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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 tool for manufacturing. The 3D CAD system, which is the core of the
application of Information Technologies, is spreading widely. 3D data designed
with 3D CAD systems are becoming vital communication tools between 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 downstream departments is a significant boosts to
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, 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,
therefore 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, the shape should be modified through
some method to import suitably within the system. For example, the gap is
one of the most serious interoperability challenges between CAD/CAM/CAE
systems. To overcome the problem, the direct modeling which modifies the
curve mesh is effective. In direct modeling, modification of a trimmed surface
has the restriction where boundary edges must lie on the surface within a

certain tolerance. Thus, it is difficult to maintain geometrical consistency of



the modified boundary edges and surfaces. Therefore, it is effective to apply
a new free-form surface to a closed region enclosed with modified boundary
edges because the consistency of the trimmed surface can be maintained.

In surface fitting method, how to guarantee a smooth connection between
adjacent B-spline surfaces is very important. In conventional surface fitting
method which approximates a surface using sample points derived from the
tangent plane, the continuity with an adjacent surface will collapse because
the surface was generated individually. In contrast, Muraki et al. proposed
a surface fitting method in consideration of maintaining G!-continuity with
adjacent surfaces. In their method, G!-continuity is guaranteed on part of the
common boundary edges. However, when a surface connects with adjacent
surfaces with G!-continuity in two adjoining directions along the common
boundary edges, the conditions used as G!-continuous cannot be fulfilled near
the corner portions with a B-spline surface.

The goal of this work is to make contribution to the communication among
downstream processes using 3D data. To be more concrete, first we pro-
pose a new surface representation 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 approximated with good accuracy as a reference model for downstream
processes. Our method generates a trimmed surface that is G!-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
define a new surface representation. First, when two surfaces are connected
with G!-continuity, we calculate the G!-continuous control points at the com-
mon boundary by using joining equations. Next, a bi-cubic Gregory patch
is constructed by the G!-continuous control points. Since the constructed
Gregory patch is insufficient for representing a trimmed surface, 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 constructed by applying our new
surface representation to a closed region. The proposed method is applicable
to shapes with a hole. Moreover, 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 G!-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 quality can be generated.
It is also effective for direct modeling where shapes with a hole are modified.
Moreover, the performance of 3D data compression and retrieval application
system is evaluated with different network environments: such as third gener-
ation of mobile telecommunications (3G) and Worldwide Interoperability for
Microwave Access (WiMAX). As the result, we confirmed the effectiveness of

the compression method with practical data.

iii



Acknowledgements

First and foremost, my utmost gratitude to my Professor, Kouichi Konno,
whose encouragement, guidance and support from the initial to the final level
enabled me and inspired me as I hurdle all the obstacles in the completion of
this research work. During times of doubt and depression, he would encourage
and drag me along.

It is a pleasure to thank Professor Norishige Chiba, Professor Otsuka Nao-
hiro, Associate Professor Tadahiro Fujimoto and Associate Professor Akashi
Takuya for their valuable debates during the creation of this thesis.

I wish to thank Assistant Professor Katsutsugu Matsuyama, Assistant Pro-
fessor Yuta Muraki and especially to Assistant Professor Tsutomu Kinoshita
for their precious opinions, valuable comments and useful suggestions about
this study. Additionally, I am also thankful to Mrs. Hikaru Kaketa for as-
sistance with administrative work, Technical Staff Mrs. Kozue Shoji and Mr.
Morimichi Furudate, whose helped improve research environment.

I would like to express my tremendous appreciation to the Rotary Yoneyama
Memorial Foundation, especially Rotary International District 2520 Morioka
South Rotary Club, for financially supporting me through my final one and a
half years of my graduate school.

I also would like to make a special reference to LATTICE TECHNOLOGY,
INC. for lending the modeling kernel.

It is with immense gratitude that I acknowledge the support and help of
my family. Especially, my husband Aishajiang Rouziaji, my daughter Ainisha
Aishajiang and my mother Zaorihan Rouzi. Without their unconditional love
and endless support this thesis would not have been accomplished.

Lastly, I offer my regards and blessings to all the past and present mem-
bers of Konno laboratory, those who supported me in any respect during the
completion of this research.

v



List of Publications

Refereed Publications

e Gulibaha Silayi, Tsutomu Kinoshita, Yuta Muraki, Katsutsugu Mat-
suyama and Kouichi Konno, Evaluation of 3D Data Compression and
Retrieval Method Based on Curve Mesh Filling. Computer-Aided Design
and Applications, Vol.12, No.5, pp. 546-554, 2015.

e Gulibaha Silayi, Tsutomu Kinoshita, Katsutsugu Matsuyama and Kouichi
Konno, Generating a Reference Model of the Surface with a Hole for
Downstream Process. Computer-Aided Design and Applications, Ac-

cepted.



Contents

1 Introduction
1.1 Background . ... ... ... ...
1.2 Motivations and Methodology . . . ... . . ... .. ... ...
1.3 Thesisoutline . . . .. .. .. ... .. .. ... ... ...

2 Related Works
2.1 Methods Based on the Surface Interpolation Method . . . . .
2.2 Methods Based on the N-side Filling Method . . . . . . . . ..
2.3 Surface Fitting Method with G!-Continuity . . . .. ... ..
2.4 Problems of Related Works . . . . .. ... ... ... ...,

3 New Surface Fitting Method

3.1 Introduction . . . . ... .. .. ...
3.2 Background . ... ... ... L
3.3 New Surface Representation . . . .. ... ... ........
3.4 Joining With the Adjacent Surface . . ... ... ... .. ..
3.5 Approximation . . . . ... ..o

3.5.1 Approximation Process . . . .. . ... ... ... ...
3.6 Evaluation of Generated Surface . . . . . e
3.7 Experimental Results . . . . . ... ... ... .. ... ...

