 150). In this case, 49 points are created to model the circle. 

Figure 3-15(b) shows the values of i, which is equal to 100.21. Theoretically, i must be 

equal to a = 100. This small error (100.21 – 100 = 0.21) is due to calculation precision 

error. On the other hand, Figure 3-15(c) shows the point cloud of the same circle shape 

modeled by the recursive process. For this point cloud, ri = 100 (= d);  = 0; i = 2πi/n; n 

= 48; i = 0, 1, …, 48; and Pc = (150, 150). In this case, 49 points are created to model the 

circle. Figure 3-15(d) shows the values of i, which is equal to 100.21. It means that ri 

plays the role of the radius of curvature of a circle. 

Figure 3-16 shows two point clouds of the same shape, representing an ellipse. 

Figure 3-16(a) shows the point cloud of the ellipse modeled by Equation (C.2), where the 

major radius, a = 55; minor radius, b = 45; and center, Pc = (75, 75). In this case, 49 points 

are created to model the ellipse. Figure 3-16(b) shows the variation of i. On the other 

hand, Figure 3-16(c) shows the point cloud of the same ellipse shape modeled by the 

recursive process. For this point cloud, d = 15;  = 0; ri is decreased linearly from 55 to 

45 and increased linearly from 45 to 55 for two cycles; i = 2πi/n; n = 48; i = 0, 1, …, 48; 

and Pc = (75, 75). In this case, as well, 49 points are created to model the ellipse. Figure 

3-16(d) shows the variation of i. As seen in Figure 3-16 and Figure 3-16, both point 

clouds are the same, and their radius of curvature also varies in the same trend. It means 

that ri plays the role of the radius of curvature of an ellipse. 

Figure 3-17 shows two point clouds of the same shape, representing a spiral. Figure 

3-17(a) shows the point cloud of the spiral shape modeled by Equation (C.3), where an 

arbitrary, positive, real constant, a = 28.647 that controls the distance between the 

successive turnings of the spiral. In this case, 49 points are created to model the spiral. 

Figure 3-17(b) shows the variation of i. On the other hand, Figure 3-17(c) shows the 

point cloud of the same spiral shape modeled by the recursive process. For this point 

cloud, d = 15;  = 0; ri = 0, 11.25, …, 540; i = 2πi/n; n = 48; i = 0,1, …, 48; and Pc = 

(600, 600). In this case, as well, 49 points are created to model the spiral. Figure 3-17(d) 

shows the variation of i. As seen in Figure 3-17 and Figure 3-17, both point clouds are 

the same, and their radius of curvature also varies in the same trend. It means that ri plays 

the role of a radius of curvature of a spiral. 
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(a) Point cloud created by Equation (C.1) (b) The radius of curvature of (a) 

  

(c) Point cloud created by the recursive 
process 

(d) The radius of curvature of (c) 

Figure 3-15. Circle shapes and their radii of curvature. 

  

(a) Point cloud created by Equation (C.2) (b) The radius of curvature of (a) 

  

(c) Point cloud created by the recursive 
process 

(d) The radius of curvature of (c). 

Figure 3-16. Ellipse shapes and their radii of curvature. 
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(a) Point cloud created by Equation (C.3) (b) The radius of curvature of (a) 

  

(c) Point cloud created by the recursive 
process 

(d) The radius of curvature of (c) 

Figure 3-17. Spiral shapes and their radii of curvature.  

It is clear from Figure 3-15 to Figure 3-17, the shape modeled by the parametric 

equation-based and the recursive process is visually identical. It shows that the 

instantaneous distance plays the role of the radius of curvature when the shapes are 

modeled by the recursive process. The instantaneous distance variation is comparatively 

lower than the radius of curvature that shows the geometry of the shape can be easily 

controlled using the instantaneous distance compared to the radius of curvature. It is 

worth mentioning that there are several critical elements for shape designing. The 

mathematical formulation of a radius of curvature or instantaneous distance can be one 

effective approach [146].  

3.7.2. Quantification Based on the Aesthetic Value 

This subsection describes the quantification of shapes based on an aesthetic value 

parameter, denoted as α [147-149]. This parameter is defined in Appendix C. To 

understand the aesthetic value, a plot called a logarithm curvature histogram (LCH) is 

used. The procedure to construct LCH for a given curve (in this case, from a given point 

cloud) is also shown in Appendix C. For quantification of the aesthetic value, the ellipse 

and spiral shape are considered. 
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Figure 3-18(a) shows the point cloud of the ellipse modeled by Equation (C.2), 

which is repeated from the previous section (Figure 3-16(a)). The corresponding LCH of 

the ellipse is shown in Figure 3-18(b). Figure 3-18(c) shows the point cloud of the ellipse 

modeled by the recursive process (taken from Figure 3-16(c)). The corresponding LCH 

of the ellipse is shown in Figure 3-18(d). Both point clouds have the same aesthetic value 

α = 1.25.  

Figure 3-19(a) shows the point cloud of a spiral modeled by Equation (C.3) (taken 

from Figure 3-17(a)). The corresponding LCH of the spiral is shown in Figure 3-19(b). 

Figure 3-19(c) shows the point cloud of the spiral modeled by the recursive process 

(repeated from Figure 3-17(c)). The corresponding LCH of the spiral is shown in Figure 

3-19(d). Both point clouds of the spiral shape have the same aesthetic value  = 1.22. 

As seen in Figure 3-18 and Figure 3-19, even though the shapes are created using 

the recursive process instead of the respective parametric equation-based, their aesthetic 

natures remain unaffected. It is also observed that the length of the line segment in the 

LCH depends on the variation range (minimum value to maximum value) of the radius 

of curvature. If the variation in the radius of curvature is high, the length of LCH becomes 

larger and vice versa. 

  

(a) Point cloud created by Equation (C.2) (b) Logarithm curvature histogram of (a) 

  

(c)Point cloud created by the recursive 
process 

(d) Logarithm curvature histogram of (c) 

Figure 3-18. Logarithm curvature histogram of ellipses.  
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(a) Point cloud created by a parametric 
equation (C.3) 

(b) Logarithm curvature histogram of (a) 

  

(c) Point cloud created by the recursive 
process 

(d) Logarithm curvature histogram of (c) 

Figure 3-19. Logarithm curvature histogram of spirals. 

This chapter addresses the methodology of this study. The chapter presented the 

framework of the proposed reverse engineering and described each process of the 

proposed reverse engineering method in detail. The chapter also presented the 

characteristics and quantified the analytical point cloud using the radius of curvature and 

aesthetic value. The next chapter will address the applications of the proposed reverse 

engineering method. 
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This chapter addresses the applications of the proposed reverse engineering method. 

Applications demonstrate the modeling efficacy of the proposed reverse engineering 

method. Section 4.1 presents the digitization of basic Hokkaido Ainu motifs and their 

physical prototyping. Section 4.2 presents the digitization of complex Hokkaido Ainu 

patterns and their physical prototyping. Section 4.3 presents the digitization and physical 

prototyping of an ancient ewer.  

