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SUMMARY

I. Title

Automated As-Built Plant Information Modeling for Plant Construction, Operation, and

Maintenance

II. Project Overview

1. Research Background

O The plant information model is a concept that includes three-dimensional (3D)
geometric models of all of the components that comprise plant facilities, such as
pipelines, valves, and equipment, and information about their properties, such as
specifications, manufacturers, materials, ID numbers, and so on.

O The plant information model has been recognized as one of the essential tools for
successful plant project management, and it facilitates effective management
throughout the entire life cycle of a project (construction, operation, maintenance,
and dismantling phases). For example, retrofitting, revamping, or expansion
planning, as well as transport, fitting of new parts, and interference, can be
checked using an As-Built plant information model.

O As the existing plant information model utilizes the three-dimensional geometry
model of the facility planned in the design stage, utilization in the construction and
management/maintenance stage is extremely limited. It originates from the change
in design from the construction stage and renovation and extension in the
management/maintenance stage to differ from the facility planned in the design
stage and the facility constructed (or being managed/maintained).

O To effectively use the plant information model throughout the overall stages and to
secure competitiveness in the domestic construction industry, it is essential to
secure the three-dimensional as-built plant information modeling technology
reflecting the current condition (as-built) of the plant facility in the construction
and management/maintenance stages.

O In Korea, 90% of the as-built plant information modeling is currently being done
manually; hence it tends to be laborious, time—-consuming, costly, and error prone.
In fact, it can take several months and several dozen workers to manually model
an existing as-built plant facility. Therefore, to improve the technological and

market competitiveness of the Korean construction industry, it 1s imperative that
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technology be developed for nearly full automation of As-Built modeling of plant
facilities that are under construction or in operation.

O The goal of this research project is to improve the problems of inefficiency in the
three-dimensional as—built plant information modeling process using the existing
commercial software, complexity and the inaccuracy of the information model due
to the manual work errors. Therefore, this research proposed greatly reducing the

information model construction process from manual work.

2. Research Objective

O The ultimate goal of this research was to improve the technological
competitiveness of EPC (Engineering, Procurement and Construction) firms with a
construction and maintenance fields and, to secure plant industry’s leading
competitiveness through the development of automated As-Built plant information
modeling technology.

O The main objective of this research was to develop an almost fully automated
As-Built information modeling system for plant facilities that are under
construction or in operation. This research aimed to reduce inefficiencies and
complexities that are due to the inaccuracy of the production model as well as
those resulting from manual processes used in plant information modeling.
Specifically, this research proposed to develop an approach that reduces the use of
manual processes by 80%. To state it in more detail, the objective was threefold:

- To develop a registration and refinement process of 3D point clouds for a plant
facility that has been acquired from advanced sensor technology;

- To develop a 3D geometric model of a cylindrical formed plant components and
utilities by using computer vision technology; and

- To develop As-Built plant information modeling technology using a semantic
relationship modeling technique.

O In order to obtain a complete 3D As-Built point clouds of plant facilities, it is
necessary to perform multiple scans from different locations and register them into
the common coordinate system. In addition, the registered 3D point clouds may
contain outliers that indicates the necessity of a refinement process to remove
outliers. Therefore, an efficient 3D point clouds registration and refinement process,
including coarse registration, fine registration, data reduction, and outlier removal,
was proposed. Then, to automatically create As-Built plant information models
from 3D As-Built point clouds of plant facilities, a plant information modeling
process using a 3D geometric modeling and a semantic relationship modeling
techniques. A parametric modeling method and a geometric fitting algorithm for
matching and retrieving were applied to create a surface model of cylindrical

formed plant components and utilities. To create As—Built plant information models,
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a semantic relationship between geometric models needs to be defined. In addition,
a model of plant components and utilities that has not been created due to error
and loss of acquired 3D point clouds need to be addressed in conjunction with a
definition of a semantic relationship. Lastly, the proposed method was evaluated

and tested in field experiments.

IMl. Project Details and Results

1. Objective 1: Develop a Process for Use of Advanced Sensor Technology to
Register and Refine 3D Point Clouds Representing Structures at a Plant Facility

(1) Acquiring 3D point clouds from various locations for the complete 3D data
acquisition for the plant facility
(A) Testbeds discussion/selection for the plant facility
(B) Establishment of data acquisition plan within the plant facility
(C) Technology exchange and cooperation with the 3D scanning company
(D) Acquisition of one data through the testbeds
(2) Development of the coarse and fine registration technologies
(A) Establishment of 3D point clouds registration technology appropriate to the
data characteristics
(B) Technology exchange and cooperation with the plant information modeling company

(C) Development of 3D point clouds registration technology

(3) Development of the data reduction and outlier removal technologies
(A) Establishment of outlier removal technology appropriate for the data characteristics
(B) Outlier removal technology review through expert consultation

(C) Development of outlier data removal technology

(4) Registration, data reduction, and outlier removal of the 3D point clouds acquired
from the operating plant facility