3.8 Summary . . ... ...

4 3D Data Compression and Retrieval Application
4.1 Introduction . . . . . . ... ... ... ...
4.2 Background . .. ... .. ... Lo
4.3 Surface Compression Method . . . ... ... ... ... ...

vi

O Ut =

11
13

15
15
15
16
19
21
21
23
23
37



4.3.1 Concept of Surface Compression Method . . . . . .
4.3.2 Compression Part . . . .. ... ... ... .....
4.3.3 Flow Chart of Data Compression Part . . . .. ..
4.4 Surface Retrieval Method . . . . .. ... .. ... ....
441 Retrieval Part . . . .. ... ... ... ... ...
4.5 Experimental Results . . . . . ... ... ... ... ... ..
4.6 Performance Evaluation Method . . . . . ... ... .. ..
4.6.1 Evaluation Result by Success Rate . . . . ... ..
4.6.2 Evaluation Result by Data Size . . . ... ... ..
4.6.3 Evaluation Result by Data Transmission Time . . .

4.7 Summary ... ..
5 Conclusion and Future Work

5.1 Conclusion . . . . ... ... ... .... e

52 Future Work . . . . . . . . ..

A Derivation of the joining equations

B Surface inner control point calculation by least-squares

proximation method

Bibliography

vii

ap-
70

74



Chapter 1

Introduction

1.1 Background

A 3D CAD (Computer Aided Design) system, is a system that can design a
product shape in the three-dimensional model and it has become an indispens-
able tool 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 difficult
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 classified in following two

categories:
e 3D models on the critical path.
e 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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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 [1].

3D Models

3D Models on the 3D Models off the
Critical Path , 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 past few years, approximately 69% of companies
are using 3D models off the critical path [1]. 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].
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 efficiency. 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 ease of un-
derstanding is important. However, since the internal data structures and

tolerances do not coincide in each system, the intended shape model for

2



CHAPTER 1. INTRODUCTION

 Digitalmock-up |
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Figure 1.2: 3D Models use off 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 effective. For example. Figure 1.3
shows the gap between two trimmed surfaces which was caused by the different

tolerances. 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, modification of a trimmed surface [3] has the restriction
where boundary edges must lie on the surface within a certain tolerance. Thus,
it is difficult to maintain geometrical consistency of the modified boundary

edges and surfaces. Therefore, it is effective to apply a new free-form surface
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to a closed region enclosed with modified boundary edges because the consis-
tency of the trimmed surface can be maintained. Since downstream processes
concern surface smoothness rather than the 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 first 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) as a reference model.

(a) (b)

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 continuity
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with an adjacent surface will collapse because the surface was generated indi-
vidually. In contrast, the surface fitting method [7] is proposed by Muraki et
al. in consideration of maintaining G!-continuity with adjacent surfaces. In
their method, G!-continuity is guaranteed on the common boundary edges.
However, when a surface connects with adjacent surfaces with G!-continuity
in two adjoining directions along the common boundary edges, the conditions
used as G!-continuous cannot be fulfilled near the corner portions with a B-
spline surface. In Figure 2.1(a), the red x marks are indicate 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 G!-continuity with adjacent surfaces.

In addition, size of 3D CAD data for expressing precise forms tends 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, our contribution to the communication among downstream pro-

cesses using 3D data can be summarized as follow:

1. Propose a new surface fitting method based on the boundary curves of
the trimmed surface considering the G!-continuity with adjacent sur-

faces.

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

application system.

1.2 DMotivations and Methodology

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 fitting method, shapes can be approximated
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in good accuracy as a reference model for downstream processes. Our method
generates a trimmed surface that is G!-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 differ-
ent network environments: such as third generation of mobile telecommunica-
tions (3G) and Worldwide Interoperability for Microwave Access (WiMAX).
As the result, we confirmed the effectiveness 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.

e Chapter 1 introduces the background of communication among down-
stream processes using 3D models and a brief introduction of our main

contribution.

e Chapter 2 describes the related works and their problems. Surface in-
terpolation, N-side filling and surface fitting with G!-continuity are de-
scribed as our related works. We also discussed the problems of related

works.

e Chapter 3 presents the new surface fitting method based on the bound-
ary curves of the trimmed surface considering the G!-continuity 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.

e 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 different network environ-
ments: such as third generation of mobile telecommunications (3G) and
Worldwide Interoperability for Microwave Access (WiMAX).

e Finally, we conclude this thesis in Chapter 5.



Chapter 2

Related Works

2.1 Methods Based on the Surface Interpola-

tion Method

The surface interpolation method is a method that generates a surface inside
an area bounded by edges. In general, a four-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 quadrilateral regions.
Then, a surface is interpolated to each of the generated regions. For example,
Figure 2.1 shows the control points of an N-sided area that generated based on
Catmull-Clark subdivision method. In Figure 2.1(a), three-sided area divided
into 3 quadrilateral regions. In Figure 2.1(b), five-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 interpolated with
a Gregory patch. Therefore, in the surface interpolation method, each patch
can be connected with G!-continuity. Piegl et al. introduced an interpolation
method with the angle tolerance & to 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’'s method to apply
it to rational curve meshes [10]. In other research, Garcia et al. proposed the
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surface interpolation method of an arbitrary N-sided region by dividing the
region into a star-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, the N-sided region will be larger; and if the value of f

decreases, the region will be smaller [11].

(a) Three-sided area (b) Five-sided area

(¢) Six-sided area

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

sided area.
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2.2 Methods Based on the N-side Filling Method

Tokuyama et al. proposed an N-side filling 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 fitting 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, as 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, and the intersection points with four

reference planes are generated.

3. As shown by the purple lines of Figure 2.2(c), the intersection 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 Figure 2.2(d), the sample points are
generated on the lines that generated in Step.2.