 Digitization and Physical Prototyping of Ainu Motifs 

This section presents the digitizing results of the main, synthetic, and plant motifs 

of Hokkaido Ainu. First, the point clouds of some selected main, synthetic, and plant 

motifs are presented. Afterward, the virtual and physical prototypes of the main, 

synthetic, and plant motifs are presented.  

4.1.1. Point Clouds of the Main Motifs 

There are four main motifs, namely, Utasa, Morew, Sik, and Ayus, as shown in 

Table 2-3. Table 4-1 shows the point cloud of four main motifs and the settings of the 

instantaneous rotational angles and instantaneous distances.  

As seen in Table 4-1, to model Utasa, two point clouds were needed. One of the 

point clouds represents a vertical line, and the other point cloud represents a horizontal 

line. The point cloud of the horizontal line is created by keeping the instantaneous 

rotational angles constant at 0, and the instantaneous distances were increased linearly. 

The point cloud of the vertical line was created by keeping the instantaneous rotational 

angles constant at 90, and the instantaneous distances were increased linearly. These two 

point clouds were integrated to create the point cloud of Utasa, as shown in the last 

column in Table 4-1.  

Chapter 4: Applications  
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Table 4-1. Point clouds and the settings of the instantaneous distances and instantaneous 

rotational angles of the main motifs of Hokkaido Ainu. 

Motif 
Name 

Instantaneous 
Rotational Angle 

Instantaneous 
Distance 

Elementary Point 
Cloud 

Coordinated 
Point Cloud 

Utasa 
   

 

   

Morew 

   

--- 

Sik 

    

Ayus 

    
 

For Morew, the point cloud was created by linearly increasing the instantaneous 

rotational angles and linearly decreasing the instantaneous distances. A single point cloud 

is enough to model Morew. To model Sik, four point clouds were needed. The first point 

cloud was created by linearly increasing both the instantaneous rotational angles and the 

instantaneous distances. Other three point clouds were created by copying and rotating 

the first point cloud, as shown in the last column in Table 4-1. To model Ayus, two point 
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clouds were needed. The first point cloud was created by linearly increasing the 

instantaneous rotational angles. The instantaneous distances were first decreased and then 

increased nonlinearly in a systematic manner. The other point cloud was created by 

inverting the first point cloud, as shown in the last column in Table 4-1.  

4.1.2. Point Clouds of Synthetic Motifs  

There are four first-order synthetic motifs, namely, Uren-morew, Ski-uren-morew, 

Arus-morew, and Sikikew-nu-morew, as shown in Table 2-3. Out of these four motifs, 

two motifs, Uren-morew and Ski-uren-morew, have been selected. The point clouds of 

the synthetic motifs can be created using the point cloud of the main motifs. It means that 

the point clouds shown in Table 4-1 can create the point clouds of two selected synthetic 

motifs, as shown in Table 4-2.  

Table 4-2. Point clouds of two selected synthetic motifs of Hokkaido Ainu. 

Motif Name 
Elementary Point 

Cloud 
Inverted Point Cloud 

Coordinated Point 
Cloud 

Uren-morew 

   

Ski-uren-morew 
  

 

  
 

As seen in Table 4-2, to model the synthetic motif called Uren-morew, two point 

clouds were used. One of the point clouds was the point cloud of Morew, as shown in 
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Table 4‑1. The other point cloud was created by inverted the point cloud of Morew. On 

the other hand, to model the synthetic motif called Ski-uren-morew, four point clouds 

were used. The first point cloud was a quarter-point cloud of Sik, and the second point 

cloud was the point cloud of Morew. Integrating the first and second point clouds results 

in the point cloud of half Uren-morew. The other half was created by inverting the point 

cloud of the first half, as shown in Table 4-2. 

4.1.3. Point Clouds of the Plant Motifs 

There are four plant motifs, namely, Morew-etok, Punkar, Apapo-piras (u) ke, and 

Apapo-epuy, as shown in Table 2-3. Morew-etok, Apapo-piras (u) ke, and Apapo-epuy 

are selected as shown in Table 4-3. The point cloud of the Punkar motif can be created 

using a similar procedure.  

As shown in Table 4-3, the plant motif called Morew-etok was modeled using two 

point clouds. The first point cloud is created by linearly increasing the instantaneous 

rotational angles, and the instantaneous distances were varied in dome-like function. The 

recursive process created a point cloud representing a leaf-like shape. The other point 

cloud (that is a tail) was created by increasing the instantaneous rotational angles and 

distances linearly, as shown in the first row in Table 4-3.  

The plant motif called Apapo-piras (u) ke was modeled using four point clouds, as 

shown in Table 4-3. The first point cloud was created by linearly increasing the 

instantaneous rotational angles, and the instantaneous distances were varied using a 

concave function with the point inflection in the middle of the iterations. The second point 

cloud was created by linearly increasing both the instantaneous rotational angles and the 

instantaneous distances. Integrating the first and second point clouds results in the point 

cloud of half Apapo-piras (u) ke. The other half was created by inverting the point cloud 

of the first half, as shown in Table 4-3. 

The plant motif called Apapo-epuy was modeled by placing an elliptical-shape 

motif on the top of the Apapo-piras (u) ke, as shown in the last row in Table 4-3. First, 

the point cloud of the half segment of the elliptical-shape motif was created by linearly 

increasing the instantaneous rotational angles, and keeping the instantaneous distances 

almost constant for all the iterations. The other half segment was created by inverting the 



 Chapter 4: Application of the Proposed Reverse Engineering Method 

53 

first half segment. Then the point cloud of the elliptical-shape motif and the point cloud 

of Apapo-piras (u) ke were integrated, as shown in the last column in Table 4-3. 

Table 4-3. Point cloud and the setting of the instantaneous distances and instantaneous 

rotational angles of two selected plant motifs of Hokkaido Ainu. 

Motif 
Name 

Instantaneous 
Rotational Angle 

Instantaneous 
Distance 

Elementary Point 
Cloud 

Coordinated 
Point Cloud 

Morew-
etok 
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ke 

 

Apapo-
epuy 
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It is worth mentioning that when creating the point cloud, it is better to begin from 

the center of a model and go outward. This step helps calculate the size of the shape and 

its location on the x-y plane. 

4.1.1. Virtual and Physical Models of Ainu Motifs 

Table 4-4 shows ten selected virtual models and physical objects of basic Hokkaido 

Ainu motifs. All the virtual models were created by inputting the respective point clouds 

to a commercially available 3D CAD system, as prescribed by the methodology presented 

in Chapter 3. The triangulation data of the virtual models were used for building the 

physical models. The physical objects were built by using a 3D printer available at Kitami 

Institute of Technology. 

Table 4-4 Solid CAD models and 3D printed objects of the basic Hokkaido Ainu motifs. 

Motif 
Names 

Virtual Models 
Physical 
Object 

Motif 
Name 

Virtual Models 
Physical 
Object 

Utasa 

  

Ski-
uren-

morew 
  

Morew 

  

Morew-
etok 

  

Sik 

  

Punkar 

 
 

Ayus 
  

Apapo-
piras (u) 

ke   

Uren-
morew 

  

Apapo-
epuy 
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 Digitization and Physical Prototyping of Ainu Patterns 

When Hokkaido Ainu patterns crafted on houses, clothing, ornaments, utensils, and 

spiritual goods are studied, complex patterns are observed. The complex patterns can be 

created by synthesizing one or more basic motifs. In this study, six selected complex 

patterns denoted as Pattern-1, Pattern-2, Pattern-3, Pattern-4, Pattern-5, and Pattern-6 

were digitized using the methodology presented in Chapter 3. The descriptions are as 

follows. 