(A) Testbeds discussion and selection for the operating plant facility

(B) Establishment of data acquisition plan within the plant facility

(C) Acquisition of 3D point clouds from the testbeds

(D) Registration, data reduction, and outlier removal of the 3D point clouds

(5) Verification and modification of the registration, data reduction, and outlier removal
technologies
(A) Development of strategy for the verification and modification of the developed
technologies
(B) Derivation of improvements and technical modification for the developed
technologies
(C) Development and registration of the 3D point clouds registration and

refinement system for the plant facility
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(6) Evaluation of the applicability of the developed technology to the testbeds
(A) Establishment of the testbeds application plan
(B) Establishment of the field applicability evaluation plan for the 3D point clouds
registration and refinement system

(C) Testbeds application and field applicability evaluation for the developed system

2. Objective 2: Develop an As-Built 3D Information Model of Cylindrically Shaped
Plant Pipelines Using Computer Vision Technology

(1) Identifying the characteristics for the 3D point cloud extraction for all pipelines
from the 3D data of the plant facility
(A) Identify technology standard and trend related to domestic / foreign plant
information modeling
(B) Analysis of technological requirements for the 3D point cloud extraction for all
pipelines from the 3D data of the plant facility
(C) Survey for reflecting consumer requests
(2) Development of the 3D point cloud extraction technology for all pipelines
(A) Establishment of the 3D point cloud extraction technology for all pipelines
appropriate for the data characteristics
(B) Development of the 3D point cloud extraction technology for all pipelines

(C) Evaluation and modification of developed technology through the testbeds

(3) Development of the skeletonization technology of all pipelines
(A) Analysis of technological requirements for the skeletonization technology
(B) Establishment of the development framework for the skeletonization technology
(C) Technology review of the skeletonization technology through technology
development and consultation

(D) Evaluation and modification of developed technology through the testbeds

(4) Development of the piping part recognition technology
(A) Analysis of characteristics per part and connection relation between parts for
the pipelines
(B) Establishment of development framework for the piping part recognition
technology
(C) Technology review of the piping part recognition technology through
development and consultation

(D) Evaluation and modification of developed technology through the testbeds

(5) Development of the parametric modeling technology of for each type of pipeline
(A) Definition of parameters for the automated parametric modeling for each piping
part
(B) Establishment of the development framework for the surface modeling

technology of each piping part
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(C) Technology review of the surface modeling technology for each piping part
through development and consultation
(D) Evaluation and modification of developed technology through the testbeds

(6) Experimental validation and modification of the developed technology
(A) As-built plant piping information modeling for the plant facility
(B) Verification and modification of the as-built plant piping information modeling
technology
(C) Analysis and evaluation of technological validity based on the testbeds and

field application result

3. Objective 3: Develop an As-Built 3D Information Model of Valves, Control

Devices, and Equipment Based on a Plant Database

(1) Development of the 3D point cloud extraction technology for valves and control
devices
(A) Establishment of the 3D point cloud extraction technology for the plant valves
and control devices appropriate for the data characteristics
(B) 3D point cloud extraction technology development for the plant valves and
control devices
(C) Evaluation of developed technology through the testbeds

(2) Development of the matching and retrieving technology based on the plant
database for valves and control devices
(A) Analysis of technological requirements of the matching and retrieving
technology based on the plant database for valves and control devices
(B) Establishment of the matching and retrieving technology appropriate for the
data characteristics based on the plant database
(C) Development of the matching and retrieving technology appropriate for the data

characteristics based on the plant database

(3) Development of the fitting technology for valve and control device modeling
(A) Establishment of the fitting technology appropriate for the data characteristics
based on the plant database
(B) Development of the fitting technology appropriate for the data characteristics

based on the plant database

(4) Development of the 3D point cloud extraction technology for equipment
(A) Analysis of technological requirements of the 3D point cloud extraction
technology for equipment
(B) Establishment of technology development framework of the 3D point cloud

extraction technology for equipment
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(C) Development of the 3D point cloud extraction technology for equipment and
testbeds application
(D) Technology improvement and sophistication by reflecting the improvements

(5) Development of the matching and retrieving technology based on the plant
database for equipment
(A) Analysis of technological requirements for the matching and retrieving
technology based on the plant database
(B) Establishment of development framework of the matching and retrieving
technology for equipment
(C) Development of the matching and retrieving technology and testbeds
application
(D) Technology improvement and sophistication by reflecting the improvements

(6) Development of the 3D geometry recovery technology for equipment based on
primitive combination
(A) Definition of components for each plant equipment type
(B) Establishment of development framework of the 3D geometry recovery
technology for equipment based on primitive combination
(C) Technology review of the 3D geometry recovery technology for equipment
based on primitive combination through technology consultation
(D) Evaluation and modification of one developed technology through the testbeds

(7) Experimental validation and modification of the developed technology
(A) Valves, control devices, and equipment modeling for the plant facility
(B) Verification and modification of the automated as-built plant valves, control
devices, and equipment modeling technology
(C) Analysis and evaluation of the technological validity based on the testbeds and

field application result

IV. Achievement and Performance
1. Qualitative Performance

(1) Objective 1: Develop a process for use of advanced sensor technology to register
and refine 3D point clouds representing structures at a plant facility
(A) Technology Support through Academy-Industry Cooperation - 1 case
(B) Performance of Reflecting Expert Opinion - 12 cases
(C) Performance of Reflecting the Testbeds Application and Validation Result - 8 cases
(D) Testbeds Utilization - 23 cases
(E) Field Application - 8 cases
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(2) Develop an As-Built 3D information model of cylindrically shaped plant pipelines
using computer vision technology
(A) Performance of Reflecting Expert Opinion — 10 cases
(B) Performance of Reflecting the Testbeds Application and Validation Result - 3 cases
(C) Field Application — 9 cases
(D) Analysis of Technology Development Trend (Domestic/Foreign) — 1 case
(E) Performance of Reflecting Expected Consumer Group - 12 cases