5. As shown in Figure 2.2(e), the control points 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, however, is not applicable to concave shapes.
Therefore, Muraki et al. [12| enhanced the N-side filling method for
applying it to the shapes with holes or concave shapes and to maintain

G!-continuity with adjacent surfaces in only one direction [5, 6].
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Figure 2.2: The procedure of the N-side filling method.
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2.3 Surface Fitting Method with G!-Continuity

In the field of CAD, construction of N-side region has received a lot of atten-
tion. ‘Especially, generating a smooth surface with adjacent surface approaches
are developed in the past few years. Since with the N-side filling method de-
scribed in the section 2.2 cannot generate a smooth surface with adjacent
surfaces, Muraki et al. [5, 6] enhanced the N-side filling method for apply it
to the shapes with holes or concave shapes and to maintain G!-continuity with
adjacent surfaces in one direction. Moreover, the method [5, 6] realizes con-
nection with an adjacent surface with Gl-continuity in only one direction. If,
however, the number of the boundary edges connected with adjacent surfaces
with G!-continuity increases, the number of the sample points will decrease,
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-
side region and allowed discontinuous portions near the corners of the common
boundary edges [7]. In Figure 2.1(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 filling method [9]. On a common boundary where two surfaces should
be connected with G!-continuity, an input curve mesh is represented by cubic
Bézier 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-splinesurfaces, the cross-boundary deriva-
tive vectors cannot be specified independently. Concretely, as shown in Figure
2.3(b), the control point “ A’ indicates the only control point that involves
in calculation of a B-spline surface cross-boundary derivatives in v and v di-
rections. Therefore, when the connection with adjacent surfaces performed
successively in u and v directions, B-spline has no degree of freedom to indi-
vidually define the connections of two surfaces with Gl-continuity in v and v
directions. Moreover, 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 near the corners (at parameters 0.05 and 0.95) [7] in order

to narrow down the discontinuous section with the adjacent surfaces even if

11
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Gl-continuous

Gl-continuous Gl-continuous

Gl-continuous

(a)

(b)

Figure 2.3: Problems of the method of Muraki et al.[7].
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two surfaces have to be connected with G!-continuity. However, the method
of determining the knot values near the corners are unclear.

In surface reconstruction, how to guarantee a smooth connection between
adjacent B-spline surfaces, is very important. Mu et al. proposed the con-
struction of B-spline surfaces by interpolating its boundary curves, or even the
cross-boundary derivatives, and the inner points were approximated simulta-
neously [16]. In their method, 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:

e As described in section 2.1, the methods based on the surface interpola-
tion method [9, 11, 26] are excellent in continuity with adjacent surfaces.
The methods [9, 11, 26] consider the continuity between two or more
surface patches. However, since these methods divide an N-sided region
into two or more regions, 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 region, 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 difficult to apply the surface interpolation method.

e As described in section 2.2, among the methods based on the n-side
filling method: the Tokuyama’s method [15] is inapplicable to the shapes
with hole or concave shapes. Also, the connection between adjacent
surfaces is not considered. Although, the method [12] can be applicable
to the shapes with hole or concave shapes. However, 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

G*-continuous with adjacent surfaces in only one direction.

13
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e As described in section 2.3, the method of Muraki et al. [7] unites
the advantages of the surface interpolation method [22, 26] and the N-
side filling 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, although the method of Mu et
al. [16] succeeded in generating a smooth B-spline surface 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.

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, contradiction occurs in the
geometric calculation of the surface. Discontinuity of the shapes that are sup-
pose to be Gl-continuous will lowers shape data quality as a reference model,
because users are expected to see the exact designed shape. For instance,
when various evaluation procedures performed to the shape models, such as
extraction of continuous surfaces and generation 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, a new surface representation with which the cross-
boundary derivatives can be specified independently in both » 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.

14



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, surface fitting methods have their problems to solve. In this chapter we
significantly focused on the problems of the related works described in section
2.3. Therefore, this chapter describes a new surface fitting method based on
the boundary curves of the trimmed surface with considering the G!-continuity
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.

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, production costs, and
delivery to markets. Unfortunately, interoperability causes poor communi-
cation since downstream applications rely on the reusability and interoper-

ability of CAD models. However, 3D CAD data size for expressing precise

15
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forms tends to be big and time-consuming for computation, which may in-
terfere in the communication. In addition, downstream processes emphasize
surface smoothness more than precision. Therefore, 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 G!-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 © and v directions, B-spline surface has no degree
of freedom to individually define the connections of two surfaces with G-
continuity in » and v directions. A new surface representation with which
the cross-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 concrete, construction of a new surface
representation via the boundary curves and approximation of the inner control
points will be studied. We express a fitting surface S(u,v) using surface
control points P;x(s = 0,--- ,n,7 = 0,--- ,m,k = 0,1). Surface S(u,v)is
expressed by Equation (3.1), where N}(u) and N?(v)are the cubic B-spline
basis functions over the knot spans U = [0,0,0,0,uo, oo up, 1,101 1] and
V =[0,0,0,0,p,...,741,1,1,1].

S(u,'u) = Nf’(u)Nf(v)Qw(u,v) (31)

1=

o ©

Mw
n 1M

i < n,0 < j < m) are defined by the

The rational functions Q;;(
following relationships:

1L If (4,4) = (1,1),(1,m = 1),(n — 1,1), (n — 1,m — 1), then

uPy10 + vP11a

0<u<u,0<v<w) (32)
uU+v

Qi1(w,v) =

16
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uP1 (m-1),0 + (1 = 0)P1,(m-1)1
u+ (1-v)

Qim-1(u,v) = (0<u<uyvg<v<1) (3.3)

(1= u)Pn-1),1,0 +VP(n-1),11
(1-u)+v

Qn-11(u,v) = (up <u<1,0<v <) (34)

(1 -wPm-1),(m-1),0 T (1 = v)Pn_1),(m-1)1
1-w)+(1-v)

Qn-1,m-1(u,v) = 35

(up <u<lyg<v<l)
2. If others, then
Qi; =Pijp (3.6)

In our method, a surface is fitted using the Equation (3.1), and the concept
of our method is shown in Figure 3.1. Figure 3.1(a) shows surface F' that has
G!-continuous adjacent surfaces Fy, Fy, F3 and Fj in all four directions with
a hole. On a common boundary where two surfaces are connected with G!-
continuity, each boundary of an input curve mesh is represented by a cubic
Bézier curve. The concept of our proposed method explains in the case where
knots are inserted at parameters ug = 0.5 and vo = 0.5 (p = 0,¢ = 0) as shown
in Figure 3.1(b). The yellow control points are obtained from boundary curves,
the red ones are obtained by the joining equations [14] and the blue one is
obtained by the least squares approximation method.