Pattern-1 was created based on the synthetic motif called Ski-uren-morew, as 

shown in Figure 4-1. Pattern-1 consists of four pieces of the Ski-uren-morew motifs. The 

settings of the instantaneous rotational angle and instantaneous distance to the created 

point cloud have been described in Section 4.1. The point cloud of Ski-uren-morew motifs 

was rotated three times using Equation (C.4), where θ = π/2, π, and 3π/2. Then, all the 

point clouds were integrated into a single point cloud, which results in Pattern-1. The 

point cloud was then transferred to a 3D CAD system to create a virtual model (a solid 

CAD model). The triangulation data of the virtual model were used to produce the 

physical object using a commercially available 3D printer, as shown in Figure 4-2. 

   

(a) Point cloud of the Ski-
uren-morew motif 

(b) Point created after 
rotating two times 

(c) Point created after 
rotating three times 

Figure 4-1. Point cloud coordination of Pattern-1 based Hokkaido Ainu motif. 

   

(a) Virtual model (b) Triangulated model (c) 3D printed object 

Figure 4-2. Virtual model, triangulated model, and 3D printed object of Pattern-1. 
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Pattern-2 was created based on three motifs called Ski-uren-morew, Sik, and Ayus, 

as shown in Figure 4-3. The settings of the instantaneous rotational angle and 

instantaneous distance to the created point cloud have been described in Section 4.1. 

Pattern-2 has an internal segment and an external segment. For the internal segment, the 

point clouds of two Ski-uren-morew motifs were placed horizontally. The point clouds of 

two Sik motifs were placed vertically. The external segment consists of four 

symmetrically integrated point cloud of Ayus motifs, which results in Pattern-2. The 

result is shown in Figure 4-3(c). The virtual model, triangulated model, and physical 

prototype were created similarly to Pattern-1. The results are shown in Figure 4-4. 

  

(a) Point cloud of the Ski-uren-morew 
motif 

(b) Point cloud of two Ski-uren-morew 
motifs placed horizontally 

  

(c) Point cloud of two Siks motifs placed 
vertically 

(d) Point cloud of four Ayus motifs 
placed externally 

Figure 4-3. Point cloud coordination of Pattern-2 based Hokkaido Ainu motif. 

   

(a) Virtual model (b) Triangulated model (c) 3D printed object 

Figure 4-4. Virtual model, triangulated model, and 3D printed object of Pattern-2. 
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Pattern-3 was created based on three motifs called Uren-morew, Sik, and 

elliptically-shaped motifs, as shown in Figure 4-5. The settings of the instantaneous 

rotational angle and instantaneous distance to the created point cloud have been described 

in Section 4.1. The point clouds of two Uren-morew motifs were placed symmetrically. 

The point clouds of two elliptically-shaped motifs were placed adjacent to Uren-morew 

motifs. Also, the point clouds of two Sik motifs were placed vertically in a symmetrical 

manner, which results in Pattern-3. The result is shown in Figure 4-5(d). The virtual 

model, triangulated model, and physical prototype were created similarly to Pattern-1. 

The results are shown in Figure 4-6. 

  

(a) Point cloud of the Uren-morew motif (b) Point cloud of two Uren-morew 
motifs  

  

(c) Point cloud of two elliptical-shaped 
motifs placed adjacent to the Uren-

morew motifs 

(d) Point cloud of two Sik motifs placed 
vertically 

Figure 4-5. Point cloud coordination of Pattern-3 based Hokkaido Ainu motif. 

   

(a) Virtual model (b) Triangulated model (c) 3D printed object 

Figure 4-6. Virtual model, triangulated model, and 3D printed object of Pattern-3. 
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Pattern-4 was created based on two motifs called Ski-uren-morew and Sik, as 

shown in Figure 4-7. The settings of the instantaneous rotational angle and instantaneous 

distance to the created point cloud have been described in Section 4.1. The point cloud of 

the Ski-uren-morew motif was placed adjacent to the point cloud of the elliptically shaped 

motif. The point clouds were then copied and rotated five times using Equation (C.4), 

defined in Appendix C, which results in Pattern-4. The result is shown in Figure 4-7(d). 

The virtual model, triangulated model, and physical prototype was created similarly to 

Pattern-1. The results are as shown in Figure 4-8. 

  

(a) Point cloud of the Ski-uren-morew 
motif 

(b) Point cloud of elliptically-shaped 
motif placed adjacent to the point cloud 

of the Ski-uren-morew motif  

  

(c) Point cloud created after rotating three 
times 

(d) Point cloud created after rotating five 
times 

Figure 4-7. Point cloud coordination of Pattern-4 based Hokkaido Ainu motif. 

   

(a) Virtual model (b) Triangulated model (c) 3D printed object 

Figure 4-8. Virtual model, triangulated model, and 3D printed object of Pattern-4. 
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Pattern-5 was created based on two motifs called Ski-uren-morews and Sik, as 

shown in Figure 4-9. The settings of the instantaneous rotational angle and instantaneous 

distance to the created point cloud of the Ski-uren-morew motif have been described in 

Section 4.1. Pattern-5 consists of four Ski-uren-morew motifs and a Sik motif. First, the 

point cloud of the Ski-uren-morew motif was created. The point cloud of the other three 

Ski-uren-morew motifs was created by rotating the first Ski-uren-morew. The rotation 

was performed using Equation (C.4), where θ = π/2, π, and 3π/2. Then, the point cloud of 

the Sik motif was created. Sik motif's point cloud was placed inside the point clouds of 

four Ski-uren-morew motifs, which results in Pattern-5. The result is shown in 4-9(c). 

The virtual model, triangulated model, and physical prototype was created similarly to 

Pattern-1. The results are as shown in Figure 4-10. 

 

  

(a) Point cloud of the Ski-
uren-morew 

(b) Point cloud created 
after rotating four times  

(c) Point cloud of the Sik 
motifs placed inside the 
Ski-uren-morews motifs 

Figure 4-9. Point cloud coordination of Pattern-5 based Hokkaido Ainu motif. 

 

  

(a) Virtual model (b) Triangulated model (c) 3D printed object 

Figure 4-10. Virtual model, triangulated model, and 3D printed object of Pattern-5. 

Pattern-6 was created based on five motifs called Morew, Sik, Utasa, inverted Uren-

morew, and Ski-uren-morew, as shown in Figure 4-11. First, the point clouds of Utasa 

and square shape motifs were created. Then, the point clouds of the two Morew motifs 

were created to become symmetric about the y-axis. Next, the point clouds of two lines 
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were created to connect the point clouds of Morew motifs to the point cloud of a square 

shape. The same was done for the two point other point clouds of inverted Uren-morew 

motifs, which are symmetrical about the y-axis. Then, the point cloud of the Sik motifs 

was created on the top of the inverted Uren-morew motif's point cloud. Now point clouds 

of two connecting lines, Morews, inverted Uren-morew, and Sik motifs were rotated 

using Equation (C.4), where θ = π/2, π, and 3π/2. Next, the point cloud of four Ski-uren-

morew motifs was created and then placed between the Morew motifs, which results in 

Pattern-6. The result is shown in Figure 4-11(f). The virtual model, triangulated model, 

and physical prototype was created similarly to Pattern-1, as shown in Figure 4-12. 

