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Abstract 

A 3D CAD (Computer Aided Design) system is a system that can design a 

product shape in a three-dimensional model and it has become an indispens­

able 七ool for manufacturing. The 3D CAD system, which is the core of the 

application of Information Technologiesぅis spreading widely. 3D data designed 

with 3D CAD systems are becoming vital communication tools be七ween the 

design process and downstream processes. The more extensive use of a 3D 

model outside traditional design and manufacturing is trending now. To dis­

tribute 3D data quickly to downstrear 

product quality, production costs, and delivery to markets. In the downstream 

department, 3D data received from a design department can be effectively uti­

lized as a reference model for the creation Of various process procedures and 

technical documentsうsuch as creating visual assembly instructions, product 

manuals and product catalogs. In such works, clear visual communication 

for ease of understanding is important. However, size of 3D CAD data for 

expressing precise forms tends to be big and takes long time to compute, 

七herefore it may interfere with communication among users. In addition, in­

teroperability also causes poor communication since downstream applications 

rely on the reusability and interoperability of CAD models. Since the internal 

data structures and tolerances do not coincide in each system, the intended 

shape model for downstream distribution may not be delivered correctly. If 

the shape delivery fails in one systemラthe shape should be modified through 

some method to import suitably within the system. For exampleぅ the gap is 

one of the most serious interoperability challenges between CAD/CAM/CAE 

systems. To overcome the problem, the direct modeling which modi五es the 

curve mesh is effective. In direct modeling, modi五cation of a trimmed surface 

has the restriction where boundary edges must lie on the surface within a 

certain tolerance. Thm昔、it is di伍cult to maintain geometrical consistency of 



the modified boundary edges and surfaces. Therefore, it is e証ecti

a new free-form surface to a closed region enclosed with I工iodi五ed boundar J T 

edges because the consistency of the七rimmed surface can be maintained. 

In surface五tting methodうhow to guarantee a smooth connection between 

adjacent 払spline surfaces is very important. In conventional surface五tting

method which approximates a surface using sample points derived from the 

tangent pl肌e, the continuity with an adjacent surface will collapse because 

the surface was generated individually. In contrastぅMural王i et al. proposed 

a surface fitting method in consideration of maintaining G1-continuity with 

adjacent surfaces. In their method, G1-continuity is guaranteed on part of the 

common boundary edges. However, when a surface connects with adjacent 

surfaces with G1-continuity in two adjoining directions along the common 

boundary edges，七he conditions used加G1-continuous cannot be ful五lled near 

the corner portions with a B-spline surface. 

The goal of this work is七o make contribution to the communication among 

downstream processes using 3D data. To be more concrete，五rst we pro” 

pose a new surface represe国ation to solve the problems of the Muraki’s 

method, then, contribute to the development of the current 3D data com­

pression and retrieval method and evaluate the 3D data compression and 

retrieval application system. In our new surface fitting method, shapes can 

be appro対mated with good accuracy as a reference model for downstream 

processes. Our method generates a trimmed surface that is G1-continuous 

with adjacent surfaces in all directions and applicable to shapes with a hole. 

Our method integrates the advantages of Gregory and B-spline surfaces to 

de五ne a new surface representation. First, when two surfaces are connected 

with G1叩continuityぅwe calculate the G1-continuous conむol points at the com­

mon boundary by using joining equations. Next, a bi-cubic Gregory patch 

is constructed by the G1-continuous control points. Since the constructed 

Gregory patch is insu斑cient for representing a trimmed surfaceうknots are in­

serted in both u and v directions for increasing the degree of freedom. Then, 

the unknown inner control points are optimized using least squares approx­

imation method. Finally, a new surface is construc七ed by applying our new 

surface representation to a closed region. The proposed method is applicable 

to shapes with a hole. 出oreoverラour method is independent of 七he position 

and the hole shape. Our method is also applicable to a region surrounded 

by surfaces in all directions connecting with G1-continuity. Since our method 
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generates surface from boundary edge information, it is applicable to various 

applications. For instance, by including our method in the trimmed surface 

compression method, a smooth surface with good quali七y can be generated. 

It is also e百ective for direct modeling where shapes with a hole are modified. 

Moreoverうthe performance of 3D data compression and retrieval application 

system is evaluated with di百erent network environments: such as third gener­

ation of mobile telecommunications (3G) and Worldwide Interoperability for 

Microwave Access (WiMAX) . As the result, we cor命med the e吉ectiveness of 

the compression method with practical data. 
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Chapter 1 

Introduction 

1.1 Background 

A 3D CAD (Computer Aided Design) sys加盟ぅis a system that can design a 

product shape in the three-dimensional model and it has become an indispens­

able 七ool for manufacturing. Manufacturing has been globalized during the 

last two decades. Designed and manufactured by the manufacturing facilities 

around the world have been routinely performed. From a manufacturer’s 

perspective, a 3D model is beneficial information because it allows visualiza­

tion of exactly what the finished product being made will look like. This can 

be particularly helpful when dealing with complex geometries thatくiifficult

to interpret from a 2D drawing alone. Since the 3D CAD system, is defined 

the use of information technology (IT) in the design process. The 3D model 

designed with 3D CAD systems are becoming vital communication tools be­

tween the design process and downstream processes. As shown in Figure 1.1, 

use of 3D models in downstream processes can be cl制sified in following two 

categories: 

・3D models on the cri七ical path. 

・3D models off the critical path. 

The ‘3D models on the critical path ’ indicates the use release of 3D models 

from engineering to the manufacturing organization, where the 3D models 

are then used for production purposes. The ‘3D models off the critical path ’ 
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CHAPTER 1. INTRODUCTION 

indicates the use release of 3D models outside the hand off between engineering 

and manufacturing, such as: 3D models in service, quality, training, technical 

documentation, marketing, sales and other organizations [l]. 

3D Models on th 

Critical Path 

3D Models 

3D Models off th 

Critical Path 

Figure 1.1: The use of 3D Models in downstream processes. 

Figure 1.2 illustrates the use of 3D Models off the critical path. Accord­

ing to the recent reports, the use of 3D models in downstream processes is 

significantly growing in the p出t few years, approximately 69% of companies 

are using 3D models o旺the critical path [1 J. On one hand, use of 3D on 

the critical path requires the level of precision to manufacture since it is for 

the production purposes . On the other hand, use of 3D off the critical path 

requires the visual impact rather than precision since 3D data designed with 

3D CAD systems utilized as a reference model in many CAD Viewers. CAD 

Viewer is a type of software used to perform various derivative tasks with 

3D Models throughout the product life cycle, but does not create them [1 J. 

This paper studies the obstacles of the communication between the down­

stream processes using the 3D CAD models designed with 3D CAD systems. 

Our· main focus is the use of 3D models off the critical path in downstream 

processes. 

Quickly distributing 3D data to downstream departments can dramatically 

enhance their work e伍ciency. In the downstream department, a 3D model 

received from a design department can be effectively utilized as a reference 

model for the creation of various process procedures and technical documents, 

such as creating visual assembly instructions, creating product manuals and 

product catalogs. In such works, clear visual communication for e回e of un­

derstanding is important. However, since the internal data structures and 

tolerances do not coincide in each system, the intended shape model for 
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Digital mock-up 

Other 
organizations 

[wめCAD 1 

Visual assembly 
mstruct10ns 

Technical 
docu立ientation

Product catalogs 

Figure 1.2: 3D Models use o旺 the critical path. 

downstream distribution may not be delivered correctly. If the shape delivery 

fails in one system, the shape should be modified through some method to 

import suitably within the system. To overcome the problem, the direct 

modeling which modifies the curve mesh is e旺ective. For example, Figure 1.3 

shows the gap between two trimmed surfaces which was caused by the di旺erent

七olerances. The gap is one of the most serious interoperability challenges 

between CAD/CAM/CAE systems [2]. 

Figure 1.3: Modifying a boundary edge in direct modeling for data healing. 

In direct modeling, modi五cation of a trimmed surface [3] has the restriction 

where boundary edges must lie on the surface within a certain tolerance. Thus, 

it is di伍cult to maintain geometrical consistency of the modi五ed boundary 

edges and surfaces. Therefore, it is e百ective to apply a new free-form surface 
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CHAPTER 1. INTRODUCTION 

to a closed region enclosed with modi五ed boundary edges because the consis­

tency of the trimmed surface can be maintained. Since downstream processes 

concern surface smoothness rather than七he precision of the approximated 

surface, the smoothness is more important than the approximation precision. 

Because, 3D surface models show the entire 3D image and shape of an object, 

so the visual impact is more important. For instance, Figure 1.4 illustrates 

the importance of the visible connections between surfaces of two same 3D 

objects. At a 五rst glance, we can see that which one is more appropriate as a 

reference model. In consideration of the discontinuity at connection parts as 

marked in red circles in Figure 1.4(b), Figure 1.4(a) is more appropriate than 

Figure 1.4(b）出a reference model. 

(a) LU
 
，z’EE、、

Figure 1.4: Example of surface smoothness. 

The problem of smooth connection will reduce the quality of the data as a 

reference model. In conventional surface fitting method which approximates 

a surface using sample points derived from the tangent plane, the con七inuity
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CHAPTER 1. INTRODUCTION 

with an adjacent surface will collapse because the surface was generated indi” 

vidl凶ly. In contra瓜the surface fitting method [7] is proposed by Muraki et 

al. in consideration of maintaining G1-continuity with adjacent surfaces. In 

their methodうG1-continuity is guaranteed on the common boundary edges. 