(F) Applicability Evaluation of the Developed Technology by Plant Expert — 1 case

(3) Objective 3: Develop an As-Built 3D information model of valves, control devices,
and equipment based on a plant database
(A) Technology Support through Academy-Industry Cooperation - 8 case
(B) Performance of Reflecting Expert Opinion - 21 cases
(C) Performance of Reflecting the Testbeds Application and Validation Result - 2 cases
(D) Testbeds Utilization - 33 cases
(E) Field Application - 25 cases
(F) Applicability Evaluation of the Developed Technology by Plant Expert — 1 case
(G) Plant Information Modeling Process Improvement - above 60%
(H) Manpower Reduction Expectation - above 65%
(I) Technology Improvement Effect — above 100%
(J) Technology Gap Reduction Effect — 0 year-gap

2. Quantitative Performance
(1) International Journal (SCI) Publication - 3 cases
(2) Presentation at the International Symposium - 8 cases

(3) Patent Application/Registration — Domestic 5 cases (including 5 cases of
applications), International (U.S.) Application 1 case

(4) Software Registration - 3 cases

(5) Internationalization/Cooperation - International Research Meeting (or
Workshop) 4 cases, International Agreement (Memorandum of Understanding,
MOU) 4 cases

(6) Public Relations (PR) Related to Research Progress and Results - 4 cases
(7) Manpower Training - Master’s Degree 5 cases, Bachelor’'s Degree 2 cases
(8) Manual Development - 1 case

(9) International Academic Society Awards - 2 cases
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V. Achievement of Research Goal and Expected Effects

1. Achiement of Research Goal

No. Main Objective Details and Results Rate (%)
Acquiring 3D point clouds from various locations for
1 the complete 3D data acquisition for the plant 100
facility
9 Development of the coarse and fine registration 100
Develop a Process for Use |technologies
3 of Advanced Sensor Development of the data reduction and outlier 100
Technology to Register and[removal technologies
Refine 3D Point Clouds |Registration, data reduction, and outlier removal of
4 | Representing Structures at |[the 3D point clouds acquired from the operating 100
a Plant Facility plant facility
Verification and modification of the registration, data
5 . ) . 100
reduction, and outlier removal technologies
6 Evaluation of the applicability of the developed 100
technology to the testbeds
Identifying the characteristics for the 3D point cloud
1 extraction for all pipelines from the 3D data of the 100
plant facility
Development of the 3D point cloud extraction
2 technol fi 1l pipeli 100
Develop an As-Built 3D cchnology for atl pIpeunes
3 Information Model of Development of the skeletonization technology of all 100
Cylindrically Shaped Plant pipelines
Pipelines Using Computer |Development of the piping part recognition
4 .. 100
Vision Technology technology
Development of the parametric modeling technology
5 S 100
of for each type of pipeline
Experimental validation and modification of the
6 100
developed technology
Development of the 3D point cloud extraction
1 ) 100
technology for valves and control devices
Development of the matching and retrieving
2 technology based on the plant database for valves 100
and control devices
3 Development of the fitting technology for valve and 100
Develop an As-Built 3D [|control device modeling
4 Information Model of  |Development of the 3D point cloud extraction 100
Valves, Control Devices, |technology for equipment
and Equipment Based on a Development of the matching and retrieving
5) Plant Database technology based on the plant database for 100
equipment
Development of the 3D geometry recovery
6 technology for equipment based on primitive 100
combination
Experimental validation and modification of the
7 100
developed technology
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2. Expected Effect

O Current method of creating a 3D as-built model of an existing facility from 3D
point clouds 1is laborious, time-consuming, costly and, error-prone. Thus, the
results of proposed As-Built modeling method of plant facilities will contribute to
the digitization and informatization of construction process and the development of
application technology that can reduce duration and cost of the project, and
enhance safety, productivity, and maintenance capability by automatically create a
plant information model using 3D point clouds acquired from the plant facilities

without as—planned drawings of facilities. Expected contributions are as follows:

O Technological Contribution
- Securing 3D as-built plant information modeling technology of the domestic
construction industry
- Securing global competitiveness of the plant project construction and
management/maintenance technology for the domestic construction industry

- Creation of new industry through specialized information technology development

O Socio~Economic Contribution
- Epoch-making plant project efficiency and productivity improvement expected
- Securing competitiveness in the 3D as-built plant information model construction
market
- Securing  competitiveness in the plant management/maintenance  and

renovation/extension market through 3D as-built plant information modeling

O Strategic Ripple Effect
- Improvement of national image
- Improvement of construction industry image

- Professional manpower training

VI. Application Plan of the Research Result

O Securing 3D as-huilt plant information modeling technology not only enables
construction error management in the construction stage, but also can be utilized in
automated progress management through linkage to the process information. This
automated 3D as-built plant information modeling technology brings epoch-making
improvement when performing construction, management/maintenance, renovation
and expansion project. It is expected to contribute greatly on securing global
competitiveness for the domestic construction industry.