   

(a) Point clouds of the 
Utasa motif and square 

shape 

(b) Point clouds of two 
Morews and connecting 

lines added on (a) 

(c) Point clouds of 
inverted the Uren-morew 

motif added on (b) 

   

(d) Point clouds of Sik 
added on (c) 

(e) Point cloud created 
after rotating three times 

(f) Point cloud of four Ski-
uren-morews added on (e) 

Figure 4-11. Point cloud coordination of Pattern-6 based Hokkaido Ainu motif. 

   

(a) Virtual model (b) Triangulated model (c) 3D printed object 

Figure 4-12. Virtual model, triangulated model, and 3D printed object of Pattern-6. 



 Chapter 4: Application of the Proposed Reverse Engineering Method 

61 

 Digitization and Physical Prototyping of an Ancient Ewer 

In addition to the Hokkaido Ainu motifs, the proposed reverse engineering method 

can be implemented in the digitization and physical prototyping of other significant 

cultural artifacts/objects. It was demonstrated by prototyping a virtual model and physical 

object (replica) of an ancient ewer, shown in Figure 4-13. The ancient ewer has a 3D 

shape compared to the Hokkaido Ainu motifs, which has a 2.5D shape. This demonstrates 

that the proposed reverse engineering method can be used for modeling both for a planner 

shape (2.4D shape) and a complex shape (3D shape). 

The ancient ewer is shown in Figure 4-13(a) is from Seto ware (Seto is a city located 

in Aichi Prefecture, Japan) made during the Nanboku-chō period in the 13th century [150]. 

The ewer consists of three parts: body, spout, and handle, as shown in Figure 4-13(b). As 

seen in Figure 4-13(b), a few line segments and a concave can represent the body, line 

segments can represent the spout, and an elliptical shape can represent the handle. Hence, 

the ewer can be constructed using line segments, concave curves, and ellipse.  

  

(a) Photograph of an ewer [150] (b) Illustration of (a) 

Figure 4-13. An ancient ewer. 

4.3.1. Point cloud Creation of Ewer Body 

Table 4-5 shows the elementary point clouds and a coordinated point cloud of the 

ewer half body. As seen in Table 4-5, to model the ewer half body, point clouds of four 

line segments and a concave curve were needed. The point cloud of the line segments was 

created by keeping the instantaneous rotational angles constant at certain angles. The 

instantaneous distances were increased linearly. The instantaneous rotational angles 

determine the slope of the line segments. The concave curve's point cloud was created by 

linearly increasing the instantaneous rotational angles and linearly decreasing the 

Spout Handle

Body
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instantaneous distances. Afterward, all the segments' elementary point clouds were joined 

sequentially based on the order of features, as shown in the last column in Table 4-5. 

Table 4-5. The settings of the recursive process to model the ewer half body. 

Segment 
Instantaneous 

Rotational Angle 
Instantaneous 

Distance 
Elementary Point 

Cloud 
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4.3.2. Point Cloud Creation of Ewer Spout 

Table 4-6 shows the elementary point clouds and a coordinated point cloud of the 

ewer spout. As seen in Table 4-6, to model the ewer spout, point clouds of three line 

segments were needed. The point cloud of the line segments was created by keeping the 

instantaneous rotational angles constant at certain angles. The instantaneous distances 

were increased linearly. The instantaneous rotational angles determine the slope of the 

line segments. Afterward, all the line segments' elementary point clouds were joined 

sequentially based on the order of features, as shown in the last column in Table 4-6. 

Table 4-6. The settings of the recursive process to model the ewer spout. 

Segment 
Instantaneous 

Rotational Angle 
Instantaneous 

Distance 
Elementary Point 

Cloud 
Coordinated 
Point Cloud 

1 

 
  

2 

  

3 

 

4.3.3. Point Cloud Creation of Ewer Handle 

Table 4-7 shows the elementary point clouds the ewer handle. As seen in Table 4-7, 

the point cloud of the elliptical shape was created by linearly increasing the instantaneous 

rotational angles, and the instantaneous distances were varied in a cosine function. In the 

ewer handle, a single elementary point cloud is enough to model the ewer's handle.  
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Table 4-7. The settings of the recursive process to model the ewer handle. 

Segment 
Instantaneous 

Rotational Angle 
Instantaneous Distance Elementary Point Cloud 

1 

   

4.3.4. Solid CAD Modeling of Ewer Body 

Figure 4-14 shows the results of solid CAD modeling of the ewer body. As shown 

in Figure 4-14, the ewer half body's point cloud was exported to a 3D CAD system, 

applied entity, constructed centerline, and then revolved around the centerline. The result 

of solid CAD modeling is shown in Figure 4-14(c). The revolve was performed using the 

revolve function available in the 3D CAD system. In this study, Solid CAD modeling was 

performed using SolidWorks. 

   

(a) Point cloud of the ewer 
half body 

(b) Point cloud after 
exporting to a 3D CAD 

system 

(c) Entity conversion 

   

(d) Draw the centerline to 
revolve 

(e) Revolve around the 
centerline 

(f) Solid CAD model 

Figure 4-14. Solid CAD modeling of the ewer body. 
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4.3.5. Solid CAD Modeling of Ewer Spout 

Figure 4-15 shows the results of solid CAD modeling of the ewer spout. As shown 

in Figure 4-15(b), the spout's point cloud was injected into the ewer body's solid CAD 

model. Then the points P1, P2, P3, and P4 were defined, as shown in Figure 4-15(c). Here 

P1 is the starting point of the first line segment, P2 is the intersection point of the first and 

second line segment, P3 is the intersection point of the second and third line segment, and 

P4 is the endpoint of the third line segment of the spout. The segments are shown in Table 

4-6. The point clouds must be iterated so that P3 and P4 must lie on a tangent to the surface 

of the body. Now, taking P1 and P2 as reference points, Plane-1 was constructed. Then 

ellipse was constructed on Plane-1 that connects points P1 and P2, as shown in Figure 

4-15(d). Similarly, taking P3 and P4 as reference points, Plane-2 was constructed. Then 

another ellipse was constructed on Plane-2 that connects points P3 and P4, as shown in 

Figure 4-15(d). Next, two ellipses were joined by applying the lofted function, which 

results in the spout, as shown in Figure 4-15(e). Afterward, a hollow inside the solid CAD 

model was constructed by offsetting the surface and hiding the solid body. Finally, 

applying the thicken function on the offset surface results in a solid CAD model shown 

in Figure 4-15(f). 