However, when a surface connects with adjacent surfaces with G1-con七inuity

in two adjoining directions along the common boundary edges, the conditions 

used as G1-continuom; cannot be fulfilled near the corner portions with a B­

spline surface. In Figure 2.l(a）ぅthe red x marks訂e i凶icate the discontinuous 

portion near the corner of the common boundary edges. Therefore, in this 

thesis we proposed a new surface fitting method based on the boundary curves 

of the trimmed surface considering the G1-continuity with adjacent surfaces. 

In addition, size of 3D CAD data for expressing precise forms 七ends to be 

big and takes long time to compute, therefore it may interfere with commu­

nication among users. To distribute 3D data quickly to downstream depart­

ments is significant boosts to product quality, production costs, and delivery 

to markets. As a result, 3D data compression and retrieval algorithm is re­

quired to easily exchange such information through the Internet. 

Thereforeうour contribution to the communication among downstream pro­

cesses using 3D data can be summarized as follow: 

1. Propose a new surface日tting method based on the boundary curves of 

the trimmed surface considering the G1-continuity wi七h adjacent sur­

faces. 

2. Contribute to the development of the current 3D data compression and 

retrieval method and evaluated the 3D da七a compression and retrieval 

application system. 

1. 2 Motivations and乱1ethodology

The goal of this work is to make contribution to the communication among 

downstream processes using 3D data. To be more concrete, propose a new 

surface representation to solve the problems of the Muraki’S method first. 

Then, contribute to the development of the current 3D data compression and 

retrieval method and evaluate the 3D data compression and retrieval applica­

tion system. In our new surface五tting method, shapes can be approximated 
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CHAPTER 1. INTRODUCTION 

in good accuracy as a reference model for downstream processes. Our method 

generates a trimmed surface 七hat is G1-continuous with adjacent surfaces in all 

directions and applicable to shapes with a hole. Moreover, the performance of 

3D data compression and retrieval application system is evaluated with di百er­

ent network environments: such as出ird genera七ion of mobile telecommunica­

tions (3G) and Worldwide Interoperability for Microwave Access (WiMAX). 

As the result、we confirmed the e迂＇ectiveness of the compression method with 

practical data. 

1.3 Thesis outline 

This thesis is composed of 5 chapters including this chapter and each chapter 

is composed with several sections. Outline of each chapter is organized as 

follows. 

• Chapter 1 introduces the background of communication among down­

S七ream processes using 3D models and a brief introduction of our main 

contribution. 

• Chapter 2 describes the related works and their problems. Surface in­

terpolationう N情E号ide五Hing and f号urf モう自tting with G1-continuity are de － 

scribed as our rela七ed wor、ks. We also discussed the problems of related 

works. 

• Chapter 3 presents the new surface五tting method based on the bound­

ary curves of the trimmed surface considering the G1-continui七y with 

adjacent surfaces. Then the practicality of our method is evaluated by 

applying it to the practical CAD data and practicality is verified with 

shapes with a hole. 

• Chapter 4 introduces the evaluation of 3D data compression and re” 

trieval application. The performance of 3D data compression and re” 

trieval application system is evaluated with di百erent network environ閉

山凶s: such出third generation of mobile telecommunications (3G）紛d

Worldwide Interoperability for Microwave Access (WiMAX). 

• Finally, we conclude this thesis in Chapter 5. 
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Chapter 2 

Related Works 

2.1 Methods Based on the Surface Interpola醐

tion Method 

The surface interpolation method is a method that generates a surface inside 

an area bounded by edges. In general, a fouトsided area is interpolated with 

one surface. An N-sided area except for four-sided is interpolated with two or 

more surface patches. The inner curves are generated based on Catmull-Clark 

subdivision [8] and the N-sided region is divided into N ql凶rilateral regions. 

Then, a surface is interpolated to each of七he generated regions. For exampleラ

Figure 2.1 shows the control points of an N-sided area that generated based on 

Catmull-Clark subdivision method. In Figure 2.l (a), three-, 

into 3 quadrilateral regions. In Fig訂e 2.l (b) , fiv，令sided area divided into 5 

quadrilateral regions and six-sided area divided into 6 quadrilateral regions in 

Figure 2.1 ( c). Each of the quadrilateral regions is smoothly i凶erpolated with 

a Gregory patch. Therefore, in the surface interpolation method, each patch 

can be connected with G1-continuity. Piegl et al. introduced an interpolation 

method with the angle tolerance εto generate smooth surfaces [9]. In his 

method, it is possible to control the continuity between patches with the 

control points for connecting them between patches that are computed by the 

cross-boundary derivative. Yang et al. enhanced the Pieglヲs method to apply 

it to rational curve恐eshes [10]. In other research, Garcia et al. proposed the 
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CHAPTER 2. RELATED WORKS 

surface interpolation method of an arbitrary N-sided region by dividing the 

region into a st町－shaped N-sided patch and quadrilateral patches. The size 

of the star-shaped N-sided patch can be controlled using parameter f. If the 

value of f increases，吐ie N-sided region will be larger; and if the value of f 

decre蹴s, the region will be smaller [11]. 

(a) Thre令sided area (b) Fiv←sided area 

(c) Six-sided u倒

Figure 2.1: Example of surface interpolation method application to the N-

sided area. 
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CHAPTER 2. RELATED WORKS 

2.2 Methods Based on the N皿side Filling Method 

Tokuyama et al. proposed an N-side filli時method [15] that covers an N­

sided region with a B-spline surface. His method is the one that calculates 

the control points of the B-spline surface by using only the boundary edges of 

the surface. Since his technique is a basis of surface日tting research‘a concrete 

procedure is described below: 

1. Suppose a surface is applied to a closed region whose boundary edges 

are drawn in blue in Figure 2.2(a). Firstぅ部shown in Figure 2.2(a), four 

reference planes are generated outside of the closed region. 

2. As shown in Figure 2.2(b), the cross boundary derivatives are extended 

to the outside of the closed regionうand the intersection points with four 

reference planes are generated. 

3. As shown by the purple lines of Figure 2.2(c）ヲ the i凶ersection point 

sets generated in Step.2 are approximated with B-spline curve, and the 

boundary curves that cover an N”sided region are generated. 

4. As shown by the purple points of Figぽe 2.2(d), the sample poi叫s are 

generated on the lines that generated in Step.2. 

5. As shown in Figure 2.2(e）ヲthe control poin七s of the B-spline surface are 

derived from the boundary curves generated in Step.3 and the sample 

points generated in Step.4 by using the least-squares method. 

The Tokuyama’s methodラhowever, is not applicable to concave shapes. 

ThereforeぅMぽaki et al. [12] enhanced the N-side filli時method for 

applying it to the shapes with holes or concave shapes and to maintain 

G1-continuity with adjacent surfaces in o 
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4 

(a.) 

(e) 

3 

、、，，ノ唱。 ( c ) 

ーー．． ． ． ． ．

(d) 

Figure 2.2: The procedure of the N-side filling method. 
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CHAPTER 2. RELATED日！QRKS

2.3 Surface Fitting Method with G1-Continuity 

In the field of CAD, construction of N-side region has received a lot of atten­

tion. Especially, generating a smooth surface wi七h adjacent surface approaches 

are developed in the past few years. Since with the N-side日ling method de­

scribed in the section 2.2 cannot generate a smooth surface with adjacent 

surfaces，恥f訂aki et al. [5う6] enl悶

to the shapes with holes or concave shapes andもO mairr七ain G1-cont討inuity with 

adjacent surfaces in one direction. 話oreover, the method [5, 6] realizes con­

nection with an adjacent surface with G1-continuity in only one direction. Ifヲ

howeverうthe number of the boundary edges connected with adjacent surfaces 

with G1-continuity increasesぅthe number of the sample points will decreaseう

and the control points will be unstable. Therefore, Muraki et al. enhanced 

[5, 6] and proposed a reconstruction method of trimmed surfaces for an N叩

side region and allowed discontinuous portions near the corners of the common 

boundary edges [7]. In Figure 2.l(a), the red x marks are indicate the discon­

tinuous portion near the corner of the common boundary edges. His method 

unites the advantages of the surface interpolation method [22, 26] and the 

N-side filli時method [9]. On a common boundary where two surfa附should

be connected with G1-continuityぅan input curve mesh is represented by cubic 

B位ier curves and the cross boundary derivatives are calculated based on the 

basis patch method [26]. Among control points of the B-spline surface, the 

control points lying on the inner side of the boundary curves are calculated 

by the surface interpolation method. Moreover, other internal control points 

are calculated by the N-side Filling method. 

However, by using conventional B-spline surfaces, the cross-boundary deriva­

tive vectors cannot be specified independently. Concretely，、as shown in Figure 

2.3(b）ぅthe control point ‘A’indicates the only co凶・ol point th叫involves

in calculation of a B-spline surface cross-boundary derivatives in u and v di­

rections. Therefore, when the connection with adjacent surfaces performed 

successively in u and v directionsうB-spline has no degree of freedom to indi­

vidually define the connections of two surf 

directions. Moreoverぅwhen a surface connects with adjacent surfaces in two 

adjoining directions along common boundary edges as shown in Figure 2.3(a), 

knots are inserted 田町the corners （瓜parameters 0.05 and 0.95) [7] in order 

七o narrow down the discontinuous section with the adjacent surfaces even if 
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Gl-conrlnuous 

G1-continuous 。 G1-continuous 

GI-continuous 

(a) 

り
止

A 

、、31JLU
 
，，EE‘、

Figure 2.3: Problems of the method of Muraki et al. [7] . 
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CHAPTER 2. RELATED WORKS 

two surfaces have to be connec七ed with G1-continuity. However, the method 

of determining the knot values near the corners are unclear. 