- In the as-built stage, it can be utilized for accurate as—built drawing preparation
and drawing management, and in the management/maintenance stage, it provides

spacial information on the plant facility and also the information required for
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repair and exchange.

- Also, in performing the plant renovation and expansion project, the drawing for
identifying the current condition of the existing facility is provided, and based on
this, it supports the establishment of economic and effective renovation and

expansion plan.

O Securing companies to participate in the supply and spreading of the final result
- In this research, to apply the result immediately to the work-site, mutual
cooperation system related to the application of the development technology will
be constructed to the large-sized domestic/foreign upper plant contract ranked
construction companies, and the test bed research for the field application and

verification will be performed.

O Patent application and registration for each supplementary development stage of the
final result

- In this research project, the focus was set on the practical research to enable

the research result to be immediately applied to the work-site. Therefore, after

the research project is finished, domestic/foreign patent application is planned for

each stage of completing the supplementary development of the main element

technology. Through this, it is expected that securing the source technology for

the three-dimensional As-Built plant information model construction domestically

will be possible.
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<29 2-4-5> GSHAA No. 2 CA/EDC Project 9745 o2 3 Wr g Aojr]7]o ot
AT F= 7« A8 27 (a) 7+ &2 doly M= FHY £ dHoly 153t A3

() (@)e] dFE 2

0

O Wr 9 AHojr|7] Ao+ F=& 7]wo 3 HAEHWE 48
-2 AFo = HAEWMEE ggoR dolg EAd AH3s THE WH 9 Ao]r]7]d
g dt F5 7S FEsta, Y 7lsol ug d3Heds Hrhg

= 37}
-0 <a9 2-4-6(a)>+ wi#d did "ot dolHE AAR A¥E vEhuY, <a1¥
2-4-6(b)>% 7l B dHeolHEZEEH £33 HoHE agFsistoan Wr 9 Aojr]7],
7171l A& Htol &l £ dHolHE aFstd AdE vEYl. <2¥ 2-4-6(c)>+=

_

a8t JiE B dlolge] g wied " AR A3E yEhgy, <a9
2-4-6(d)>% BB 9 Ao]7]7]o it F* "oy F&F A3}E YEY
O & <F 24-2>2 <9 2-4-6(c)>° YelH nted wped dlx AAES F3 7|
A & dolgHe z7E YEry., Ao M=, Aok rjEe] HEdd mE TUE
Wy 9 oFo)jz)zlo thak At FE AFIdEE 100%E UERE
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(c) (d)

<29 2-4-6> GSHA No. 2 CA/EDC Project 97345 o
A F= 7+ A8 27 () F=9 e gis "ot diolgHE A7
dolH 27 H ¢ 8 dolg 153 4%, (¢) 1w3std 7
(d) Br 5l Aojrj7]e] Mt F=&

o =
i)
A
o
=
)
o,

<E 2-4-2> N Aot B8 dolE e A7)

H3 as 7}2 (mm) A2 (mm) #°] (mm)

@® 7171 7,800 2,400 4,800
@ 7171 1,700 800 1,200
® 7171 1,700 800 1,200
@ ELRE 400 400 800
® ELIC] 400 400 500
® L 500 500 800
@ L= 500 500 800
LU 550 450 550
©) A e} 7]7] 250 100 100
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O ZHE WE g Aorj7le] Wi A FF & A8 2Ads wHoez 2442 324
As-Built ZHE B B Aoj7]7] nd 535 93 Vs Jhde] Hggh B A=
FEE BB B A7) 7l tie Mt "ol EHE dolgulo] A f thare] REl 7ho
e s WH B Aor)r|E RAEy] 93 Jles AYetal, olE wHor EdE
WE o gloAer) e i 2l v Ve RS ¢RI E£3 HiEWE=S dgdew
Add SHE WE gl Ao 7)o i3k 2d wj ] Vs A&sta, A vess B

(b a8 Ao)s)Ae) g i dolesh dolEmoelx W mul ke W A%
EERNSE X

O Wy Tl Aoj7]7]o] gk 54 dof
-8 <ad 2-4-7(a)>E ZWE dolguwolAs YJEhY, <18 2-4-7(h)>E= Wy o
Ao} 7] 7] mde] o A= JERY.

(a)
<a¥ 2-4-7> (a) THUE dolgHo]2 (b) WH F Aoj7]7] B oA

- EHE WE g Aorrle] g A HolE e} wlelgwlo]~ W WHl ke wiY v
M 91 dlelguo]~ W Wy Bl Ae]r]7lel] ik mde] 545 spetsty] s
ofF AT Au, FHE Holguol s W WH e Fi= Ul JHA B (Mol E R,
F2H WE wEIEdo] WE e A ME)or PRy (KE 2-4-3> Fx).