 

  

 (a) Point cloud of the 
spout 

(b) Point cloud of the 
spout injected into the 

solid CAD model 

(c) Points are defined to 
construct planes  

   

(d) Reference planes and 
ellipses to construct spout 

(e) Top ellipse lofted to 
the bottom ellipse 

(f) A solid CAD model 
with hollow 

Figure 4-15. Solid CAD modeling of the ewer spout. 
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4.3.6. Solid CAD modeling of Ewer Handle 

Figure 4-16 shows the results of solid CAD modeling of the ewer handle. As shown 

in Figure 4-16(b), the handle's point cloud was injected into the ewer body's solid CAD 

model. Then the points P5 and P6 were defined from the point cloud of the ewer handle. 

Here P5 and P6 are the starting and endpoint of the ewer handle, respectively. Iterate the 

handle's point cloud so that P5 and P6 must lie on the body's mid-section shown in Figure 

4-16(c). Now, taking P5 and handle segment as a reference, Plane-3 was constructed. 

Then the ellipse was constructed on Plane-3, as shown in Figure 4-16(d). The ellipse was 

then swept along the handle segment using the sweep function to construct the ewer 

handle, as shown in Figure 4-16(e). The result of the ewer's solid CAD modeling is shown 

in Figure 4-16(f). 

 

 

(a) Point cloud of the 
handle  

(b) Point cloud of the 
handle injected into the 

solid CAD model 

(c) Convert to an entity 
and defined points to 

construct a plane 

   

(d) Reference plane and 
ellipse to construct the 

handle 

(e) The ellipse along the 
handle segment to 

construct the handle 

(f) Final solid CAD model 
of the ewer 

Figure 4-16. Solid CAD modeling of the ewer handle. 

4.3.7. 3D Printing of Ewer 

After completing the solid CAD modeling, triangulation modeling was performed 

by just saving the solid CAD model into an STL file using a 3D CAD system. Figure 
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4-17(a) and Figure 4-17(b) show the ewer's solid CAD model (virtual model) and the 

triangulated model, respectively. The physical model was built from the STL data of the 

triangulated model using a 3D printer available at the Kitami Institute of Technology. The 

result of the 3D printed object is shown in Figure 4-17(c). 

   

(a) Solid 3D CAD model 
(virtual model) 

(b) Triangulated model (c) 3D printed object 
(replica) 

Figure 4-17. Ewer model. 

The results shown in Figure 4-1 to Figure 4-17 demonstrated that the proposed 

reverse engineering can able to digitize Hokkaido Ainu motifs, patterns, and other 

significant cultural objects. Also, the proposed reverse engineering method can able to 

model both planner and complex shapes. The digital data of the virtual models are the 

important blueprint for manufacturing the physical objects (replicas). The next chapter 

addresses the discussion of this study. 
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This chapter addresses the full discussion, interpretation, and evaluation of the 

results of this study. The chapter first presents a general discussion (Section 5.1), followed 

by a specific discussion (Section 5.2), limitations (Section 5.3), and the future directions 

for this study (Section 5.4). 

 General Discussion 

As stated in Chapter 1, the purpose of this study is to develop a novel reverse 

engineering method suitable for 3D printing without using a scanned point cloud, and the 

objectives are as follows: 

1. develop a framework of a novel reverse engineering method; 

2. develop an analytical point cloud creation process for the proposed reverse 

engineering method; 

3. elucidate the efficacy of the proposed reverse engineering method by digitizing 

significant cultural objects; and 

4. use 3D printing for prototyping.  

The first and second objectives are elucidated in Chapter 3. The third and fourth 

objectives are elucidated in Chapter 4. All the questions emphasized in the introduction 

chapter are incorporated when creating a point cloud using the proposed reverse 

engineering method.  

In this study, a database of ten basic motifs and six complex patterns belonging to 

Hokkaido Ainu are created. The database is made available to the public and can access 

online from the link shown in [151]. Besides digitizing basic motifs and complex patterns, 

their physical replicas are also built using an ordinary 3D printer. Moreover, the point 

cloud, virtual model, and physical model of an ancient ewer are created using the 

proposed reverse engineering method.  

The study shows that the recursive process can create a point cloud of any desired 

shape. The point cloud points can be restricted to a small size and thus can be controlled 

Chapter 5: Discussion and Future Directions 
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easily. As a result, the subsequent processes are easy to handle and free of complex 

computations. The point clouds are free from noise and outlier points. This way, the user 

has the freedom to design any given shape without being dependent on the data 

acquisition system and undergoing complex computation. 

Moreover, the point clouds are used sequentially to produce the solid CAD model 

of the given object. It is not the case in conventional reverse engineering. It undergoes 

complex computations such as removing noise and outlier points, redundant points 

removal, and surface reconstruction from the point clouds. As a result, the process 

becomes the computational complexity and user-skill-dependent activity. 

In the synopses, the outcomes of this study can help in two-folds. First, it will help 

those who want to digitize significant cultural objects without using a 3D scanner or 

image processing. Second, it will help those who want to simplify the current practices 

of reverse engineering. As such, the outcomes of this study can enrich the field of reverse 

engineering. 

 Specific Discussion 

The recursive process implemented in this study is independent of the platform. As 

a result, analytical point clouds created by the recursive process are compatible with any 

software packages. For example, the analytical point cloud can be used for designing 2D 

images of motifs and patterns, which can be used for 2D printing devices. Such 2D images 

can be used for ornaments, walls, objects, and souvenir decorations. Moreover, the 

analytical point cloud can be used for surface texturing. Some insight into surface 

texturing is described as follows. 

Let consider the solid CAD model of the ewer shown in Figure 4-17. A texture can 

be added to the solid CAD model. For example, consider the point clouds that represent 

a pattern taken from Hokkaido Ainu. The setting for creating the point cloud is shown in 

Figure 4-1. Figure 5-1(a) shows the point cloud of texturing. The point cloud is injected 

into the ewer's solid CAD model, as shown in Figure 5-1(b). Then, the texture on the front 

side is constructed by extruding the point cloud from the surface of the ewer. The texture 

on the backside is constructed by mirroring the front side texture. The result is shown in 

Figure 5-1(c). Finally, the physical model is realized using a 3D printer, as shown in 
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Figure 5-1(d). Thus, the analytical point clouds are useful for creating texture to enhance 

the beauty of the object. 

 

 

(a) Point cloud (b) Point cloud injected into the solid 
CAD model 

  

(c) Textured solid CAD model (d) 3D printed model 

Figure 5-1. Surface texturing of the ewer. 

Besides texturing, the 3D printed physical model of ewer shown in Figure 5-1(d) is 

scanned using the stationary Roland 3D scanner (model PICZA LPX-600) [30], which is 

available at the Kitami Institute of Technology. Figure 5-2 shows the point clouds 

obtained by scanning from three different orientations. Point clouds are then preprocessed 

(removing noise points, removing redundant points, combining all point clouds into a 

single coordinate) before creating a triangulated model. Afterward, the triangulation was 

performed. The result is shown in Figure 5-3. As seen in Figure 5-3, the texture is a blur, 

and there is also surface distortion near the handle. To make texture sharp, clear, and 

smooth, it requires the heavy user affords when performing solid CAD modeling. 