The flow of our surface fitting procedure are described as below:

e First, when two surfaces are connected with G!-continuity, we calculate
the Gl-continuous control points at the common boundary by using

joining equations described in section 3.4.

e Next, a bi-cubic Gregory patch is constructed by the G!-continuous
control points. Since the constructed Gregory patch is insufficient fer
representing a trimmed surface, knots are inserted in both v and v di-

rections for increasing the degree of freedom.

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

e Finally, a new surface is constructed using Equation (3.1).
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F, Gl-continuous

Gl-continuous FI F O F3 Gl-continuous

F;  Gl-continuous

(a)

Adjacent
surface
1} Tt it Y
[HI ] I
Adjacent K‘ '\ Adjacent
surface [} o} ) surface

L& )
Adjacent ad Boundary curves

surface B Jjoining equation

e
L
C
C

——f.

B Approximation

(b)

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 G!-
continuity. In this method, cubic Bézier curves are used for input boundary
curve meshes. In order for two surfaces S! and S?, with a common boundary
curve shown in Figure 3.2(a) to have a G!-continuity, the derivative vectors
on the boundary curves should satisfy the condition defined by Equation (3.7)
[14], where k(v) and h(v) are scalar functions of v as shown in Equation (3.8)
[14]. If the vectors are set to a;(i = 0,...,3), by(z = 0, ...,3), c;(¢ =0, ..., 2)
as shown in Figure 3.2(b). The G!-continuous control points are calculated
by solving Equation (3.9) and Equation (3.10) (see APPENDIX A for the
derivation), where ko, k; are positive real numbers and hg, h; 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 G!-continuous with adjacent surfaces are obtained. The obtained cross
boundary derivatives serve as a condition for connecting two surfaces with

G!-continuity.

68%(0,) 0S*(1,v) 8S'(1,v)
—— = k(v)——>~ — 7
E® (v) 50 + h(v) 5 (3.7)
k(v) = ko(l —v) + kv
( ) 0( ) 1 (3_8)
h(v) = ho(1 —v) + hyv
3_ A + bg
° IaO +bo|
3 _ 238 + a§
aj = —5
3.9
3 ag +2a§ ( )
32 = —_——
3
3a_ & + bz
3 ‘3.3 +b3]
by = kpag + hoco
b3 = k1a3 + thQ
1. \a3 A
b, = .(ffl__fﬁ)ﬁg + koaf + 2hocy 4 1Co (3.10)
3 3 3
. (k- ko)a  hoca  2hicy
by = kya; 3 + 3 + 3
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Figure 3.2: (a) G'-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, the boundary information and sample points on
the boundary edges which represent a hole are used to approximate the inner
control point by the least squares approximation method. Next, 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
up = 0.5 and vg = 0.5 (p = 0,¢ = 0). The process is executed in the following
steps:

1. The G!-continuous control points are obtained from joining equations
and bi-cubic Gregory patch is constructed. The vectors between control
points by, b; (i = 0, ..., 3) are calculated for u direction. The vectors d;,

d; ( =0,...,3) are calculated for v direction.

2. Knots are inserted in both u and v directions. After knot insertion,
vectors r;=ugb; (i = 0,...,4) are calculated and vectors T;, v;, V; are
calculated in the same manner. Moreover, control points are obtained

from scaled vectors r;, T; and v;, ¥; 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 the 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, because in the range of this experiment, 10 sections
was enough for the least squares approximation. The number of sample
points t = the number of bounday edges which represent a hole x 10 + 1
are assumed to be Qs(0 < s < t). The parameters of Q; are assumed
to be @, and ¥,), and 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 approxima-
tion 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.

f=>"1Q, - S, 7,)? (3.11)
s=0

l I Fo |1 fFe  [Fs fF ||V b

i 1 : = = = g j jp—>n e
— V3 V3

- a0 TkEolkd
V3 Vo

g ] J § ! b Be—f]

rg |r; Iy rs ry Vi Vi

\ -l V0
[Least squares approximation]

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
as shown in Figure 3.4 and the practicality was verified. To verify the accu-
racy of the generated surface, the distance between the generated surface and
the source surface retained by the trimmed surface is measured. The source
surface was divided equally in both # 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 find a rel-
ative error, the ratio of the bounding box size and the maximum distance
are calculated [7]. In this thesis, when ratio is smaller than 1% [7, 25], it is
assumed that a shape is approximated in good accuracy as 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 G!-
continuous adjacent surfaces Fj and F» in two directions. Figures 3.5(b),
3.6(a), 3.6(b) and 3.7(a) shows the control points of generated surface F' that
has G!-continuous adjacent surfaces F;, F» and Fj in three directions. Figures
3.7(b) and 3.8 shows the control points of generated surface F' that has G-
continuous adjacent surfaces Fy, F, F3 and Fj 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 represent the practical CAD data used
in our experiment. The error evaluation of the generated surface is shown in
Table 3.1, Avg. indicates the average error margin value obtained by aver-
aging the distances between the generated surface and the source one. Maz
indicates the maximum error margin value representing the 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. The ratio of
all objects from A to G are less than 1% as shown in Table 3.1, 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 difference
of error margins around the hole, obtained by adding the center point to the
sample points. We can find that the approximation accuracy improved both
on the average and maximum error margin values around the hole area by
adding center point to the sample 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. The 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), 3.10(a) and 3.10(b). We can also see the
improvement of the approximation accuracy around the hole area by adding
the center point to the sample points, from the enlarged views as shown Fig-
ures 3.9 and 3.10. Because of the original data inconsistency of shape E, the
maximum error margin value is bigger than the other experimental data as
shown in the Table 3.1 and as well as in the Figure 3.10(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 to 3.14 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 G-

continuity.
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Figure 3.4: Closed region obtained from CAD.
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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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(b)

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

generated surface D.
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(b)

Figure 3.7: (a) control points of generated surface E, (b) control points of

generated surface F.
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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.