=1 53
Alo]E WH (Gate Valve) T3 2k 57 3/891 %] ~200%1 X 714 A2} 7tE
23 WHE (Globe Valve) ek 2 fEFAo] 53
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A
=
o8
"
A
Y
o

g,
=)
o
~
i
)
2
s
i
M
(ot
M
4%
il
&

E_
T A% 7=
wolz | wE [Auax| s=
Geometric Hashing (Lamdan® Holfson, o N o A
1988)
Voting
A
Method Hough Transform (Ballard, 1981) x x X
Tensor Matching (Yang &, 2008) X A x x
3D Shape Context (Forme &, 2004) x @) @) A
Spherical Harmonics (Saupe¥  Vranic, o o o o
2001)
Intrinsic Isometry Invariant (Sun %5, 2009) X A X x
Corresponden
ce Matching |Local Feature Histogram (Zhang %, 2005) X @) X X
Method
Point Signature (Chua®} Jarvis, 1997) A O X A
Spin-Image (Johnson3 Hebert, 1999) A O @) O
Surface Signature (Yamany$} Farag, 2002) A @) X A

)
Y
2 |
>
o
w
3
(o,
o
ot
=
o
o
%
<1>L
N

iy
(M o

¥ 3tal, Spherical Harmonics 7]%ke] WlH gl o] 7] 7] EHL A7 fgolEs =
JolEl o]~ ) 2d 7 oA ZgAdLas %3},

- Spherical Harmonics 7|RFe] A dlo] g e} 2dl 7t uf 3]

- Spherical Harmonics 7]%¥Fe] A+ dlojgel =d 7+ wix WHe 33349 ndg
340 #AJel 3 RdES Ao m wiH & £ Qv WwHer FH
ChoFst oo A &85 1 912 (Huang 5, 2005). Spherical Harmonics 7]8+e] A<t
dojg et 2d 7F vl 7]&2 W 4 (Spherical Function)& o] &3] 32 &gl o]
EAS Adtete w9l agla o] e 33 Rdo] Aty EtE ®EkA 7
el 3k 2ol 3] #AgGle] 3 RdES gyHoz wH T 7 Qe
FHE 7HE (Biswas 5, 2006).

~ Spherical Harmonics 7]¥Fe] H dlo]g e} 2d 3+ vid 34L& oS3 23 7
HA 7€ 339 EdS t4o] Harmonics® #8slal, #3dw®  Harmonics©l
THITTFE el 33k Edo] I dsit e WekA d= S48 S AL el o
EA @l mE REE AAbste] 33 REE He] AR E SAeta o] fAEE
o] &3l 3xY RdES A=E wH A7 (Kazhdan 5, 2003)
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(th B 8 Aoj7]7le] thgh At dolE ek dlolguo]ls f 2 ko] wjd 7<=
i

[k

3 H O ZYUYaEs /o Flo] TUE wH L
A 7S Y 253 GSAA No. 2 CA/EDC Project A&S
gl dFH S B4 2 FGrisk A3 sidE )

sl
o]7]71e] ik A dlolg et HolEuolA W nd

)

o

o

u

-1 U
Ny 2
Lo o o ok

O &2 GSHA No. 2 CA/EDC Project d74S tldo=z g Wy 2 xo]7]7]e ot
dole e} diolgjulo]x W Bdll 7ho] wjA V& & AnE ]
- GSAA No. 2 CA/EDC Project &S thate =z 3 B 9 Aoj7|7]e gk At
dlolele} ZANE dlo]Eulo]x W e 7ke] vy 7E g
- TS <a2¥ 2-4-9(a)>9 <29 2-4-9(b)>E Spin-ImageE 7|¥Fo R 3 Mt ©o]E]
=g 2kl wiA vl AE AvE yE.

o
=y

LN
=~

(a) (b)

<29 2-4-9> GS7#A No. 2 CA/EDC Project @3S thaoz 3 wlu 2 zojr]7jef nd
7w A 71+ A8 A3 (a) Spin-Image 537t Al4E, (b) Spin-Image 7]19Fe] Ao+ dlo]E ¢

W gh v

¢

=

==

.

3}

- 02 <29 2-4-10@)>9F <29 2-4-10(b)>& E AFoA Aot - 7utE Spherical
Harmonics 7|¥Fte= gt A dloly e} &2dl 31| wjd 7l A& ZA34E vEd.
Aol W= AetH Spherical HarmonicsES 7]HFe. &2 3 M+ dlolg e el 719
w3 7)ol EHE WH Bl Aojr|r]e] tigk Ft HlolE gt HolE o] f EE
Zke]l Al Spin-ImageE 7|¥ro.2 3t 7|&=d 3] G374 o] vER
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)

N

(a) (b)

O 7@y ZHeE wWr 2 Aoj7]7]d o
Aol7171e] gk ZHE dolg o] o Kelo] wfxy 4l
Aol 7171l o =} £ 2 o
Alol7]71e g Aot dlole et wiH 2w HAE EH
o