In surface reconstruction, how to guarantee a smooth connection between 

adj ace剖B時spline surfaces, is very important. Mu et al. proposed the con­

struction of B-spline surfaces by interpolating i七s boundary curves, or even the 

cross-boundary derivativesうand the inner points were approximated simulta­

neously [16]. In their methodヲa B-spline surface is smoothly connected with 

adjacent surfaces, however, it cannot be respond to local modification and the 

applicability to the shapes with a hole was not discussed in the literature. 

2.4 Problems of Related Works 

This section describes problems of related works that explained earlier. The 

advantages and disadvantages of the related works are summarized as follow: 

• As described in section 2.1うthe methods based on 七h surface interpola­

tion method [9, 11ぅ26] are excellent in continuity with adjacent surfaces. 

The methods [9ぅ11ヲ26] consider the continuity between two or more 

surface patches. However, since these methods divide an N叩sided region 

into two or more regionsラit is inapplicable to the shapes with holes or 

concave shapes. Also, the methods are dependent on the shapes of the 

boundary edges expressing a closed regio払and the division of concave 

shapes may fail. Since notches appear frequently in the machine parts 

include shapes with holes or concave shapes are expressed with trimmed 

surfaces, it is di伍cult to apply the surface interpolation method. 

• As described in section 2.2う among the methods based on the n-side 

臼li時method: the Tokuyama' s method [15] is inapplicable to the shapes 

with hole or concave shapes. Also, the connection between adjacen七

surfaces is not considered. Although，はie method [12] can be applicable 

to the shapes with hole or concave shapes. Howeverぅalso the continuity 

with adjacent surfaces is not maintained. In contrast, the method [5, 6] 

can be applicable to the shapes with hole or concave shapes and also 

G1-continuous wi七h adjacent surfaces in only one direction. 

13 



CHAPTER 2. RELATED WORKS 

• As described in section 2.3, the method of Muraki et al. [7] unites 

the advantages of the surface interpolation method [22ラ26] and the N­

side抗Hing method [9]. However, when a surface connects with adjacent 

surfaces in two or more adjoining directions along common boundary 

edges, their method allowed discontinuous portions near the corners of 

the common boundary edges. Moreoverヲalthough the method of Mu et 

al. [16] succeeded in generating a smooth B-spline surface with adjacent 

surfaces, howeverうit cannot be respond to local modi五cation and the 

applicability to the shapes with a hole was not discussed in the literature. 

In surface reconstruction, how to guarantee a smooth connection between 

adjacent B-spline surfaces, is very important. If the normal vectors around 

the corner area do not coincide with each otherうcontradiction occurs in the 

geometric calculation of the surface. Discontinuity of the shapes that are sup­

pose to be G1-continuous will lowers shape data quality as a reference modelう

because users are expected to see the exact designed shape. For instanceラ

when various evaluation procedures performed to the shape models, such as 

ex七raction of continuous surfaces and genera七ion of cross section, curve se­

quence of cross section becomes discontinuous at junctions. Therefore, we 

mainly focused on the problems of Muraki et al. and propose a new surface 

fitting method. Concretelyぅa new surface representation with which the cross­

boundary derivatives can be speci五ed independently in both u and v directions 

with the B-spline blending functions proposed first. Then, the practicality of 

our method is evaluated by applying it to the practical CAD data. More 

details of our approach will be discussed in the next chapter. 
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Chapter 3 

New Surface Fitting Method 

3.1 Introduction 

In surface reconstruction, how to guarantee a smooth connection between 

adjacent B”spline surfaces, is very important task. As described in chapter 

2宅surface fitting methods have their problems to solve. In this chapter we 

significantly focused on the problems of the related も.vorks described in section 

2.3. Therefore, this chapter describes a new surface fitting method based on 

註ie boundary curves of the七rimmed surface with considering the G1-continuity 

with adjacent surfaces. Then, the practicality of our method is evaluated by 

applying it to註ie practical CAD data and practicality is ver泊ed with shapes 

with a hole. 

3 .. 2 Background 

The value of 3D CAD models is continuously increasing in downstream pro­

cesses. The more extensive use of a 3D model outside traditional design and 

manufacturing is trending now. To distribute 3D data quickly to downstream 

departments is significant boosts to product qualityラproduction costs, and 

delivery to markets. Unfortun抗elyラinteroperability causes poor communi­

cation since downstream applications rely on the reusability and interoper­

ability of CAD models. Howeverヲ3D CAD data size for expressing precise 
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forms tends to be big and time-consuming for computation, which may in­
terfere in the communic試ion. In addition, downstream processes emphasize 
surface smoothness more than precision. Thereforeうthis thesis describes the 
reconstruction method of a smooth surface by integrating the advantages of 
Gregory and B-spline surfaces. In our approach, a new surface representa­
tion is proposed. Two surfaces are connected with G1-continuity by using 
the control points at the common boundary obtained from joining equations. 
The internal control point that is not connected to the boundary curve is ob­
tained from the least squares approximation method. The proposed method 
is applicable to shapes with a hole. 

3.3 New Surface Representation 

As described in section 2.3, since when the connection with adjacent surfaces 
performed successively in u and v directions, B-spline surface has no degree 
of freedom to individually de五ne the connections of two surfaces with G1-
continuity in u and v directions. A new surface representation with which 
the cro間四boundary derivatives can be specified independently in both u and 
v directions with the B-spline blending functions proposed. This research 
integrates the advantages of the B-spline and Gregory surfaces to define a new 
surface representation. To be more concre七e, construction of a new surface 
representation via the boundary curves and approximation of the inner control 
points will b＜うstu
con七rol points Pi,j,k( i 口0ラ··· ,n,j = 0，・・・ヲmぅk = 0, 1). Surface S（仏v)is
expressed by Equation (3.1）ぅwhere Nl(u) and NJ(v)are the cubic B-spline 
basis functions over the knot spans U口［o,o, oぅ0,u0, .. , up, 1, 1, 1, 1] and 
v = [o,oぅ0,0, Vo，. ヲυq,1, 1, 1, 1]. 

S（い） = LL Nl(u)Nj（υ）Q仰，v) (3.1) 
も＝0 j=O 

The rational functions Qij(O三 i 三九0 ::; jざm) are defined by the 
following relationships: 

1. If (i , j ) = (1う1),(1ぅm-1）う（n-1,1), （η－1ヲm-1), then 

uP11n十vP111
Q1,1(u,v) = 

＇＂＇
�十v

'"'" (0壬包壬uo,O ：：：＇.むさり0) (3.2) 
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_ uP1,(mー凡o÷（1-v)P1,(m－凡1
Q1,m-1(u,v）一

u + (l-v) 
(0さおさ旬。，Vqざり：：；； 1) (3め

一（1-u)P(n-1),1,0 + vP(n-1),1,1 
Qn-1,1(u,v）一

(1…u) ＋り
(Up :5: U :5: 1, Q :5: V :5: Vo) (3.4) 

一（1-u)P(n-1),(m－凡0十（1-v)P(n-1),(m-l),1 
Qn-l,m-1(u, v）一

(1 -u）÷（1-v) 

(up $ U $ 1, Vq $ V $ 1) 

2. If others, then 

Qi,j口Pi,j,O

(3.5) 

(3.6) 

In our method, a surface is五七ted usiぉg the Equation (3.1), and the concept 

of our me吐iod is shown in Figure 3.1. Figure 3.l(a) shows surface F that h儲

G1-continuous adjacent surfaces F1ぅF2, F3 and F4 in all four directions with 

a hole. On a common boundary where two surfaces are connected with G1-

continuity, each boundary of an input curve mesh is repre田nted by a cubic 
Bezier curve. The concept of our proposed method explains in the case where 

knots are inserted at問問ieters u0 = 0.5 and v0口0.5 (p = O,q口0）部shown

in Figure 3.1 (b). The yellow co凶rol poi凶S are obtained from boundary c 

the red ones are obtained by the joining equations [14] a凶the blue one is 

obtained by七he least squares approximation method. 

The flow of our surface品ting procedure are described as below: 

• Firstラwhen two surfaces are connected with G1-continuityぅwe calculate 

七he G1-continuous control poi剖s at the common boundary by using 

joining equations described in section 3.4. 

• Nextラ a bi”cubic Gregory patch is constructed by the G1-continuous 

control points. Since the constructed Gregory patch is insu在icient for 

representing a trimmed surface, knots are inserted in both u and v di” 

rections for increasing the degree of freedom. 

• Then, the unknown inner control points are optimized using the least 
squares approximation method [21]. 