It is worth discussing that the triangulated model from the scanning-based modeling 

(Figure 5-3) consists of 271,803 facets and 815,409 vertices. In contrast, the triangulation 

model from the recursive process-based modeling has 25,336 facets and 76,008 vertices 

for the model without texture (Figure 4-17(b)) and 51,244 facets and 153,732 vertices for 

the model with texture (Figure 5-1(d)). Scanning-based modeling has ten times higher 

facets than recursive process-based modeling. As a result, scanning-based modeling 



Developing a Novel Reverse Engineering Method Suitable for 3D Printing and its Application to Preserving Cultural Heritage 

72 

becomes user-skill-dependent and heavy-computation. Table 5-1 shows the comparison 

between the scanned-based modeling and the recursive process-based modeling. 

 

→ 

 

 

→ 

 

(a) Scanning orientations 

→ 

 

(b) Point clouds 

Figure 5-2. Point cloud registration from different orientations of scanning. 

(a) Front view (b) Side view (c) Top view (d) Bottom view  

Figure 5-3. Different views of a triangulated model obtained from the scanned-base 

point cloud datasets.  
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Table 5-1. Comparison between the scanned-based modeling and the recursive process-

based modeling. 

Parameters Recursive Process-based Modeling Scanning-based 
Modeling Model without 

Texture 
Model with 
Texture 

Number of points 102 782 52,1404 

Number of facets 25,336 51,244 271,803 

Number of vertices 76,008 153,732 815,409 

Printing time 
without support 

7 h, 50 min, 38 s 8 h, 6 min, 58 s - 

Printing time with 
support 

12 h, 20 min, 28 s 13 h, 14 min, 56 s - 

 Limitations  

No approach is without limitations, and the proposed reverse engineering method 

is not an exception. When the point clouds are created using the recursive process, the 

concentration of the points is higher when a radius of curvature is smaller. The 

concentration of the points is lower when the radius of curvature is large. For example, 

see Figure 3-12. It has the same issue when the point clouds are created using parametric-

based equations (e.g., Bézier curve).  

Interestingly, the electric charge also exhibits similar characteristics [152]. There is 

a scope for further investigation of this phenomenon. However, this study did not 

investigate this phenomenon because the precision of the model created by the proposed 

reverse engineering method is satisfactory to model the given objects.  

In the proposed reverse engineering method, the interpretation of the shape outline 

relies on human perception only. Based on this shape outline, the recursive process creates 

the point cloud. In this respect, other aiding technology, e.g., 3D pen-based shape learning 

technology [31], could be incorporated to enrich the presented methodology. These issues 

remain open for further research. 

 Future Directions 

In the future, this study may be extended in two directions. In the first direction, the 

analytical point cloud can be directly triangulated by eliminating solid CAD modeling. 
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The STL data of the triangulated model can be used to manufacture the physical object. 

An example is shown in Figure 5-4. This way, reverse engineering can be achieved 

without using sophisticated devices such as a 3D scanner and 3D CAD system.  

   

(a) Analytical point cloud (b) Triangluated model (c) STL data 

Figure 5-4. Example of direct triangulation of an analytical point cloud of a cube and its 

STL dataset. 

In the second direction, this study can be extended to develop a system that 

automatically generates a shape based on the linguistic expression defined by the user. 

The concept of human-cognition-based reverse engineering is illustrated in Figure 5-5. 

This way, human cognition-based reverse engineering can be achieved, which is one of 

the frontiers of digital manufacturing. 

 

Figure 5-5. Concept of human-cognition-based reverse engineering. 

There are other open issues for future research. For example, what if one 

superimposes a 3D scanner-based point cloud on the point cloud obtained by the proposed 

method? If the point cloud obtained by the proposed method is considered the ideal point 

cloud, then the point cloud obtained by a 3D scanner can be processed based on the ideal 

one. It might be open and a new direction for point cloud-based reverse engineering. The 

next chapter addresses the conclusion of this study. 

solid cube
facet normal 0 -1  0
outer loop    
vertex 0 0  0
vertex 2 0  0
vertex 0 0  30
endloop
endfacet
⋮
endsolid cube
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In this study, a novel reverse engineering method suitable for 3D printing and its 

application to preserving cultural heritage has been presented. In the proposed reverse 

engineering method, a point cloud of the desired shape is created by the recursive process.  

The recursive process creates an analytical point cloud using two variable inputs 

and three constant inputs. The two variable inputs are denoted as instantaneous distance 

and instantaneous angle, which vary in each iteration of the recursive process. The 

constant inputs are denoted as the center point, initial distance, and initial angle, which 

remain constant for all iterations. It is found that by varying pairs of the instantaneous 

rotational angle and the instantaneous distance systematically, the recursive process can 

able to model both planner and complex shapes. In most cases, the instantaneous 

rotational angle is kept simple (i.e., constant or linear increase or linear decrease) and the 

instantaneous distance is varied using simple functions (e.g., straight-line, tent function, 

sine/cosine, u-shape function, and bathtub function). For example, a well-known shape 

such as a straight-line, circle, ellipses, spiral, astroid, S-shape, and leaf-shape are modeled 

using the recursive process. 

On the other hand, three constant inputs also play vital roles. The center point can 

perform the roles of translation function in both the x-axis and y-axis directions. The 

initial angle can perform the roles of the rotation function on the x-y plane. The third 

constant does not play any roles, however, it is necessary to create the starting point.  

The modeling ability of the proposed reverse engineering method is validated by 

comparing two separate point clouds of the same shape. The first point cloud is created 

using the parametric equation for a given shape (e.g., circle, ellipse, spiral, astroid, and 

straight lines). The second point cloud of the same shape is created using the recursive 

process. It is observed that the point clouds of both shapes look identical. Further, the 

point clouds are quantified by the parameter called the radius of curvature and aesthetic 

value. It is observed that both shapes have the same radius of curvature and aesthetic 

value. Hence, even though the shapes are modeled using the recursive process instead of 

the respective parametric equation-based, their aesthetic natures remain unaffected. It is 

Chapter 6: Conclusions  
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also found that the instantaneous distance plays the role of a radius of curvature. So, it is 

not difficult to predict the instantaneous distance values than those of the curvature radius 

while modeling an arbitrary shape. 

The efficacy of the proposed reverse engineering method is demonstrated using two 

applications. In the first application, a database of ten Hokkaido Ainu motifs is created. 

The point clouds, virtual models, and physical models of ten Hokkaido Ainu motifs and 

six complex patterns are realized using the proposed reverse engineering method. In the 

second application, the point cloud, virtual model, and physical model of an ancient ewer 

having a 3D shape are realized using the proposed reverse engineering method. All 

physical models are built using an ordinary 3D printer available at the Kitami Institute of 

Technology. Setting the input parameters to create the respective point clouds using the 

recursive process was also described elaborately.  

The results show that the proposed reverse engineering method avoids sophisticated 

and complex computations, which are unavoidable in conventional reverse engineering. 

It also makes reverse engineering more systematic to model complex shapes. The 

proposed reverse engineering method also eliminated the use of a 3D scanner and its 

scanned point cloud. In addition to the shape modeling, the point cloud created by the 

recursive process can be used for surface texturing. Therefore, one can use the proposed 

reverse engineering method for creating aesthetic artifacts lucidly to have complex 

geometry.
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Appendix A: Basic Steps of Point Cloud-based Solid 

CAD Modeling  

Solid CAD modeling is the modeling process to construct a solid model or solid 

object. In this study, a solid CAD model is created from the point cloud using SolidWorks 

(3D CAD software). Let consider a Morew motif of Ainu as an example for solid CAD 

Modeling. The steps are described as follows.  