O HZEHE=E o= g53% A3 dHoly f Wy 9 Aoj7]7] Hely e 54 1o}

- ZSHE WB gl Aojr]7lel gk ik dlolElek dHolEHlo]A W md 3he] AJ U&=
Ms 91 WE B o Aojr]r]e] gk dloly o ik tlolH e 54 9 mde] 545
A% A3 v <29 2-4-11>3 o] vpefgk Wy gl Aojrr]e] ik I
o]l e] npew wvbxo] & WHekwl Spherical Harmonics 7|18+ w3 714 A& Ax}
uie] W ko]l dXsheE EAS 7HS getbdh
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(a) (b)

A e
O dHeole 545 1ed A oy 29 1 A 7= /i dd E3 4
-y gl Aojr]rle e Ao dHolE et Ed zhe] Al AF ve NEE 98l
A% %o 4wl BAL 99 Bd 2Ae fag 309 42 dod AT A%
7l M A 53 FA4 23E o <G 2-4-5>9 8.9kE o S
<& 2-4-5> 3akel A dHloly HE AR vl N A 23 24 A
=X
_ _ 5
TE AY 7= (EA) .
o]z 9= |[7HEEY| §&
4% A3 Iterative Closest Point (Besl® McKay, o o o b
1992)
H% AE |[Signed Distance Fields (Masuda, 2001) A O o g
. _ Levenberg—Marquardt  Iterative  Closest
2= A3k . . . @) @) @) HE
A% 44 Point (Fitzgibbon, 2001)
% 01 JFmo] GBS WA G, A AR PRAOR L W, x FiEe] Ny 9%
© Lo
= — =

- T Ao hxAA WHL Signed Distance Field €1#]% (Masuda, 2001), Genetic
dud]E (Chow %, 2004), ICP (terative Closest Point) €i#]l% (Besl¥ McKay,
1992; Chen¥ Medioni, 1991) S©°] ¢l5. Singed Distance Fields € i@]&<2 A 35Hol
AR&E = A dHlolH 7t Surface Patch JEY 45w AME 7hssithe SAE 7HA
(Tubic &, 2002; Salvi &, 2007). Genetic €18 F2 B2 A|7to] AREHE ©Ho] &

(Silva &, 2005).
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23

(A

K
AU}
oAy (o

2 FHF A ZE&He= ¢y EFLS ICP  (Iterative Closest  Point)
oy, o] dA AA HAE AAYEE, THE AL U g2 EAo did

AT A AP Agd=rt AgEHE "ol EAF. LM-ICP
(Levenberg-Marquardt Iterative Closest Point) €i12]% (Fitzgibbon 2001)2 W3 ¥
ICP ¢ag&& ol&dt+ FHE A WA ugFsoz, ofdxe d4 U & EA

g g dolet EASdSE wen 4Ry e AEF ATl s e

=
o
o

2w 2]E 9 (Duan %5, 2008; Breitenreicher?} Schnorr, 2010). weba] B AFo A= HF
AS 918 LM-ICP 7|vke] daglss A3
O WH 9 Aoj7]7] Holy SAo Ags ndl F YA =

- WBE g o Aojr7]e] gk Hat dHloly e 54 #of, 3xd " dHeoly A3 7=
oy BAS B B Ao e wE o Aojr]zlo digk Ha dolg et ey
FHE WH g oAoj7]7]e] gigk 2d ujH e AE&S S w2 dAE E wE
2 Ao7] 7)o g ZWE dolEuola W md e A &S Ay,
zHdNaE 75 WwE F Aojr|7ld digk At oyt JigE FHE wWBH H
Aoj7171e] gk 2 vy Vs ARS8 v 2 8" pd B gl Ao]r] 7)o
gt FHE dolEHol~ e mdS AHjtslr] 9 AAFS 1) vpdg wH A"
Aol 7171e] digk At dolee] vk vkxo] W Wk Spherical Harmonics 71179
i 7l A8 Ay W AW wEs ol&3 7] A% 2) LM-ICP 7|Hke] Mt
dolg 7t HAFE A F dAR 74 olefs A AAS 3 AR & A A
I59 A dolH7E dAE F Av 3)d HE dH olswE I F4HE (Salvi s,
2007). %271 AES Ha M H dolye g ko] Ayl FIHH FHF
A dERAHo=m 7] A} AAE MAAFHoEH BHu Agg AFS FsH)

skl A-8% (Mian ‘&, 2005; Salvi &, 2007).

A delge md 7+ 27] 43t

- A dHelHel B 3 7] ZEE @B 9 Aojr| 7] digk dat o]y ] vhEd
k2o AW Wekdt Spherical Harmonics 71WHe] wi3 7]+ 48 A3 e AW
ks 7wk gH7 o5 PAS

o® AAa delget mdo]l A H F Se A
I

= H
ToemM Ha dolyel Bl 27 AdS s

- LM-ICP 7]wke] A+ dlolEe 2dl 7+ HF A3

- LM-ICP 7]¥te] HF A2 F dAZ 149, A AA dA= 27 Ao +3d
A dlolg et mddA 7 77t HE ol AdAS A= A, T oA
GAAE Az AFE AE e AE Alwst @Y Hito]l HAUF HEE
vk o g 3ld wEel o)y wWEe AXES 433 wrEHow 3l wWEel oF
wE o] AAS 38 u) Levenberg-Marquardt &gl 58 v A& Aol WS =3
A2 AT/ JE e AGE Aw3 3 Hiol HAVF HES 3A wEe o]F