Object | Bualuationobject Avg. Mazx Ratio(%)

A Trimmed surface | 0.582885 | 1.865794 | 0.388339

Trimmed surface | 0.005640 | 0.024776 | 0.049194

Trimmed surface | 0.352679 | 1.139214 0.253059

Trimmed surface | 0.012622 | 0.068239 | 0.460547

Trimmed surface | 1.205581 | 4.220689 | 0.817447

Trimmed surface | 0.002428 | 0.011756 | 0.092034

QmIEp|U|la|lw

Trimmed 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 center point(Y) | Without center point(N) | Dif ference(Y — N)
Data Avg. Mazx Avg. Mazx Avg. Mazx
A 0.969301 | 1.578882 | 0.967025 1.589873 0.002276 | -0.010991
B | 0.026929 | 0.029018 | 0.063070 0.066205 -0.036141 | -0.037187
C 0.284248 | 0.601748 | 0.303415 0.741213 -0.019167 | -0.139465
D 0.009415 | 0.017530 | 0.009912 0.022806 -0.000497 | -0.005276
E 0.706996 | 1.228102 | 0.750653 1.287324 -0.043657 | -0.059222
F | 0.010209 | 0.012188 | 0.011112 0.013014 -0.000903 | -0.000826
G 0.243074 | 0.543374 | 0.248200 0.557874 -0.005126 | -0.014500
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Max. = 1.87

Min. =0.0

B x4

Min. = 0.0

(b)

Figure 3.9: Result of surface evaluation: distances between the generated
surface and the source one are calculated. (a) and (b) are the error margins

of objects A and C respectively in the Table 3.1.
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B o =090

l Min. = 0.0

Min. = 0.0

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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///Ill\

h %
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b)

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 their boundary edges.
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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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(b)

Figure 3.13: Verification of the continuity with adjacent surfaces: the nor-
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 those 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 G!-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 G!-continuous control points on the boundary are obtained
from the joining equations as described in section 3.5. Moreover, our method
is independent of the position and the hole shape. Our method is also ap-
plicable to a region surrounded by surfaces in all directions connecting with
G!-continuity. Since our method generates a surface from boundary edge in-
formation, it is applicable to various applications. For instance, by including
our method in the trimmed surface compression method [6, 25], a smooth sur-
face with good quality can be generated. It is also effective for direct modeling
where shapes with a hole are modified.

In our 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 representa-
tion. In this thesis, on a common boundary where two surfaces are connected
with G!-continuity, an input curve mesh is represented by cubic Bézier curves
and the G!-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.
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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. Moreover,
the performance of 3D data compression and retrieval application system
is evaluated with different network environments: such as third generation
of mobile telecommunications (3G) and Worldwide Interoperability for Mi-
crowave Access (WiMAX). 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 represent a product model. Since the data
size of 3D models becomes greater year by year, and the gigantic 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,
3D data compression and retrieval algorithm is required to easily exchange
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such information through the Internet. Because 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 the 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 difficult to interpret from a 2D drawing
alone. Therefore, a mechanism that distributes the 3D data, designed in de-
sign division, to the world is required. Because broadband is still not popular
in some regions in the world, 3D data 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, there are 3 surface model

representations that used in compression of 3D data models:
e Based on polygon meshes.
e Based on subdivision surface.
e Based on curve meshes.

The amount of data will become large in polygon meshes. Since the di-
vision number becomes n-th power of 2, it is difficult to control quality with
subdivision surface. In contrast, On curve meshes representation the quality
can be controlled later on and the precision controllable surface model can
be generated. Therefore, 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 surface interpolation method cannot
be applied to the concave shapes or shapes with holes as described in section

2.1. To overcome this problem, Muraki et al. proposed a surface compression
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method using a surface fitting 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 thesis, 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 different network environments: such as third generation
of mobile telecommunications (3G) and Worldwide Interoperability for Mi-
crowave Access (WiMAX). As the result, we confirmed the effectiveness of

our compression method with practical data.

Subdivision

Surface models .
Surface

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 to
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 £

Prediction
function
£ -
S ﬁ-.\,_) N ey
Interpolation/ Error Surface N &7 A =i terpolatio =
N-side filling K evaluation ™ removal * ¢ \J) / Qf ) = N-side filling
3D data \":\g; ( !(@j * 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. The compressed data can be retrieved
from the boundary curve mesh in the same manner as the approximation of
the compression process. To compress data easily, 3D surface type is clas-
sified into four elements; 1) Plane, 2) Interpolated surface, 3) Surface fitted
with the N-side filling method, and 4) other surface. Elements 1) to 3) are
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generated from the boundary edges by using our approach. Element 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, contained in shape models, can be removed with this technique, 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, 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 filling method are difficult 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 twisted boundary
curves. Therefore, a composite surface must be appropriately divided after
surfaces are generated and evaluated with the tolerance. If this operation is
acceptable, the original surface elements are removed. In our method, the
surface element removal must be performed in the last stage of processing
because the continuity of surfaces may collapse if it is performed in order. The
compression 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 flow of the process is

described as below:
1. Import all the surfaces to be compressed.