• Finally, a new surface is constructed using Equation (3.1). 
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Fz Gt・continuous

GLcontinuous F1 F 

。
F3 GI・continuous

F4 G1-continuous 

(a) 

Adjacent 
surface 

Adjacent 
surface 

Adjacent 
surface 

Adjacent 
surface 

口Boundary curves 

• Jo凶ng equation 

• Appro活mation

、ltノ、JI，a
 
〆’’t、

Figure 3.1: Concept of our proposed method (b) applied to the gray region of 

(a). 
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3.4 Joining With the Adjacent Surface 

In this section an algorithm is described to connect two surfaces with G1-
continuity. In this methodヲcubic Bezier curves are used for input boundary 
curve meshes. In order for two surfaces 81 and 82, with a common boundary 
curve shown in Fig町e 3.2(a) to have a G1-co凶nuityぅthe derivative vectors 
on the boundary curves should satisfy the condition defined by Equation (3.7) 
[14], where k(v) and h（υ） are scalar functions of v部shown in Equation (3.8) 
[14]. If the vectors are set to �（i 口 Oぅ…＇3）ぅ b包（i= a，・・・，3), ci(i = O，…ヲ2)
as shown in Figure 3.2(b). The G1-co凶nuous control points are calculated 
by solving Equation (3.9) and Eqt凶ion (3.10) (see APPENDIX A for the 
derivation）うwhere k0ぅh are positive real numbers and h0, h1 are arbitrary 
real numbers. To be more concrete, the cross boundary derivatives of the 
two surfaces are calculated by the joining equations [14], and control points 
which G1-continuous with adjacent surfaces are obtained. The obtained cross 
boundary derivatives serve as a condition for connecting two surfaces with 
G1-continuity. 

。s2(0グ） θ81(1, v） θ81(1, v) a:;;-= k（υ）a:;;- +h（υ）-a;;--

k(v）出向（1 - v）十kiv
h（υ） = h0(1 - v) + h1v 

a3 _ ao十ho
0 －一一一一一－- !ao +ho! 

_3 2� 十4- -

1- 3 

a3－並立さi2- 3 
� a3十b3as= 

ho= koao÷ho co 
b3ヱ＝ kia3十h1C2

(k1 - ko）� 3 2hoc1 h c b1 = + koa， 十一一一一÷一一一
L 3 3 

( ki - k0 )a� hoc2 2h1 c1 b2 = kia� - ÷一一十一一
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Figure 3.2: (a) G1-continuity condition and (b) connection of two surfaces 

using the joining equations [14]. 
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3.5 Approximation 

In this section, approximation of the inner control point of the generated 

surface is described. Firstlyぅthe boundary information and sample points on 

the boundary edges which represent a hole are used to approximate the inner 

con七rol point by the least squares approximation method. Nextうa new surface 

is constructed using the Equation (3.1). Details of the approximation process 

will be described in section 3.5.1. 

3.5.1 Approximation Process 

Our approximation process is described in this section. In Figure 3.3, our 

approximation process of the inner control point is shown. As our concept 

of proposed method explains in section 3.3, knots are inserted at parameters 

u0 = 0.5 and 句＝ 0.5 (p口0, q = 0). The process is executed in the following 

steps: 

1. The G1-continuous control points are obtained from joining equations 

and bトcubic Gregory patch is constructed. The vectors between control 

points bi, bi ( i口0，…，3) are calculated for u direction. The vectors djぅ
dj (j = 0，…ぅ3) are calculated for v direction. 

2. Knots are inserted in both u and v directions. After knot insertion, 

vectors ri口Uobi (i = G，…， 4) are calculated and vectors 九Vj，令j are 

calculated in the same m組問r. 羽oreover, control points are obtained 

from scaled vectors 九fj and Vjヲ念j as shown in Figure 3.3. 

3. The points on the boundary edges which represent a hole are calculated 

as sample points and the center point of 七he hole is also added to the 

sample points. It is better to add center point to the sample points be­

cause it will improve the approximation accuracy around the hole. In our 

method, each boundary edge which represent a hole is equally divided 

into 10 sectionsヲbecause in the range of this experimentう 10 sections 

was enough for the leas七 squares approximation. The number of sample 

points t = the number of boundα.y edges which representαhole x 10十l

are assumed to be Qs ( 0三s三t). The parameters of Qs are assumed 

to be五s andむs), a凶they are calculated by projecting Qs onto the 

Gregory patch constructed in step 1. 
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4. From the control points generated in step 2 and the sample points gen­

erated in step 3, the unknown inner control point is approximated by 

using Equation (3.11) (see APPENDIX B for the details of appro泊ma­

ti on method) . 

5. A new surface is constructed by the control points which were obtained 

in step 2 and the approximated inner control point which was obtained 

in step 4. 

！＝ 玄 IQsーS(u8, V8) 12 (3.11) 

ho lb1 !b3 I d3 d3 
て・0・ d2
』一ー・＋ ・ ・・ー 均・・・

b。 d1 
u 

ri 
ー

r1 fr2 

Figure 3.3: Inner control point approximation process. 
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3.6 Evaluation of Generated Surface 

This section describes the evaluation method of the generated new surface. 

Our method was applied to the closed region with a hole obtained from CAD 

部shown in Figure 3.4 and the practicality was veri五ed. To verify the accu­

racy of the generated surface, the dis七ance between the generated surface and 

the source surface retained by the 七rimmed surface is measured. The source 

surface was divided equally in both ’U and v directions into twenty sections 

so that a square grid· was generated. The generated grid points on the source 

surface are projected to the generated surface and the distance between the 

source surface and generated surface is measured. Moreover, to 五nd a rel­

ative error, the ratio of the bounding box size and the maximum distance 

are calculated iオ. In this tlぬesi

assumed that a shape is approximated in good accuracy儲a reference model 

for downstream processes. 

3. 7 Experimental Results 

Our method is applied to the shapes with a hole obtained from CAD data and 

the practicality was verified as shown in Figures 3.5 to 3.8. The generated 

surfaces were evaluated with the evaluation method described in section 3.6. 

Figure 3.5(a) shows the control points of generated surface F that has G1-

continuous adjacent surfaces F1 and F2 in two directions. Figures 3.5(b）ヲ

3.6(a), 3.6(b) and 3.7(a) shows the control points of generated surface F th剖

has G1-continuous adjacent surfaces Aヲ九and九in three directions. Figures 

3. 7(b) and 3.8 shows the control points of generated surface F that h出a1_

continuous adjacent surfaces Fi, F2ぅF3 and F4 in all directions. The red dots 

indicate the control points generated in step 2 and the blue ones indicate the 

approximated control point in step 4, described in section 3.5.1. 

In Table 3.1, data from A to G represe批the practical CAD data used 

in our experiment. The error evaluation of the genera七ed surface is shown in 

Table 3.1ラAvg. indicates the average error margin value obtained by aver­

aging the distances between the generated surface and the source one. Mα♂ 
indicates the maximum error margin value represe副知g吐ie maximum dis­

tance between the generated surface and the source one. Ratio(%) indicates 
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the ratio of the bounding box size and the maximum distance. T he ratio of 

all objects from A to Gare less than 1% as shown in Table 3.1ヲand we can 

find that shapes are approximated in good accuracy as reference models for 

downstream processes. As described as the step 3 in the section 3.5.1, it is 

better to add the center point to the sample points because it will improve 

the approximation accuracy around the hole. Table 3.2 shows the di百erence

of error margins around the holeうobtained by adding the center point to the 

sample poi凶s. We can五nd that the approximation accuracy improved both 

on the average and maximum error margin values around the hole area by 

adding center point to the s紹iple points. Additionally, the discrete evalu­

ation result of a surface overall shape was visualized by generating a color 

map within a range of the distances between the generated surface and the 

source surface as shown in Figures 3.9 and 3.10. T he blue indicates the mini­

mum error margins and the red indicates the maximum error margins on the 

surface in Figures 3.9(a), 3.9(b), 3.lO(a) and 3.lO(b). We can also see the 

improvement of the approximation accuracy around the hole area by adding 

the center point to the sample pointsうfrom the enlarged views as shown Fig­

ures 3.9 and 3.10. Because of the original data inconsistency of shape Eヲthe

maximum error margin value is bigger th鉛the other experimental data as 

shown in the Table 3.1 and槌well as in七he Figure 3.lO(b). 

Furthermore, in order to verify the continuity with adjacent surfaces, the 

normal vectors on the boundary edges of the generated surface are calculated, 

shown with blue lines in Figures 3.11 to3.14 and those of the adjacent surfaces 

are shown with red lines. As shown in Figures 3.11 to 3.14 the normal vectors 

of the generated surfaces coincide with those of the adjacent surfaces on their 

boundary edges, and we can find that two surfaces are connected with G1-

continuity. 
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� 

。 。

Figure 3.4: Closed region obtained from CAD. 
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F2 

F1 

(a) 
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Figure 3.5: (a) control points of generated surface A, (b) control points of 

generated surface B. 
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F2 

F1 

(a) 

F3 

、11J電br’aE‘、

Figure 3.6: (a) control points of generated surface C, (b) control points of 

generated surface D. 
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F1 F3 
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Figure 3.7: (a) control points of generated surface E, (b) control points of 

generated surface F. 
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F2 

F3 

Figure 3.8: Control points of generated surface G. 
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Table 3.1: Error evaluation of the source surface and the generated surface曹

Object Evαl匂αtionobject Avg. Mαz Ratio（%〕

A τ'rimmed surface 0.582885 1.865794 0.388339 

B Tr・immed surface 0.005640 0.024776 0.049194 

c τ'rimmed surface 0.352679 1.139214 0.253059 

D τ'rimmed surface 0.012622 0.068239 0.460547 

E τ'rimmed surface 1.205581 4.220689 0.817447 

F Trimmed surface 0.002428 0.011756 0.092034 

G τ'rimmed surface 0.225614 0.895673 0.182698 

Table 3.2: Difference of error margins around the holes obtained by adding 

the center point to the sample points. 