ME 2 Axreo 2 A3st Hro] Sy,

T =
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(h wn g Ael)lel WE AE dolEsh Heleuel s W md o] F sl%

ikl
O 7+ AHPS T3 759 ZHddas 7Ivres stof FHE #WHE 9 Ao]77]o gt
nd A3 7jEs AL d85F. GSHA No. 2 CA/EDC Project 84S ez 53t
A dlolEel Md 7&s A&t dFH LS 4 2 B A3 dd Ues
g ZyHor WBE g oAolrirld gk "t dlolgel dwlolyuol s W md 7ho
Aol 7heds obdt

O &2 GS7A No. 2 CA/EDC Project @3S tlido= gk wlH 1 Aoj7]7]o] st Ha-
dlolE e} dolgmol~ Ul BEl ko] A Ve A8 AdE 89t YERd A4,

-GS No. 2 CA/EDC Project 84S dlido=z s Wua 2 Aoj7|7]o gt Ha
tole et EME dolEHo]~ W B ko] A 7w A8 Ay
-0 <a¥ 2-4-12>9F <a¥ 2-4-13>2 B 9 Aojrr)e] thi Ht dlo]El 9}
wd 1ol A Ve e A¥E ekl <a¥ 2-4-11(a)>9 <28 2-4-11(b)>&
zbzy i B gl Aoj7)7le] digk Aot dlolE o] wped ¥ ALl A B gl
Aol 7)o thd EAE wloleuo] =S e,

©P | i D) i 1@
7
v
B P (i) i ) ‘ ® ‘
’A
(a) (b)
<Y 2-4-12> GSAA No. 2 CA/EDC Project @S tjao = g wH 2 zo7]7|o of 3t
A dolE el ZHE dogulolx W 2d 7he] A3 Ve A& A (a) fE WB A
Aol 71 7)ol ek Aot vlolEle] npew vk AAL A (b) WE E Ao]7] 7)o tiE TAHE
] o] E] W] o] 2~
- <Y 2-4-13(a)> ¢ <™ 2-4-13(h)>& zZ+7zF wE 9 AHojr]7]d sk 249
Spherical Harmonics A4t A3 A+ dlo]e e} =dl 7+e] A AxES ey
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(a) (b)

A

<19 2-4-13> GSHAA No. 2 CA/EDC Project @745 oz 3 Wy 19 zof7]7]o o3t
hud]

A dlolEl gt ZHE tolEHolx ] R te] AF Ve A8 2 (a) MH H

Ao 7] 714 dgk 22 e] Spherical Harmonics Al A3 (b) A dlolEe} =dl 7ko] A&

O

43t

ZNE AAoA 5T A Ht dolHEZRE 1xdze Audt vy HAdt dHolE F&
713 wE gl Aloj7]7] A vl F& vles HEsd, FAE v)7|ek B o
A dolB7F e 8 dFdAA s 44 FE3 i@ Ha dlojE e WH B8l A o]7]7]
A dlolE], 2E]a wol Ae A doldH ko] $43hd #AE o8&t FAE V)7
At dHolg F&o] HH5H V& MEe 98 Zydgas 49 2 +5

TEE ZUdHaE Vvte® 20139 29FE 397bA 27093 SHE 717] A vlolH
FE e AR FHF o] AN AFARe] HEFAAES Add A8 T F AEF
3t7] 98 HAEMEE gdor Awd ZAE 717 AT doly F% V&S 483,
A 71ee dFAE9S B Al Ve Aws B Ve 24 2 @S
AEsta, o5 JjAdstyl e Were wsay AgE =&Y dA =EFG ZAHY
MAANEGE v oz 7]Eo] 59 7|& M ZHARas Asta, o5 v FAE
717) At dlolE F& 7% A v

2 Ao A HFT N FHE 7)7] A dlolE F&F V&2 20139 8¢, =Al 1A
s8R 2E g3 (International Association for Automation and Robotics in
Construction, IAARC)”7} 33} "International Symposium on Automation and Robotics
in Construction and Mining (ISARC 2013)" =¢] g&3| oA Wx3E (<29 2-4-14>

A=),

- 245 -



ZE 7|7| EHE 7|7| Zae 7|7 A 94 7|2
2 Ho|E 2 Oolg x5 . x 'I—_rElI:|0|E-|—,—§- B P
7 . 7)& Th E t e
-1 e Y I 7lE e (F2l gaslo)
A 4
INMALE By "
| 7)e X2
b | HAEHE Mg
W e
IMHAE 2=
> WQo| mja} BHeEEo R sE
<A 2-4-14> ZAE 7]7] ATt dHoly F& 7|4 A Ax 2 Aa
Oh FHE 7)7] At voly F& V& LA 24
O H2EHWZZ oz 53 H dole W 717] At dolge E4 do}

- e < 2-4-15>9 <Y 2-4-16>S ZHWE A|AHA 53 Ao Ho|EHERE
1A d=e] gt FWE v AT dolE FF 7l EAE #©BE 9 Aojr)y] A
ol F& 7l& 48 #AFS a9ste v, <ad 2-4-15()>+ FHE Awoﬂxi
53 A dolEe YRS YeuH, dEYolHEEE MUdd 7|&s 4§35t
FE9 wjd A doles <29 24-15(b)> HFedow A