2. Judge for surface type 1) plane. By applying surface interpolation
method or N-side filling method to the surface types 2) and 3), eval-
uate whether each surface is compressible or not. 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 as 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 are performed to all the surfaces.

5. According to the face attributes of 1) to 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 / ‘
1

> [ Looping for all surfa&l

—®| Looping for all surfa@

Compressible

No

Yes

Remove the surface

~ A

\ /) / Output 'Isurface /

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 the 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 Figure 4.4. In Figure 4.4, according to
prediction functions 1, 2 and 3 which method should be applied to the closed

region is decided as follow:

e 1: holds the information for the surface interpolation method.
e 2: holds the information for the N-side filling method.

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

In the compression stage, the error evaluation process is performed iter-
atively to make sure of the sufficiency 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, it is necessary to add some practical in-
formation to the prediction function as attributes for generating 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 more concrete, if the number of control points on
approximated surfaces is more than a magical number N in the surface ap-
proximation process, 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, it is necessary to consider the 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

Surface

Interpolation | | N-side 'filh'ng
method method

Generated from
boundary curves

Shape retrieval

Figure 4.4: Flow chart of data retrieval process.

For example, Figure 4.5 shows the retrieval of compressed data by using
surface fitting 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 using 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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(b)

Figure 4.5: Example of surface fitting method application.
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Figure 4.6: Example of surface fitting method application.
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Figure 4.7: Details of surface fitting.
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Figure 4.8: Details of surface fitting.
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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, 4.10
and 4.11. Figures 4,9(a), 4.10(a) and 4.11(a) represent the IGES data. Figures
4.9(b), 4.10(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), 4.10(b) and 4.11(b), the
surfaces for which data compression and retrieval are succeeded are shown in
cyan. The method described in section 2.3 is difficult 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), 4.10(b) and 4.11(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.

e First, for each of the same shape, prepare IGES data and the compres-

sion data based on this technique.

e Next, compare the file size of IGES data compressed in the Zip format

and the data compressed using our compression method.

e 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, are used to measure the
download time. Transmission 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, retrieval, and display of the
data on a CAD viewer screen as “ Retrieval time ” .

Figure 4.13 shows experiment environments: such as PC information and
download places. First, we downloaded the compressed files in 3 different
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(b)

Figure 4.9: Example of surface fitting method application.
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(b)

Figure 4.10: Example of surface fitting method application.
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(b)

Figure 4.11: Example of surface fitting method application.
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palaces with 3 different terminal speeds of network environment such as : sta-
tion (3G), university (WiMAX1.0Mbps) and downtown (WiMAX1.5Mbps).

And then, measured the retrieval time on Client PC.

v Compression
v Download tirne

v Retrieval time

Web server ! - Client PC ; :
= 3
e LI

‘Retrieval &

o
P I | 2
| Decompress :
e i | Display
; Import (decompress) .

: 3

Download
- 3G
- WIMAX

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

data on the screen.

« PC(Corei7 2.80GHz.3GB)

ﬁownload places \
Station
Web server (3G) PC

University
(WIMAX1.0Mbps) /(_PC

A . 4

Figure 4.13: Experiment environment.
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4.6.1 FEvaluation 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. From
Table 4.1, we can find that overall success rate of surface fitting is 92.0(%),
proposed method is effective and useful.

Table 4.1: Success rate of surface fitting.

The total number | Success | Failure | Success

of surfaces (No.) | (No.) (No.) | rate(%)

A 24900 22712 2188 | 91.2(%)
B 24028 22554 1474 93.9(%)
C 6399 5518 881 86.2(%)
D 7204 7036 168 97.7(%)
E 5061 4651 410 91.9(%)
F 1659 1586 73 95.6(%)
G 1560 1345 215 86.2(%)
H 3252 2704 548 83.1(%)
Total 74063 68106 5957 92.0(%)

4.6.2 Evaluation Result by Data Size

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, IGES data compressed
in the Zip format, commercial software data and our compressed data to which
our method is applied are compared for performance evaluation. As shown in
Figure 4.14(a), blue bars represent IGES data and orange ones represent our
data. In Figure 4.14(b), purple bars represent 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 that of the IGES
data. And also in data F, the size of our data is approximately 1.4 times
smaller than that of the commercial software data.

Moreover, we evaluated performance of our data compression method with
the different set of tolerance values. In Table 4.2, the experimental data from
A to D, is compared with different tolerance values (we employed 10, 1, and
0.1 (%)). In this thesis, when ratio of the bounding box size and the maximum
distance between source surface and generated surface is smaller than 1%, 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 significant 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 fitting. If the pattern
increase, 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 (%).

Tolerance(%) | A B CI|D

10 1,819 | 1,648 | 768 | 202
1 2,206 | 1,678 | 899 | 295
0.1 2,597 | 1,792 | 915 | 306
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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, the down-
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, 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,
software, source of your download and volume of network traffic. Because the
more people using broadband at the same exchange, the lower the speed will
be. Therefore, it is necessary to adjust the parameters of the transfer and
retrieval to fit the measured values. Theoretical value is for reference only,
not be used for the parameter tuning. It is necessary to actually measure the
data transmission time in order to evaluate our transmission system.

Secondly, by using the method described in section 4.6, 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 1.5Mbps. The unit of time is second. As shown in Tables 4.7 and
4.8, the data transmission 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 the download time and the red ones represent the retrieval time.
Even though the retrieval time of our data is slower than the download time,
overall performance of our data is faster than the IGES data. For example,
in data F, the transmission time of our data is approximately 39 times faster
than that of the IGES data in 3G environments, approximately 10 times faster
with WiMAX 1.0Mbps, and approximately 8 times faster than IGES data with
WiMAX 1.5Mbps.

o8



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 data (3G) A B C D E F G H
Data size (KB) 30346 | 18834 | 9199 | 5895 | 4731 | 1526 | 1661 | 3924
Theoretical Value (sec.) 809 502 245 | 157 | 126 41 44 105
Ezperimental Value (sec.) | 1350 890 650 | 324 | 230 | 164 | 159 | 121
Difference (sec.) -659 | -422 | -405 | -167 | -104 | -123 | -115 | -16

Table 4.4: Comparison of the theoretical and experimental values : difference

of download time for Our data in 3G environment.