With ce札-ter point(Y) 
Da土a

Without center point(N) Dif ference(Y - N) 

Mαz Aむg. Avg. Mαz 

A 1.578882 0.967025 73 0.002276 -0.010991 

0.029018 0.063070 0.066205 ー0.036141 -0.037187 

0.601748 0.303415 0.741213 -0.019167 制0.139465

D 0.009415 O.Ql 7530 0.009912 0.022806 -0.000497 制0.005276

E 0.706996 1.228102 0.750653 1.287324 -0.043657 組0.059222

F 0.010209 0.012188 0.011112 0.013014 側0.000903 -0.000826 

0.243074 0.543374 0.248200 0.557874 -0.005126 -0.014500 
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Mαχ ＝  1.87 

Min. = 0.0 

(a) 

Maχ ＝  1.14 

Min. = 0.0 

、、．aE，，，，唱hur’at、

Figure 3.9: Result of surface evaluation: distances between the generated 

surface and the source one紅e calculated. (a) and (b) are the error margins 

of objects A and C respectively in the Table 3.1. 
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Ml抗＝ 0.90 

Min. = 0.0 

. (a) 

Max. = 4.22 

Min. = 0.0 

、B，ノ、bJ’aE、

Figure 3.10: Result of surface evaluation: distances between the generated 

surface and the source one are calculated. (a) and (b) are the error margins 

of objects E and G respectively in the Table 3.1. 
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(a) 

ーlJLU
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Figure 3.11: Verification of the continuity with adjacent surfaces: the normal 

vectors of the generated surfaces A and B are coincide with those of the 

adjacent surfaces on七heir boundary edges. 
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(a) 

、、ta’’LU
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Figure 3.12: Verification of the continuity with adjacent surfaces: the normal 

vectors of the generated surfaces C and D are coincide with those of the 

adjacent surfaces on their boundary edges. 
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(a) 

、‘・1ノLU
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Figure 3.13: Veri五cation of the continuity with adjacent surfaces: the noト

mal vectors of the generated surfaces E and F are coincide with those of the 

adjacent surfaces on their boundary edges. 
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Figure 3.14: Verification of the continuity with adjacent surfaces: the normal 

vectors of the generated surface G coincide with七hose of the adjacent surfaces 

on their boundary edges. 
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3.8 Summary 

In this thesis, we have proposed the method of generating a smooth surface 

with a hole that connects to adjacent surfaces with G1-continuity by apply­

ing our new surface representation to a closed region. The proposed method 

integrates the advantages of the Gregory and B-spline surfaces. Concretely, 

the inner control points are obtained based on least squares approximation 

method, and the G1-continuous control points on the boundary are obtained 

from the joining equations as described in section 3.5. Moreover, our method 

is independe拡of the position and the hole shape. Our method is also ap­

plicable to a region surrounded by surfaces in all directions connecting with 

G1-continuity. Since our method generates a surface from boundary edge in叩

formation, it is applicable to various applications. For inst初ce, by including 

our method in the trimmed surface compression method [6ラ25］ ぅa smooth sur­

face with good quality can be generated. It is also e百ective for direct modeling 

where shapes with a hole are modi五ed.

In our method, by in七egrating the Gregory and B-spline surfaces, a smooth 

surface is generated in good accuracy for a downstream process as a reference 

model. Therefore, it is necessary 七o implement the new surface representa­

tion. In this thesis, on a common boundary where two surfaces are connected 

with G1-continuityラan input curve mesh is represented by cubic Bezier curves 

and the G1-continuous control poi凶s on 七he boundary are obtained from the 

joining equations. Thereforeヲit is necessary to extend our method so that it 

can be applied to shapes with complex composite boundary curves or B-spline 

curves with multiple segments. 
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Chapter 4 

3D Data Compression and 

Retrieval Application 

4.1 Introduction 

In this chapter, the contribution to the development of the current 3D data 

compression and retrieval method is described first. Then, evaluation of the 

3D data compression and retrieval application system is described. 出oreoverヲ

七he performance of 3D data compression and retrieval application system 

is evaluated with different network environments: such as third gen目前ion

of mobile telecommunications (3G） 叩d Worldwide Interoperability for Mi­

crowave Access (W iMAX) . As the result, we confirmed the effectiveness of 

the compression method with practical data. 

4.2 Background 

Digital mock-up (DMU) and/or compound document with 3D data are one 

of the most important methods to represen七 a product model. Since the data 

size of 3D models becomes grea七er year by year, and the gigan七ic data size 

is one of the biggest obstacles with the communication between downstream 

applications using the 3D data designed with 3D CAD systems. As a resultう

3D data compression and retrieval algorithm is required to easily exchange 
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such information through the Internet. おecause broadband is still not popular 

in some regions in the world, it is necessary to send huge data in a small 

size as much as possible. Therefore, in this thesis吐ie development of an 

application system that transfers 3D surface models are explained and then 

the performance of the 3D surface compression and retrieval algorithm is 

evaluated. 

Manufacturing has been globalized during the last two decades. Designed 

and manufactured by the manufacturing facilities around the world have been 

routinely performed. From a manufacturer’s perspective, 3D data is bene” 

ficial information because it allows visualization of exactly what the finished 

product being made will look like. This can be particularly helpful when 

dealing with complex geometries that di缶cult to interpret from a 2D drawing 

alone. Thereforeヲa mechanism that distributes the 3D dataうdesigned in de­

sign division, to the world is required. Because broadband is still not popular 

in some regions in the world, 3D da七a compression and retrieval method is an 

important issue for reducing the latency of 3D data transmission with Internet 

access. 

A number of methods have been developed to compress 3D surface models 

in the past few years; As shown in Figure 4.1ヲ there are 3 surface model 

representations that used in compression of 3D data models: 

• Based on polygon meshes. 

• Based on subdivision surface. 

• B部ed on curve meshes. 

The amount of data will become large in polygon meshes. Since the dト

vision number becomes n-th power of 2ヲit is difficult to control quality with 

subdivision surface. In contrastうOn curve meshes representation the quality 

can be con七rolled later on and the precision controllable surface model can 

be generated. Thereforeぅit is a best candidate for compression of surface 

models. In addition, Wakita et al. [24] adopted surface interpolation method 

using Gregory patches [26]. However, the s町face interpolation method cannot 

be applied to the concave shapes or shapes with holes as described in section 

2.1. To overcome this problemうMuraki et al. proposed a surface compression 
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method using a surface五七七1時method [6. 7]. In his paper, the data compres­

sion technique of 3D model is mentioned. However, any retrieval method is 

not evaluated and compressed file transfer is not performed. 

In this七hesis, the performance of the 3D surface compression and re­

trieval algorithm based on a curve mesh interpolation [26] and N-side filling 

[6, 7] is evaluated. To be more concrete, an application system that transfers 

3D surface models has been firstly developed. After that, the performance 

is evaluated with di百erent network environments: such as third generation 

of mobile telecommunications (3G) and Worldwide Interoperability for Mi­

crow a刊Access (WiMAX). As the result, we confirmed the effectiveness of 

our compression method with practical data. 

Polygon meshes 

Subdivision 
Surf ace 

Curve meshes 

The precision controllable surface model can be generated 

Figure.4.1: Data compression of 3D data models. 

4.3 Surface Compression Method 

4.3.1 Concept of Surface Compression Method 

In this section, the main concept of surface compression method is described. 

Surface compression method is composed of“Compression part”and “Re­

trieval part ”. Figure 4.2 illustrates the main concept of our data com-
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pression and retrieval method. In data compression part, surface elements 

are alternatively removed from 3D. shape data to reduce the data size. When 

surface elements are deleted, the prediction function for the deleted surface is 

saved as attribute information. First, surface interpolation method and N-side 

filling method are applied to a closed region. After that, errors are evaluated 

for the generated surface. When it is judged that the surface can be fitted 

with good accuracy, the corresponding surface element will be removed. Here, 

based on surface fitting method what can be removed determines the com­

pression ratio of the data size. In retrieval part, the received data is usedもo

retrieval the surface data. A surface is fitted by using boundary edges and 

the prediction function of the attribute information, and the 3D shape model 

will be reconstructed. 

Data transfer 

， … 一 司 ；e����＝ + 
N side filling evaluation removal 

時加町polation/ • _j・・FN·side filling _. 

3D data Retrieval 

Compression part Retrieval part 

Figure 4.2: Concept of 3D data compression and retrieval method. 