Step-1:  

First, convert the point cloud dataset to a text file, as shown in Figure A.1. The text 

files are compatible to export the point cloud dataset in SolidWorks. When the shape is 

model using several point clouds, the individual text file must be created for each point 

cloud, and then upload the text files one-by-one. It helps give separate entities that are 

useful for applying any functions offered by the 3D CAD system.  

  

(a) Point cloud dataset (b) Text file 

Figure A.1. Conversion of point cloud dataset into a text file. 
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Step-2:  

Open the SolidWorks, and then the window shown in Figure A.2 will appear. Now 

select "Part" and then click on the "Ok" button, as shown in Figure A.2. 

 

Figure A.2. Start menu of SolidWorks. 

Step-3: 

Click on the "Curves" menu and select the "Curve Through XYZ Points" from the 

drop list, as shown in Figure A.3. 

 

Figure A.3. Menu to import the point clouds in SolidWorks. 
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Step-4: 

A new window will appear, as shown in Figure A.4. Now, select file type as "Text 

File (*.txt)," and then select the file (e.g., d1). Now, click on the "Open" button, as shown 

in Figure A.4. 

 

 

Figure A.4. Steps to open a text file in SolidWorks. 

Step-5: 

Click on the "Ok" button to load the text file data in SolidWorks, as shown in Figure 

A.5. 

  

Figure A.5. Loading text data in SolidWorks. 
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Step-6: 

Select first the plane, then click on the "Sketch" bar and click on the "Sketch" menu 

to sketch the shape, as shown in Figure A.6. 

  

Figure A.6. Sketch preparation in SolidWorks. 

Step-7: 

Click on the "Convert Entities" menu and then click on the "Convert Entities" from 

the drop list to convert the text file data into geometric entities, as shown in Figure A.7. 

  

Figure A.7. Conversion of the text file data into geometric entities (i.e., curve) in 

SolidWorks.  
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Step-8: 

Select the curve and then click on the "Offset menu." Fill in the offset value and 

select all the required parameters. Click on the checkmark to confirm the offset, as shown 

in Figure A.8. 

  

Figure A.8. Steps to create offset in SolidWorks. 

Step-9: 

Click on the "Feature" bar and then click on the "Extrude Boss/Bass" menu, as 

shown in Figure A.9. 

  

Figure A.9. Extrude preparation in SolidWorks. 
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Step-10: 

Fill in the value of extrusion, select required parameters, and then select the regions 

to be extruded. Click on "✓" to confirm the extrusion function, as shown in Figure A.9.  

   

Figure A.10. Steps to extrude the surfaces in SolidWorks. 

Step-11: 

Figure A.11 shows the final result of solid CAD modeling. Save the solid CAD 

model. 

  

Figure A.11. A solid CAD model (virtual model). 
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Appendix B: Basic Steps of Triangulation 

The triangulation is performed in the SolidWorks, and the basic steps are as follows. 

Step-1: 

In SolidWorks, click on the "Save" icon and then click on the "Save As" from the 

drop list, as shown in Figure B.1. 

  

Figure B.1. Selection of a file type to be saved. 

Step-2: 

Given file name, then select first save as type as "STL (*.stl)" from the drop list, 

and click on the "Save" button, as shown in Figure B.2.  

   

Figure B.2. Save a solid model as an STL file. 
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Step-3: 

Click on the "Yes" button to save the solid CAD model as an STL file. Figure B.3 

shows the triangulated model of the solid CAD model. Figure B.5 shows a portion of STL 

data of the triangulated model.  

  

Figure B.3. A triangulated model of the solid CAD model. 

 

Figure B.4. A portion of STL data of a triangulated model.
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Appendix C: Shape Definitions  

C.1. Relevant Shapes 

Let the point clouds of a circle, ellipse, and spiral be modeled by three parametric-

based equations. Each shape is given by a point cloud consisting of the points Pi = {(Pxi, 

Pyi) | i = 0, 1, …, n. The mathematical formulations of the shapes are as follows. 

Consider a circle with radius a, where a > 0. Let Pc = (Pcx, Pcy) be the center of the 

circle on the x–y plane. An arbitrary point on the circumference of the circle is denoted 

as Pi = {(Pxi, Pyi) | i = 0, 1, …, n} and is given by 

��� = ��� + � cos ��, ��� = ��� + � sin ��. (C.1) 

In Equation (C.1), i = 2πi/n. While creating a point cloud for a circle using 

Equation (C.1), the parameters are set as follows: Pcx = 150; Pcy = 150; a = 100; n = 48; 

and i = 0, 1, ..., 48. The point cloud shown in Figure 3-15a presenting the circle is created 

using the abovementioned formulation. 

Consider an ellipse with major radius a and minor radius b, where a, b > 0 and a > 

b. Let Pc = (Pcx, Pcy) be the center of the ellipse in the x–y plane. An arbitrary point on the 

circumference of the ellipse is denoted as Pi = {(Pxi, Pyi) | i = 0, 1, …, n} and is given by 

��� = ��� + � cos ��, ��� = ��� + � sin ��. (C.2) 

In Equation (C.2), i = 2πi/n. While creating a point cloud for an ellipse using 

Equation (C.2), the parameters are set as follows: Pcx = 75; Pcy = 75; a = 55; b = 45; n = 

48; and i = 0, 1, ..., 48. The point cloud shown in Figure 3-16(a) presenting the ellipse is 

created using the abovementioned formulation. 

Consider a spiral. Let it be an Archimedean spiral. Let PC = (Pcx, Pcy) be the center 

of the spiral in the x–y plane. Consider a to be the arbitrary positive real constant that 

controls the distance between the successive turnings of the spiral. An arbitrary point on 

the circumference of the spiral is denoted as Pi = {(Pxi, Pyi) | i = 0, 1, …, n} and is given 

by 

��� = ��� + ��� cos ��, ��� = ��� + � ��sin ��. (C.3) 



Developing a Novel Reverse Engineering Method Suitable for 3D Printing and its Application to Preserving Cultural Heritage 

104 

In Equation (C.3), i = 6πi/n. While creating a point cloud for a spiral using 

Equation (C.3), the parameters are set as follows: Pcx = 600; Pcy = 600; a = 28.647; n = 

48; and i = 0, 1, ..., 48. The point cloud shown in Figure 3-17(a) presenting the spiral is 

created using the abovementioned formulation. 

The pattern shown in Figure 4-8 is obtained by rotating five times of basic motifs. 

In this case, one can rotate the point cloud around the center of the shape to create other 

point clouds, as required. To be more specific, let Pr = (Prx,Pry) be the center of the shape 

and P(t) = (Px(t),Py(t)) be the position of the point, P(t) = (Px(t),Py(t)) after its rotation 

around Pr = (Prx,Pry) in the anti-clockwise direction by an angle θ. Thus, the following 

formulation holds: 

��
�(�) = ��� + (��(�) − ���) cos � − ���(�) − ���� sin � 

(C.4) 
��
�(�) = ��� + (��(�) − ���) sin � + ���(�) − ���� cos � 

Equation (C.4) can be used for creating other point clouds. For example, five other 

point clouds can be created by using Equation (C.4), for θ = /3, 2/3, , 4/3, and 5/3. 