Our data (8G) A B C| D E F G | H
Data size (KB) 2206 | 1678 | 899 | 295 | 278 | 57 | 160 | 419
Theoretical Value (sec.) 59 45 | 24 | 8 7T | 15| 4 11
Bzperimental Value (sec.) | 111 | 57 | 44 | 32 | 11 | 2 | 5 | 38
Difference (sec.) =52 | -12 | -20| -24 | -6 |-0.5| -1 | -27
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Table 4.5: Comparison of theoretical and experimental values : difference of

download time for IGES data in WiMAX environment.

IGES data (WiMAX) A B C D E F G H
Data size (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
Ezperimental Value (sec.) | 602 359 150 112 50 23 27 77
Difference (sec.) -596 -355 | -148 | -110.8 | -49.1 | -22.7 | -26.7 | -76.2
Table 4.6: Comparison of theoretical and experimental values : difference of
download time for Our data with WiMAX environment.
Our data (WiMAX) A|lB|Cc|D|E|F |G| =H
Data size (KB) 2206 | 1678 | 899 295 278 57 160 419
Theoretical Value (sec.) 0.4 0.3 0.2 | 0.05 [ 0.05 | 0.01 | 0.03 | 0.08
Ezperimental Value (sec.) | 36 13 15 4 1 1 1 3
Difference (sec.) -35.6 | -12.7 | -14.8 | -3.95 | -0.95 | -0.99 | -0.97 | -2.92
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4.7 Summary

In this thesis, we evaluated the compression and retrieval method by applying
it to 3D surface models based on the curve mesh interpolation method and
N-side filling 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-speed network environment. We verified effectiveness of our
method with practical data. As a result, despite of the different terminal
speeds of network environment, our system can exchange gigantic data to a
smaller size in a shorter time.

As described in section 4.4, the data 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 | Download | Display | Download | Display | Download | Display
time time time time(sec.) time time(sec.) time
IGES
(sec.) (sec.) (sec) (WiMAX | (sec.) | (WiMAX | (sec.)
data (3G) 1.0Mbps) 1.5Mbps)
A 54.81 1,350 1404.81 700 754.81 602 656.81
B 45.78 890 935.78 484 529.78 359 404.78
C 11.92 650 661.92 163 174.92 150 161.92
D 17.84 324 341.84 128 145.84 112 129.84
E 7.13 230 237.13 83 90.13 50 57.13
F 5.24 164 169.24 30 35.24 23 28.24
G 2.45 159 161.45 33 35.45 27 29.45
H 4.59 121 125.59 80 84.59 77 81.59
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Table 4.8: Total display time for our data.
Retrieval | Download | Display | Download | Display | Download | Display
time time time | time(sec.) | time | time(sec.) | time
Our (sec.) (sec.) (sec.) | WiMAX | (sec) | WiMAX | (sec.)
data (3G) 1.0Mbps) 1.5Mbps)
A 427.22 111 538.22 53 480.22 36 463.22
B 285.7 57 342.7 38 323.7 13 299.48
C 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
F 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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Figure 4.15: (a) and (b) show comparison of data transmission time for IGES
data and ours, odd numbers represent IGES data and even ones represent our
data. Pairsof 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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Chapter 5

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 representation to solve the problems of the Muraki’s method,
then, 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
Microwave Access (WiMAX). In this section, our main contribution can be

summarized as follow:

e as described in chapter 3, we have proposed the method of generating
a smooth surface with a hole that connects to adjacent surfaces with
G!-continuity by applying 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 G!-continuous
control points on the boundary are obtained from the joining equations
as described in section 3.5. Moreover, 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 G!-continuity.
Since our method generates a surface from boundary edge information,
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it is applicable to various applications. For instance, by including our
method in the trimmed surface compression method [6, 25], a smooth
surface with good quality can be generated. It is also effective for direct

modeling where shapes with a hole are modified.

e as described in chapter 4, we evaluated the compression and retrieval
method by applying it to 3D surface models based on the curve mesh
interpolation method and N-side filling 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 different terminal speeds of network
environment, 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.

e In our new surface fitting method, by integrating the Gregory and B-
spline surfaces, a smooth surface is generated in good accuracy for a
giownstream process as a reference model. Therefore, it is necessary to
implement the new surface representation. In this thesis, on a common
boundary where two surfaces are connected with G!-continuity, an input
curve mesh is represented by cubic Bézier curves and the G!-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.

e In our experiment, our method is only applied to the shapes with a
hole as described in section 3.6. Therefore, it is necessary to improve
our method so that it can be applicable to the shapes with multiple
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holes. Moreover, in our method knots were inserted only at parameters
(uo = 0.5, v9 = 0.5) in order to prevent the occurrence of micro knots,
when merging the two B-spline surfaces. Therefore, it is our future
research topic to increase the internal knots in order to improve the

surface accuracy.

Iterative approximation process is one of the options in the future works,
in order to improve generated surface accuracy. In our future works, it
is even better adjacent surfaces are take into consideration, 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, 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
fitting has contribution to the compression ratio, it is our future research
topic to increase the pattern to be successful in the surface fitting.
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Appendix A

Derivation of the joining

equations

In order for two surfaces S! and S?, shown in Figure 3.2(a) with a common
boundary curve to have a G!-continuity, the derivative vectors on the bound-
ary curves should satisfy the condition defined by Equation (3.7). Whenv =0
and v = 1 are assigned to Equations (3.7) and (A.1) is obtained.

by = koap + hoco

(A.1)
b3 = k1a3 + h1C2

Let a3 be the vector between control points of Bézier boundary curve ag and

by , a3 be the vector between control points of Bézier boundary curve az and

bs . Vectors a?,a3 are obtained by Equation (A.2).

agz ao+b0

|20 + bol
a3 — 2a} + a3
o3 (A.2)
a3_a8+2a§ '
23
3 a3+b3

Here, to satisfy Equation (A.1), the scalar functions k(v) and h(v) about
v are assumed to be linear functions. From Equations (3.7) and (3.8), the

68



APPENDIX A. DERIVATION OF THE JOINING EQUATIONS

Equation (A.3) is obtained using the vectors between the control points of the
surface (See Figure 3.2(b)). Where, B3(v) is Bernstein base polynomial [1].