(a)
<% 2-4-15> (a) LG3}E C

7h dksk

(b)

CA/EDC @& 53 Aot dolgo A (b) 1xpd =0
ZHE P AT FE 7 48 29

=

- 0 <28 2-4-16(a)>E FEE 98 43 dolHE AAsy & wr 9 Aojr)7],
7171, FEA wE Hit dolEE YEbY. <9 2-4-16(b)> W O, @, @, @
S Z7F <a¥ 2-4-16(a)>dl Hole O, @, @, ®WH WBE g Aor]7]e} 1 FRi
FZ9 w3 "L tolEHE vy,
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ek AgtE HJd dol® s kel iy ¥Y 549 Aol &Estol T2A A
HelH 255 7|71 A dHolHE g

(th SHE 717] A doly F=& 7|+ /MNP 2 HE2EWE= 4
171

G3

o]

o

ooy F% 71%e HAEME 4§ A3
P CA/EDC @4eld F58 7 dolgs gaow Qs
% 71%2 A9, AP e @984 Wb Ay

o
—
o

o g
fo
12
ol
o
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8
A AL

g <a¥ 2-4-17(a)>% LGSIst CA/EDC d74ol| g FgujaAd=
Het, <29 2-4-170)>% TAAMBAAGE dd HF24o0=2 ZAG o
At dolHE e,

=

£

(a) (b)

e <19 2-4-18(a)>= 1xakd =9 7R9Fék Smoothness Constraint 7]WFe] A+ dlo]H
& Ve A% Z2x%E YepH, <a¥ 2-4-18b)>& A dHoly 2 AAE
Adeutol FHE wlF AT HolH F= 7|e F8S T3 F=9 wFd AL HolHE

UEtd. o171 Mz g2 Ao wid AT dolHe MR g Adoer fAd
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(a)

<9 2-4-18> (a) 1apd = 73k Smoothness Constraint 7] WFe] A+ o]y E38t 7| &
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<9 2-4-20> (a) AW} HPsk

<Y 2-4-20(a)>¢F <29 2-4-20h)>E g
<9 2-4-17(h)>o gk Fx2A ddt

- g <a¥ 2-4-21(a)>% A7)
UeldE, <19 2-4-21(b)>+=
A5 vERY.
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- 7171 9 A dlolHe] ¥4 A (Inaccuracy =% Noise Corruption)
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- ZUWE 3x deolHuol~ ol oy <™ 2-4-23(a)>9 dAllA K= npe)

Zol e T2 71717F A

(a) (b)
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<E 2-4-T> 5F 7171 2719 EA oAl (o] A H o] Ao o]o])
TE o 8l
oAl 3
(b FAE A7) WA D A Ak A TN AY 0 7S

O 7]& AFolA 3% A4 wd £ AAS & Ackd WHS ts <F 2-4-8>37 7o)
A 54 71wkt a2 E vgk i o w -5 (Tangelder®t Veltkamp, 2008). 578 7wt
e AeEE 54 gol ty deln 54, ded 54 2¥, w0 9, AdHd 548
Agste dwem TR 2dZ Jlw wde AEHE 54 gl mel md oz
279 E, Reeb 225 AbEete WRoR 73,

< 2-4-8> 3x49Y =4 w2 @A Wy 25 (Tangeldere} Veltkamp, 2008)

T A& = 5A F

« 194 EA (Johnson¥ Hebert, 1999; Paquet %, 2000; Elad %, 2001;
Zhang¥} Chen, 2001; Corney %, 2002)
A9 EA X (Ip 5, 2002, Ip 5, 2003; Ohbuchi &, 2002; Osada 5,

cg 2002 Ohbuchi &, 2003)

e = « F7F W (Ankerst %, 1999; Funkhouser %, 2003; Kazhdan %, 2003;
Kriegel 5, 2003; Vranic, 2003; Yu &, 2003)
« X924 EA (Shum %, 1996; Chua®} Jarvis, 1997; Johnson¥ Hebert,
1999; Zaharia®} Preteux, 2001)
29 T (Cicirello®t Regli, 2001; Elad 5, 2001; McWherter %5, 2001;
Funkhouser %5, 2003; El-Mehalawi®} Miller, 2003)

= 7Rk » 2AYE (Iyer 5, 2003; Lou %, 2003; Sundar %, 2003)
*Reeb I E (Hilaga 5, 2001; Bespalov %, 2003; Biasotti %, 2003;
Tung¥ Schmitt, 2005)

O A FA4% 717] At dolHe A ZFHE HolgHol~ W 7]7] Rde] SEAAE=R
Ne Aol Add 54 s gz sw w48 A Ao FE8 nasd
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< 2-4-9> 7)1 AT Aord 3R A v 2 A vk AHE A 7Y 5 H]a
2 @ AN u £ 7)4 aYgP= 7k
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7171 A+ dlo]g e _ _ _ _
7 g%x@lg] 1<l =7} =7} =7} 7 7Hs s s
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TAMAALE L ZHE 329 dHolHHo| A2 REH FEI= HHE Qo%sH uS
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