This way, one can create any shape in terms of point clouds. 

C.2. Radius of Curvature 

Let i be the instantaneous radius of curvature for point Pi = {(Pxi, Pyi) | i = 0, 1, …, 

n}. Thus, the following relationship holds [145]: 

�� =
((�̇�)

� + (�̇�)
�)� �⁄

��(�̇�)(�̈�) − (�̇�)(�̈�)��
. (C.5) 

In Equation (C.5), ẋi = Pxi+1 – Pxi; ẏi = Pyi+1 – Pxy; ẍi = ẋi+1  ẋi; and ÿi = ẏi+1  ẏi. 

The radii of curvature for the shapes described above are computed using Equation (C.5). 

C.3. Aesthetic Value 

A parameter called aesthetic value, denoted as , quantifies the aesthetic nature of 

a curve [147-149], which is driven from the radius of curvature (Equation C.5) and the 

arc length of a given curve, as shown in Figure C.1(a). As seen in Figure C.1(a), , s, 

and  are the radius of curvature, arc length, and change in the radius of curvature, 

respectively. The logarithmic plot of s/ (/) versus , which is called Logarithmic 

Curvature Histogram (LCH), becomes a straight line, and its slope is used to calculate the 

value of , as seen in Figure C.1b. Therefore, the following relationship holds [148]:  
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Where c is a constant and by knowing the value of , the degree of aesthetics of a 

given curve (shape) can be quantified. 

  
(a) Parameters for determining the 

aesthetic value 
(b) Calculating aesthetic value 

using LCH 

Figure C.1. Determining aesthetic value. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-5

5

15

25

35

45

-2.5 2.5 7.5 12.5 17.5 22.5

y

x

ρ
ρ(1+Δ ρ/ρ)

Δs
1

�

log �
∆�

Δ�/�
� = � log(�) + �. (C.6) 



Developing a Novel Reverse Engineering Method Suitable for 3D Printing and its Application to Preserving Cultural Heritage 

106 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Acknowledgments 

107 

Acknowledgments 

I would like to express my sincere gratitude to my Academic Advisor, Professor 

AMM Sharif Ullah at the Kitami Institute of Technology, for his patience, motivation, 

guidance, and continuous support. Without his excellent and professional contribution, 

the study would not have been successful. I could not have asked a better advisor and 

mentor for my doctoral study. At the same time, I am grateful to my Deputy Academic 

Advisors, Associate Professor Michiko Watanabe and Professor Kazuhiro Hayashida at 

the Kitami Institute of Technology, for their constant support and inspiration.  

I would like to thank my Thesis Examination Committee Members Professor AMM 

Sharif Ullah (Chair), Associate Professor Michiko Watanabe, Professor Kazuhiro 

Hayashida, Professor Fumito Masui, Associate Professor Kazunori Takai from the Kitami 

Institute of Technology, and Professor Koji Teramoto from the Muroran Institute of 

Technology, for their encouragement and insightful comments. It encouraged me to 

widen my research and revise my thesis. 

I would like to acknowledge the Kitami Institute of Technology for providing the 

materials and financial support. I am grateful to the Japan Educational Exchanges and 

Services (JEES) and the Japan Student Services Organization (JASSO) for granting me 

the scholarships. 

I am thankful to Assistant Professor Akihiko Kubo and Technical Staff member 

Mr. Tsuyoshi Sugino at the Advanced Manufacturing Engineering Laboratory, Kitami 

Institute of Technology, for sharing their expertise and support. My appreciations go to 

my fellow lab mates for stimulating discussions and all the fun we have had in the last 

three years. 

Before concluding, I also like to extend my sincere gratitude to the president and 

the management team of the College of Science and Technology. They have always been 

supportive and generous.  

Last but not least, I would like to thank my wife, Mrs. Ugyen Lhamo, who has been 

my source of encouragement and pillar of support. This study is dedicated to my son 

Kelmith Tashi and daughter Samaya Tashi. 

 



Developing a Novel Reverse Engineering Method Suitable for 3D Printing and its Application to Preserving Cultural Heritage 

108 

 

 



 List of Achievements 

109 

List of Achievements 

Refereed original articles in international journals related to the thesis 

1. Tashi, AMM Sharif Ullah, Michiko Watanabe, and Akihiko Kubo. Analytical Point-

Cloud Based Geometric Modeling for Additive Manufacturing and Its Application to 

Cultural Heritage Preservation, Applied Sciences, Vol. 8, No. 5, pp. 656, 2018. 

[MDPI] [ 10.3390/app8050656] [SCIE Indexed] IF = 2.474 (Published in May 2018) 

2. Tashi and AMM Sharif Ullah. Symmetrical Patterns of Ainu Heritage and Their 

Virtual and Physical Prototyping, Symmetry, Vol. 11, No. 8, pp. 985, 2019. [MDPI] 

[ 10.3390/sym11080985] [SCIE Indexed] IF = 2.645 (Published in August 2019) 

3. Tashi and AMM Sharif Ullah and A. Kubo. Geometric Modeling and 3D Printing 

Using Recursively Generated Point Cloud, Mathematical and Computational 

Applications, Vol. 24, No. 3, pp. 83, 2019. [MDPI] [ 10.3390/mca24030083] [ESCI 

Indexed] IF = none (Published in September 2019) 

4. AMM Sharif Ullah, Tashi, A. Kubo, and K. H. Harib. Tutorials for Integrating 3D 

Printing in Engineering Curricula, Education Sciences, Vol. 10, No. 8, pp. 194, 2020. 

[MDPI] [ 10.3390/educsci10080194] [ESCI Indexed] IF = none (Published in July 

2020) 

Refereed full-length articles in international conference proceedings related to the thesis 

5. Tashi, AMM Sharif Ullah, Akihiko Kubo, and Michiko Watanabe. On the Additive 

Manufacturing of Hokkaido-Ainu Motifs, Proceedings of the 17th International 

Conference on Precision Engineering (ICPE 2018), November 12–16, 2018, 

Kamakura, Japan. [CD–ROM] [Paper No. B–5–4]. 

6. Tashi, AMM Sharif Ullah, Michiko Watanabe, and Akihiko Kubo. Point-cloud Based 

Geometric Modeling of Hokkaido-Ainu Motifs and Its Manufacturing Method, 

Proceedings of the 22nd Asia Pacific Symposium on Intelligent and Evolutionary 

Systems (IES2018), December 20–22, 2018, Sapporo, Japan. [CD–ROM] [pp. 6–13].  

7. Tashi, AMM Sharif Ullah, and Akihiko Kubo. Developing a Human-cognition-based 

Reverse Engineering Approach, Proceedings of the JSME 2020 Conference on 

Leading Edge Manufacturing/Materials and Processing, Virtual, Online. September 

3, 2020. V001T01A003. ASME. DOI: 10.1115/LEMP2020-8528 