3 2
> Bi(w)bs ={ko(1 - v) + kw} Y _ B (v)a?
=0

1=0

+ {(1 — v)ho + vhy } Z BZ(v)c;

Since the left side of the Equation (A.3) is cubic, the degree of polynomial
a? is limited to quadratic. Therefore, when we assume a? using Equation

(A.3), a? is calculated using Equation (A.4).

o = af
3a —ad 3a}-—aj
2 _ 93 — 29279 A4
a; 5 5 (A4)
= af

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

S A 3 h
bl=w+k0a§+gﬁ@+_}ﬁ
3 A 3 (A.5)
b2 _ klag _ (kl "‘3]\'?0)33 + h(gCg 4 2h§C1
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Appendix B

Surface inner control point
calculation by least-squares

approximation method

In Figure 4.1, unknown control points are calculated by using the least-squares
approximation method [21]. When the fitting Gregory patch is S(u,v), the
surface control points are Q;;(0 < ¢ < n,0 < 5 < m). Surface S(u,v) is
expressed by Equation (B.1).

n m

S(u,v) =D > Nip(u)Ni(0)Qi (B.1)
=0 j=0
where n = 4,m = 4 and k = 3. The ¢t + 1 sample points on hole area are
assumed to be Q4(0 < s < t) and the parameters of u and v directions are
assumed to be W, and T,. Surface S(u,v) is calculated so that the square
sum of the distances between the sample points Qs and corresponding points
S(%@s,Us) on the surface is minimized. Then, Equation (B.2) is obtained.

f = Z |Qs - S(ﬂs,vs)l2 (BQ)
s=0
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APPENDIX B. SURFACE INNER CONTROL POINT CALCULATION
BY LEAST-SQUARES APPROXIMATION METHOD

In Equation (B.1), the control point showing the boundary curve is already
known. When the known control point is assumed to be R, Equation (B.4)

is obtained.

R, =Q, — (Nox(8s) Nox(Ts)Poo + ... + No(Ts) No(Ts)Po,m

+ N1k (Ts) Now(Ts) P10 + .. + No—1,6(Ts) Nok(Ts) Pr—1,0

+ N1k (Ts) N (Ts )Prym + oo + Noe 1 (Ts) Nt (Us) Pr1,m
+ Nn—3k(Us) Nrm—1,5(0s) Pz m-1 + No—2.k(Ts) Nrm—1,%(Vs) Prn—2m—1
+ Naca i (Us) N1k (Us)Pr_z 1 + Np_o g (Us) N1k (Us) P21
+ Npo1,6(Ts) N1,k (Us) P11 + oo+ Noc1.6(Ts ) Ni—1,6(Ts) Pr—1,m—1
+ Nk (Ts) N1 (Ts) P11 + oo + N1 g(Ts) Non—1,6(Ts) P1ym—a

+Nn,k(us NOk( ) n0+ +Nnk(us)Nm,k(5s)Pn,m)
(B.3)

t
F=>1Qs — S(as,v,)
s=0
n—2m—2

—Z[R ‘R —QZZsz(us)Ngk(vs)(RS' i,j)

=2 j=2

n—2m—2
+ ( Z Z Ni,k(ﬁs)Nj,k(US)Pi»j> :

i=2 j=2

n—2m—2
<Z Z Ni,k(ﬂs)Nj‘k(gs)pi’j)

i=2 j=2

(B.4)

If Equation (B.4) is differentiated by unknown control point P, 4 and the

differentiation value becomes 0, the value of f is minimized.

of
Py 0 (B.5)

where 2 < a < n—2and 2 < <m—2. From Equations (B.4) and (B.5),

Equation (B.6) is obtained.
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n—2 m—2 t
> < > Nak (ﬂs)NB‘k(@)Nz‘,k(ﬂs)Nj,k@s)) Py,
1=2 j=2 s=0

. (B.6)
= Z No(Ts) N i, (0s)Rs
5=0

When (n — 3) x (m — 3) Equations are set up for Pap (2 <a<n-2,2<

B < m — 2) of Equation (B.6), the following matrix is obtained.

NP =R (B.7)
where
- - -
N=|  Aupi; (B.8)
| Anom-2i; |

i
Azpig = {Z Na i (Ts) No i (0s) No k(s ) Nk (Ts), ...,

s=0
i

ZNz,k(ﬁs)Nzk(ﬁs)Ni,k(ﬁs)Nj,k(ﬁs)a 0y (B,Q)

.S:O
t

ZNZk(ﬁs)Nzk(@s)N —2,k(Ts) Nm—2,x(Vs)

s=0

t
> No (i) N, (Ts) No o (Ts) Noo (), ---»
s=0
i
> No o (Bs) N o (05) Ni o (Ts) Nj 1 (T5) - (B.10)
S=0
t
Z Na,k(ﬁs)NB,k (5S)Nn—2,k(ﬂs)Nm—2,k (55)

s=0

Angij=
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Na i (Uo)Na i (To)Ro + - - - + Na k(U ) No,k (U2) Ry

Ny 2.5 (T0) N2, (To)Ro + - - - + Np_ 2.4 (@) N2, () Ry
(B.11)

Py,
P= : (B.12)

Pn—Z,m—2

Solving Equation (B.7) obtains unknown control points P; ;.
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