4.3.2 Compression Part 

In our method, the 3D data is compressed by estimating a surface that approx­

imates from a boundary curve mesh, and then the original surface is deleted 

if the approximated surface is suitable. T he compressed data can be retrieved 

from the boundary curve mesh in the same manner槌the approximation of 

the compression process. To compress data easily, 3D surface type is clas­

sified into four eleme凶s; 1) Plane, 2) Interpolated surface, 3) Surface fitted 

with the N-side filling method, a凶4) other surface. Elements 1) to 3) are 
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generated from the boundary edges by using our approach. Eleme叫4) rep­

resents the complex trimmed surface that is difficult to apply to the method 

described in section 2.3. The surface element is removed when the surface 

can be approximated within the tolerance. As the base surface of trimmed 

surfaceうcontained in shape modelsヲcan be removed with this techniqueうit is 

possible to express the shape models with curve mesh representation. As a 

result, the amount of data is greatly reduced. The information of the method, 

the surface interpolation method or N-side filling method that should be ap­

plied to the four surface typesラis indicated with the prediction function. The 

prediction function for the removed surface is added to the face as attribute 

information. The 3D shape model can be retrieved from the boundary curves 

with the prediction function. 

Both interpolation method and N”side臼ling method are di缶cult to apply 

to composite surfaces. It is difficult to fit a composite surface even in the case 

of the simple shapes whose boundary curves are closed to quadrilateral region. 

This is because the base surface has a large rough area or七wisted boundary 

curves. Thereforeラa composite surface must be appropriately divided after 

surfaces are generated and evaluated with the tolerance. If this operation is 

acceptableうthe original surface elements are removed. In our method, the 

surface element removal must be performed in七he last stage of processing 

because the continuity of surfaces may collapse if it is performed in order. The 

GO血pression stage of our method costs the calculation because the iterative 

calculations are required. For reducing the computational cost in the retrieval 

stage, some precalculated information is stored in the prediction function. 

4.3.3 Flow Chart of Data Compression Part 

Figure 4.3 shows the flow of compression process. The註ow of the process is 

described as below: 

1. Import all the surfaces to be compressed. 

2. J凶ge for surface type 1) plane. おy applyi時surface interpolation 

method or N-side五Hing method to the surface types 2) and 3), eval­

uate whether each surface is compressible or no七. 3-sided region is 

judged whether can be interpolated with degenerated four-sided region 

and added to the surface type 2). 
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3. Save the value of the prediction function as the face attribute. The 

value of 1) , 2) and 3) are set up回prediction function. Moreover, save 

some precalculated information along with the prediction function for 

reducing the computational cost in the retrieval stage. Details of this 

process is described in section 4.4. 

4. Steps 2 and 3町e performed to all the surfaces. 

5. According to the face attributes of 1） もo 3) , remove the surface data, 

and this step is performed to all the surfaces. 

6. Output all the surfaces imported in step 1. 

Input surface 

どこ Output surface フア

Figure 4.3: Flow chart of our compression process. 
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4.4 Surface Retrieval Method 

4.4.1 Retrieval Part 

In data retrieval part, the 3D surface model is retrieved from七he boundary 

curves and the prediction function that is stored in the compression stage. To 

be more concrete, surface elements are retrieved from received boundary edges 

and prediction functions as shown in F igure 4.4. In F igure 4.4, according to 

prediction functions 1, 2 and 3 which method should be applied to the closed 

region is decided as follow: 

・ 1: holds the information for the surface interpolation method. 

・2: holds the information for the N“side filling method. 

・3: holds the information for accelerating the retrieval process. 

In the compression stageヲ七he error evaluation process is p erformed iter­

atively to make sure of the su伍ciency of the generated surfaces. It is time 

consuming when the composite surface with the large number of control points 

is approximated, and the computational cost will be expensive. For avoiding 

these costs in the retrieval stageラit is悶cessary to add some practical in司

formation to the prediction function as attributes for genera七ing surfaces. If 

the data size is reduced, the transmission time will be fast, but the retrieval 

cost will be high. For enhancing the time for retrieval, the precalculated in­

formation is used. To be出ore concreteぅif the number of control points on 

approximated surfaces is more than a magical number N in the surface ap­

proximation processヲthe information that retrievals the surface are saved as 

the attributes. Processing for surface control point calculation by the N-side 

filling method is heavy. By adding such information to the attributes. the 

amount of computation can be reduced significantly. As the result, calcula­

tion cost of the surface generation can be reduced in the retrieval stage. Since 

the data size and calculation cost for retrieving surfaces are antinomy in each 

otherヲit is necessary to consider七he balance of the data size and retrieval 

time by determining the added attributes with the number of surface control 

points. In our evaluation, in consideration of the balance between data size 
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and retrieval time, the magical number N, which is stored as the attributes, 

is set to 20. 

Prediction functions 

2 3 l 
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Figure 4.4: Flow chart of data retrieval process. 

For example, Figure 4.5 shows the retrieval of compressed data by using 

surface五tting method [25]. Figure 4.5 (a) represents the original IGES data. 

In Figure 4.5(b) , surfaces whose compression and retrieval are succeeded are 

shown in cyan and those for which compression is failed are shown in green. 

Figure 4.6 shows only succeeded surfaces of Figure 4.5(b) . 

Figures 4.7(a) to (c) , 4.8(a) and 4.8 (b) are the enlarged views of some 

surface in Figure 4.5. Figure 4.7(a) shows the control points of the fitted 

surfaces by using the N-side filling method described in section 2.2. Figure 

4. 7 (b) shows interpolation for a 3-side region by usi碍the method [25]. Figures 

4.7(c) , 4.8 (a) and 4.8 (b) show the fitted surfaces by using the surface fitting 

method described in section 2.3. 
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(a) 

11ノ旬hUJ’a，、、

Figure 4.5: Example of surface fitting method application. 

46 



CHAPTER 4. 3D DATA COMPRESSION AND RETRIEVAL 

APPLICATION 

Figure 4.6: Example of surface五tting method application. 
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(a) 
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(c) 

Figure 4.7: Details of surface fitting. 
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(a) 

、、‘，，J’。

Figure 4.8: Details of surface五tting.
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4.5 Experimental Results 

In this section, the compression and retrieval method [25] is applied to CAD 

data in the IGES format, and practicality is verified. Three of the experiment 

IGES data and the result of the data retrieval are shown in Figures 4.9ラ4.10

and 4.11. Figures 4,9 (a）ヲ4.lO (a) and 4.ll(a) represe凶the IGES data. Figures 

4.9 (b) , 4. lO (b) and 4.11 (b) show the result of the data retrieval by using the 

method described in section 4.4. In Figures 4.9 (b）う4.lO (b) and 4.ll(b) , the 

surfaces for which data compression and retrieval are succeededぽe shown in 

cyan. The method described in section 2.3 is di話cult to apply to the complex 

trimmed surface. In our method, the surfaces for which compression is failed 

are shown in green. According to Figures 4.9 (b) , 4.lO(b) and 4.ll(b) , we can 

find that the surfaces are generated in good accuracy as a reference model for 

the downstream processes. 

4.6 Performance Evaluation Method 

The evaluation is carried out in three phases. Figure 4.12 shows the flow of 

the evaluation. 

• First, for each of the sa血e shape, prepare IGES data and the compres­

sion data based on this technique. 

• Next, compare the五le size of IGES data compressed in the Zip format 

and the data compressed using our compression method. 

• Then, upload those data on the web server and measure the download 

time and the retrieval time of the downloaded data. 

Two kinds of wireless devices, 3G and WiMAXうare used to measure the 

download time. τ'ransmission speed of 3G is about 300Kbps in general and 

WiMAX is about 40Mbps. We define the time required for three processes, 

import (decompression) of the downloaded dataぅretrieval, and display of the 

data on a CAD viewer screen as “Retrieval time ” ．  

Figure 4.13 shows experiment environments: such回PC information and 

download places. Firstぅ we downloaded the compressed files in 3 di旺erent
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Figure 4.9: Example of surface fitting method applica七ion.
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Figure 4.10: Example of surface fitting method application. 
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Figute 4.11: Example of surface fitting method application. 
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palaces with 3 di旺erent terminal speeds of network environment such as : sta­

tion (3G), university (WiMAXl.OMbps) and downtown (WiMAXl.5Mbps) . 

And then, me部ured the retrieval time on Client PC. 

" Compression 

./ Download time 

" Retrieval time 

Client PC 

Retttev剖晶
Display 

Figure 4.12: Evaluation flow for the total time required to display practical 

data on the screen. 

• PC (Core i7 2.80GHz,3GB) 

Download places 

国

国

国

Figure 4.13: Experiment environment. 
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4.6.1 Evaluation Result by Success Rate 

This section describes the success rate of surface fitting method verified by 

suing the actual CAD experimental data. The Table 4.1 below summarizes 

the number of surfaces whose compression are succeeded and failed. 針。m

Table 4.1ぅwe can find that overall success rate of surface五tting is 92.0(%), 
proposed method is e百ective and useful. 

Table 4.1: Success rate of surface五tting.

The totαl number Success Failure 

of surfao巴s (No.) (No.) (No.) 

A 24900 22712 2188 

B 24028 22554 1474 

c 6399 5518 881 

D 7204 7036 168 

E 5061 4651 410 

F 1659 1586 73 

G 1560 1345 215 

H 3252 2704 548 

Total 74063 68106 5957 

4.6.2 Evaluation Result by Data Size 

Success 

Tαt巴（%）

91.2(%) 

93.9(%) 

86.2(%) 

97.7(%) 

91.9(%) 

95.6(%) 

86.2(%) 

83.1（拡）

92.0(%) 

This section describes our evaluation result by data size of the experiment 

CAD data. In Figure 4.14, data from A to H represent the practical CAD data 

used in our experiment. The size of three kinds of dataうIGES data compressed 

in the Zip format, commercial software data and our compressed data七o which 

our method is applied are compared for performance evaluation. As shown in 

Figure 4.14(a), blue bars represe国IGES data and orange ones represent our 

data. In Figure 4. l 4(b), purple bars represe瓜commercial software data and 

orange ones represent our data. We can find that the data size is significantly 
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reduced by using our proposed compression method. For instance, in data F, 

the size of our data is approximately 26. 7 times smaller than七hat of the IGES 

data. And also in data F, the size of our data is approximately 1.4 times 

smaller七han七hat of the commercial software data. 

間oreoverうwe evaluated performance of our data compression method with 

the diffぽent set of tolerance values. In Table 4.2, the experimental data from 

A to D‘is compared with di百erent tolera恥e values (we employed 10, 1, and 

0.1 （%））ーIn this thesisヲwhen ratio of the bounding box size and the maximum 

distance between source surface and generated surface is smaller than 13ヲit

is assumed that the surface is approximated in good accuracy [7]. Since our 

method is based on fitting a shape with information on tangent planes and 

boundary edges of the surface [7], it is apparent that sig凶五cant surface can 

be generated even by increasing the tolerance. In addition, since the change 

of tolerance does not contribute significantly to compression, it is necessary 

to increase the pattern to be successful in the surface五tting. If the pattern 

increaseラthe compression ratio will be increase. Increase of the pattern is a 

topic for our future research. 

Table 4.2: Comparison of data size (KB) with different tolerance values (%). 
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Figure 4.14: Comparison of data size. 
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4.6.3 Evaluation Result by Data ’Transmission Time 

This section describes our evaluation result by data transmission time of the 

experiment CAD data, and why it is necessary to actually measure the data 

transmission time rather than just use the theoretical value. Firstlyヲthe dowrト

load time for both IGES data compressed with the ZIP format and our com­

pressed data to which our method is applied are compared for the 3G and 

WiMAX environments. The theoretical value of the maximum possible data 

speed around 300kbps (download) [38] and 40Mbps (download) [39] are used 

for 3G and WiMAX environments respectively. Tables 4.3 and 4.4 show the 

difference of download time of IGES data in 3G environment, and Tables 4.5 

and 4.6 show in WiMAX environment. We can see from the tablesうthe ac” 

tual measured download time is slower than the theoretical value. Broadband 

speeds are theoretical maximums which the ideal state for use all the band­

width. However, in practice such use is not assumed, actual speed achieved 

varies depending on factors such as your location, equipment capabilitiesヲ

software, source of your download and volume of network t凶器c. Because the 

臨ore people using broadband at the same exchange, the lower the speed will 

be. Thereforeう it is necessary to adjust the parameters of the transfer and 

retrieval to鼠the measured values. Theoretical value is for reference only, 

not be used for the parameter tuning. It is necessary to actually me剖ure the 

data transmission time in order to evaluate our transmission system. 

Secondly, by using the method described in section 4.6うwe evaluated our 

transmission system by actually measuring the download time and retrieval 

time of compressed IGES data and our data with 3G, WiMAX 1.0Mbps and 

WiMAX 1.5羽bps. The unit of time is second. As shown in Tables 4. 7 and 

4.8, the dataなansmission time of IGES data and our data is compared. 

Figure 4.15 shows the graphs of Table 4.7 and Table 4.8. The green bars 

represent出e download time and the red ones represent the retrieval time. 

Even though七he retrieval time of our data is slower than the download timeう

overall performance of our data is faster than the IGES data. For example, 

in data Fヲthe transmission time of our data is approxim瓜ely 39 times faster 

than that of the IGES data in 3G environmentsうapproximately 10 times faster 

with WiMAX 1.0抗bps, and approxir恐慌ely 8 times faster than IGES data with 

WiMAX 1.5Mbps. 

58 



CHAPTER 4. 3D DATA COMPRESSION AND RETRIEVAL 

APPLICATION 

Table 4.3: Comparison of the theoretical and experimental values : difference 

of download time for IGES data in 3G environment. 

IGES dαtα｛3G} I A I B ic\D I E\FjG 廷

Data size (KB) 30346 18834 9199 5895 4731 1526 1661 3924 

Th巴：oretical Value (s巴c.) 809 502 245 157 126 44 105 

E却巴村1mental Value (s巴c.) 1350 890 650 324 230 164 159 121 

Di茸巴T加問（sec.) ”659 -422 輸405 -167 聞104 -123 側115 -16 

Table 4.4: Comparison of the theoretical and experimental values : di吉erence

of download七ime for Our data in 3G environment. 

Our data {SG} A B c D E F G 日

Data size (KB) 2206 1678 899 295 278 57 160 419 

Theoretical Valu巴（sec.) 59 45 24 8 7 1.5 4 11 

E勾erimental Value {sec.) 111 57 44 32 11 2 5 38 

Difference (sec.) -52 ー12 姐20 -24 ”6 働0.5 -1 情27
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Table 4.5: Comparison of theoretical and experimental values : di百er・ence of 

download time for IGES data in WiMAX environment. 

IGES data (WiMAX) A C
 

B
 

D E 庁l G 廷

Dαtαsize (KB) 30346 18834 9199 5895 4731 1526 1661 3924 

Theoretical Value (sec.) 6 4 2 1.2 0.9 0.3 0.3 0.8 

E却巴rimental Value (sec.) 602 359 150 112 50 23 27 77 

Diffi巴rence (sec.) -596 制355 司148 時110.8 聞49.1 -22.7 制26.7 ”76.2 

Table 4.6: Comparison of theoretical and experimental values : di百erence of 

download time for Our data with Wi担AX environment. 

。ωα叩れMAX) I A I B I c I D I E I F I G I H I 
Datαsize (KB) 2206 1678 899 295 278 57

ほ
419 

’Theoretical Value (sec.) 0.4 0.3 0.2 0.05 0.05 0.01 0.08 

E芯perim巴札tal Value (sec.) 36 13 15 4 1 1 1 3 

Differ＇己札ce (sec.) ”35.6 醐12.7 -14.8 輸3.95 -0.95 側0.99 -0.97 ”2.92 
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4.7 Summary 

In this thesis, we evalua七ed the compression and retrieval method by applying 

it to 3D surface models based on the curve mesh interpolation method and 

？ふside五Hing method. Time of compression depends on data size only. The 

transmission time depends on data size and transmission speed. Since our 

method achieved high level compression, our method has advantages with big 

data and in low冊speed network environment. We verified effectiveness of our 

method with practical data. As a result, despite of the different terminal 

speeds of network environmentうour system can exchange gigantic data to a 

smaller size in a shorter time. 

As described in section 4.4うtheおta size and calculation cost for surface 

retrieval are antinomy in each other, it is necessary to consider the balance of 

the data size and the retrieval time. 
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Table 4. 7: Total display time for IGES data. 

Retrieval Dow口loαd Display Downloαd DisplαU Downloαd Display 

time time time time( sec.) time time( sec.) time 

(sec.) (sec.) (sec) (WiMAX (s巴c.) (WiMAX (sec.) 

(3G) l.OMbps) 1.5Mbps) 

54.81 1,350 1404.81 700 754.81 602 656.81 

45.78 890 935.78 484 529.78 359 404.78 

11.92 650 661.92 163 174.92 150 161.92 

17.84 324 341.84 128 145.84 112 129.84 

7.13 230 237.13 83 90.13 50 57.13 

5.24 164 169.24 30 35.24 23 28.24 

2.45 159 161.45 33 35.45 27 29.45 

4.59 121 125.59 80 84.59 77 81.59 
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Table 4.8: Total display time for our data. 

Retrievαl Downloαd Display Download DisplαU Dowηloαd Displα：y 

time time time time( sec.) time tim巴（sec.) time 

(sec.) (sec.) (sec.) (WiMAX (sec.) (WiMAX 〔sec.〕

(3G) l.OMbps) l.5Mbps) 

427.22 111 538.22 53 480.22 36 463.22 

285.7 57 342.7 38 323.7 13 工豆8
I c I 109.86 44 153.86 19 128.86 15 125.08 

D 40.84 32 72.84 5 45.84 4 44.98 

E 16.81 11 27.81 3 19.81 1 17.95 

I干 2.39 2 4.39 1 3.39 1 3.39 

G 17.97 5 22.97 1 18.97 1 19.03 

H 63.94 38 101.94 6 69.94 3 67.07 
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data. Pairs of 1 & 2, 3 & 4, and 5 & 6 are the results of transmission time for 

3G, WiMAX 1.0Mbps and WiMAX 1.5Mbps respectively. 
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Conclusion and Future Work 

5.1 Conclusion 

The goal of this work was to make contribution to the communication among 

downstream processes using 3D data. To be more concrete‘first we proposed 

a new surface representa七ion to solve the problems of the Muraki’s method, 

thenうcontributed to the development of the current 3D data compression 

and retrieval method and evaluated the 3D data compression and retrieval 

application system with different network environments: such as third gener­

ation of mobile telecommunications (3G) and Worldwide Interoperability for 

時icrowave Access (W iMAX). In this sectio払our main contribution can be 

summarized部follow:

・邸described in chapter 3ヲ we have proposed吐ie method of generating 

a smooth surface with a hole that connects to adjacen七 surfaces wi七h

G1-continuity by applying our new surface representation to a closed 

region. The proposed method integrates the advan七ages of the Gregory 

and B-spline surfaces. Concretely, the inner control points are obtained 

based on least squares approximation methodヲand the G1-continuous 

control points on the bounda月r are obtained from 七he joining equations 

as described in section 3.5.開oreoverヲour method is independent of the 

position and the hole shape. Our method is also applicable to a region 

surrounded by surfaces in all directions connecting with G1-continuity. 

Since our method generates a surface from boundary edge information, 
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it is applicable to various applications. For instanceヲby including our 

method in the trimmed surface compression method [6う25], a smooth 

surface with good quality can be generated. It is also effective for direct 

modeling where shapes with a hole are modified. 

• as described in chapter 4ラwe evaluated the compression and retrieval 

method by applying it to 3D surface models based on the curve mesh 

interpolation method and N-side剖ling method. Time of compression 

depends on data size only. The transmission time depends on data size 

and transmission speed. Since our method achieved high level compres­

sion, our method has advantages with big data and in low-speed network 

environment. We verified effectiveness of our method with practical 

data. As a result, despite of the di百erent terminal speeds of network 

environmentうour system can exchange gigantic data to a smaller size in 

a shorter time. 

5.2 Future Work 

This section describes our future works and following things must be improved 

in order to improve and overcome the obstacles along the way to communicate 

with 3D models designed with 3D CAD systems. 

• In our new surface fitting method, by integrating the Gregory and B­

spline surfaces, a smooth surface is generated in good accuracy for a 

downstream process as a reference model. Therefore, it is necessary to 

implement the new surface representation. In this thesis, on a co凱mon

boundary where two surfaces are connected with G1-continuity, an input 

curve mesh is represented by cubic Bezier curves and the G1-continuous 

control points on the boundary are obtained from the joining equations. 

Therefore, it is necessary to extend our method so that it can be applied 

to shapes with complex composite boundary curves or B-spline curves 

with multiple segments. 

• In our experiment, our method is only applied to the shapes with a 

hole as described in section 3.6. Therefore, i七is necessary to improve 

our method so that it can be applicable to the shapes with multiple 
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CHAPTER 5. CONCLUSION AND FUTURE WORK 

holes. Moreover, in our method knots were inser七ed only at parameters 

(uo口0.5うVo = 0.5) in order 七o prevent the occurrence of micro knotsラ

when merging the two B-spline surfaces. Therefore, it is our future 

research topic 七o increase the internal knots in order to improve the 

surface accuracy. 

• Iterative approximatioµ process is one of the options in the future worksラ

in order to improve generated surface accuracy. In our future works, it 

is even better adjacent surfaces are take into considerationうin order to 

get a better result. 

• Since the data size and calculation cost for surface retrieval are antinomy 

in each other as described in section 4.4ラit is necessary to consider the 

balance of the data size and the retrieval time in the future work. As 

described in section 4.6.2, since the pattern to be successful in the surface 

五tting has contribution to the compression ratioうit is our future research 

topic to increase the pattern to be successful in the surface fitting. 
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Derivation of the 

equations 

In order for two surfaces S1 and S2ヲshown in Figure 3.2(a) with a common 

boundary curve to have a G1-continuity, the derivative vectors on the bound­

ary curves sho叫d satisfy the condition defined by Equation (3.7). When v口G

and v = 1 are assigned to Equations (3.7) and (A.1) is obtained. 

（ん1)
ho = koao + hoco 

b3 = k1a3十hic2

Let � be the vector between cont凶points of B位ier boundary curve ao and 

hoラa� be the vector between control points of Bezier bour 

b3 . Vectors a�，a� are obtained by Equation (A.2). 

(A.2) 
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 狂ereヲto satisfy Equation (A.1）ラthe scalar functions k( v) and h（υ） about 

v are部sumed to be linear functio瓜 From Equations (3.7) and (3.8）ぅ七he
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APPENDIX A. DERIVATION OF THE JOINING EQUATIONS 

Equation (A.3) is obtained 四時the vectors between the control points of the 

surface (See Figure 3.2(b)). WhereラBf(v) is Bernstein base polynomial [l]. 

LBf（ゆt={k0(1- v）十kiv｝工Bf（市？
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(A.3) 

Since the left side of the Equation (A.3) is cubic, the degree of polynomial 

a� is limited to quadratic. Therefore, when we部sume a� using Equation 

(A.3), � is calculated using Equation (A.4). 

2 3 ao = ao 
円 『 立 つ 3 3 

a2 ＿ 竺L二五 ＿ 0a2 - a3 
i-

2 
-

2 2 3 a2 = a3 

(A.4) 

The control vectors b1 and b2 can be derived from Equations (3.7), (3.8) 
and (A.3). 

(k1 - ko)a5 3 2ho叫 んCob1= 十 koa�十一一一十一一
1 3 3 

(k1 - ko)a� ho匂 2h1c1b2口同 一 円 十一十一一司 3 3 3 

(A.5) 
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B Appendix 

Surface inner control point 

by least-squares calculation 

approximation method 

In Figure 4.1, unknown control points are calculated by using the least-squares 

approximation method [21]. When the加i時Gregory patch is S( u, v）ヲthe

surface control points are Qi,j ( 0三t三n, 0 :S; j :S; m ). Surface S( u, v) is 

expressed by Equation (B.l) . 

寸ZムB
 〆’st町、

S（い）口2=2二丸山）恥（υ）Qi,j

where n = 4ヲ m 口 4 倒1d kコ＝ 3. The t + 1 sample points on hole area are 

assumed to be Q5(Q三s三t) and the parameters of u and v directions are 

assumed to be五8 and V8・ Surface S（民υ） is calculated so七hat七he square 

sum of the distances between the sample points Qs and corresponding points 

S（弘ぅ丸） on the surface is minimized. Then, Equation (B.2) is obtained. 

（詰.2)f ＝玄IQs一S(us, Vs) l2 
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APPENDIX B. SURFACE INNER CONTROL POINT CALCULATION 
BY LEAST-SQUARES APPROXIMATION METHOD 

In Equation (B.l ） ぅthe control point showing the boundary curve is already 

known. When the known control point is assumed to be R8, Equation (B.4) 
is obtained. 

註s口Qs - (No,k（丸） No,k(vs)Po,o十…÷No,k（弘） No,k（も） Po,m

十Ni,k（五s) No,k（弘）P叩十…十N托－1,k（石s) No,k（丸） Pn-1,0 

十Nu(fis)Nm,k（丸）P1,m十…＋ Nn-l,k(fis)Nm,k（丸） Pn 1,m 

十N叫－3,k（弘）Nm-1,k（丸）Pn-3,m-1十九一2,k（丸） Nm-1,k(vs)Pn-2,m-1 

十Nn-3,k(fis)N1,k（丸）Pn-3,1 + N,,叫－2,k（五s)N1,k（丸）Pn-2,1

十Nn-I,k（百s)N1,k（丸）Pn-1,1十…＋ Nn-1,k（五s)Nm-1,k（百s) P叫－1,m-1

÷Ni,k（五s)N1,k（丸） P1,1÷…十Nu（五s) Nm-I,k（九） Pi,m-4

十Nn,k（弘） No,k（丸）Pn,o十…÷民i,k（丸） Nm,k（九） Pn,m)

f = LIQs-S（五s, 1is)l2 
s=O 

立 さ［R, R,-2��削石川丸）（Rs 民，j)

＋（店内品川市川j)

（吉川市川k(vs)Pi,j

(B.3) 

(Bめ

If Equation (B.4) is differentiated by unknown control point P臼，/3 and the 

di島renti拭,ion value becomes Oきthe value of f is minimized. 

δf " 
δP由，/3 -

(B.5) 

where 2三α三η－ 2 and 2:::; fJ三m - 2. From Equations (B.4) and (B.5) , 

Equation (B.6) is obtained. 
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APPENDIX B. SURFACE INNER CONTROL POINT CALCULATION 
BY LEAST-SQUARES APPROXIMATION METHOD 

��（ト（丸山市）川
(B.6) 

ヰ玄Na.k（則的，k（丸）R.. 

When (n -3）×（m -3) Equatio部are set up for p吋（2三α壬n-2ヲ2三

f3 :::; m -2) of Equation (B.6），七he following matrix is obtained. 

where 

NP=R 

A2,2,i,j 

N= A白，β.i,j

An-2,m 2,i,j 

Az,2,iJ � ［ト（山（山（込山k（九）

LN2,k（も）N2,k(vs)Ni,k（むs)Nj,k（丸），，
s=O 

t Nz,k(U,) Nz,k ('ii,) N n-2,k （弘）品川

Aa.P.i.i � ［ト（石川市s）ぬ，k（丸山市s),

LN，位，k（も）Nf3，仇
SココO

ト（山k(vs)Nn-2,k(us)Nm-2市，）］
72 

(B.7) 

(B.8) 

(B.9) 



APPENDIX B. SURFACE INNER CONTROL POINT CALCULATION 

BY LEAST“SQUARES APPROXIMATION METHOD 

I N2,k（否。）N2,k（両）Ro十・・・＋N2,k（否t)N2,k（列）Rt I 
R= I : I 

I Nn-2,k（否。）Nm-2,k(vo)Ro÷・・・＋N枕－2,k（石t)Nm-2,k(Vt)Rt I 

1 P2,2 

P 口 I : 2 ・

I Pn-2,m-2 

Solving Equation (B. 7) obtains unknown control points Pふj·
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